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role	models	set	the	example	for	their	fellow	beings,	the	darkness	prevailing	in	today's	society	will	be	dispelled,	and	the	light	of	peace	and	non-violence	will	once	again	illumine	this	earth.	Let	us	work	together	towards	this	goal.”	—Mata	Amritanandamayi	Devi	Preface	to	the	Sixth	Edition	We	are	glad	to	present	the	sixth	edition	of	the	Textbook	of
Biochemistry	for	Medical	Students.	With	this	sixth	edition,	the	textbook	is	entering	the	16th	year	of	existence.	With	humility,	we	may	state	that	the	medical	community	of	India	has	warmly	received	the	previous	editions	of	this	book.	Many	medical	colleges	and	universities	in	India	have	accepted	it	as	one	of	the	standard	textbooks.	We	are	happy	to	note
that	this	book	has	also	reached	in	the	hands	of	medical	students	of	neighboring	countries	of	Nepal,	Pakistan,	Bangladesh,	Sri	Lanka,	etc.	and	also	to	distant	countries	in	Africa	and	Europe.	Apart	from	the	medical	community,	this	book	has	also	become	popular	to	other	biology	group	of	students	in	India.	In	retrospect,	it	gives	immense	satisfaction	to
note	that	this	book	served	the	students	and	faculty	for	the	past	one	and	half	decades.	At	this	time,	a	revision	of	the	textbook	has	become	absolutely	necessary	for	two	reasons.	Firstly,	the	Medical	Council	of	India	has	revised	the	syllabus	for	biochemistry,	especially	enhancing	the	topics	on	Clinical	Biochemistry.	Accordingly,	we	have	made	elaborate
changes	in	the	order	of	chapters,	old	chapters	on	clinical	chemistry	have	been	extensively	updated	and	clinically	relevant	points	were	further	added.	Secondly,	rapid	progress	has	been	made	in	the	area	of	molecular	biology	during	past	few	years,	and	these	advances	are	to	be	reflected	in	this	book	also.	The	major	change	in	this	sixth	edition	is	that
advanced	knowledge	has	been	added	in	almost	all	pages,	a	few	sentences	were	added	here	and	there	in	almost	all	pages;	sometimes,	a	few	pages	are	newly	incorporated;	while	it	became	necessary	to	include	a	few	new	chapters	also.	From	the	first	edition	onwards,	our	policy	was	to	provide	not	only	basic	essentials	but	also	some	of	the	advanced
knowledge.	About	30%	contents	of	the	previous	editions	were	not	required	for	a	student	aiming	for	a	minimum	pass.	A	lot	of	students	have	appreciated	this	approach,	as	it	helped	them	to	pass	the	PG	entrance	examinations	at	a	later	stage.	However,	this	asset	has	paved	the	way	for	a	general	criticism	that	the	extra	details	are	a	burden	to	the	average
students.	Especially	when	read	for	the	first	time,	the	student	may	find	it	difficult	to	sort	out	the	essential	minimum	from	the	desirable	bulk.	So,	in	the	fifth	edition,	we	have	promised	that	we	shall	make	two	different	books,	one	for	MBBS	and	another	one	for	postgraduate	courses	in	Biochemistry.	Thus,	the	content	has	been	reduced	substantially	in	the
last	edition.	But,	due	to	various	reasons,	most	of	which	beyond	the	control	of	the	authors,	the	postgraduate	book	could	not	be	published.	This	led	to	the	criticism	that	the	content	is	sub-optimal.	Many	PG	students	were	enquiring	about	the	advanced	book.	The	advanced	students	felt	that	they	were	neglected.	This	6th	edition	is	a	compromise.	Advanced
topics	are	given	in	small	prints.	In	essence,	this	book	has	three	components;	rather	this	book	is	composed	of	three	books.	The	bold	printed	areas	will	be	useful	for	the	students	at	the	time	of	revision	just	before	the	examinations;	regular	printed	pages	are	meant	for	an	average	first	year	MBBS	student	(must-know	areas)	and	the	fine	printed	paragraphs
are	targeted	to	the	advanced	students	preparing	for	the	PG	entrance	(desirable	to	know	areas).	The	readability	has	been	markedly	improved	by	increasing	the	font	size	in	the	regular	areas.	Essay	and	short	notes	questions,	problem	solving	exercises,	viva	voce,	quick	look,	multiple	choice	questions	(MCQs)	are	given	as	a	separate	book,	but	free	of	cost.
These	questions	are	compiled	from	the	question	papers	of	various	universities	during	the	last	decade.	These	questions	will	be	ideal	for	students	for	last-minute	preparation	for	examinations.	A	textbook	will	mature	only	by	successive	revisions.	In	the	preface	for	the	first	edition,	we	expressed	our	desire	to	revise	the	textbook	every	3	years.	We	were
fortunate	to	keep	that	promise.	This	book	has	undergone	metamorphosis	during	each	edition.	Chemical	structures	with	computer	technology	were	introduced	in	the	second	edition.	Color	printing	has	been	launched	in	the	third	edition.	The	fourth	edition	came	out	with	multicolor	printing.	In	the	fifth	edition,	the	facts	were	presented	in	small
paragraphs	and	that	too	with	numbers,	so	as	to	aid	memorization.	In	this	sixth	edition,	figures	are	drastically	increased;	there	are	now	about	1,100	figures,	230	tables	and	200	boxes	(perhaps	we	could	call	it	as	Illustrated	Textbook	of	Biochemistry),	altogether	making	the	book	more	student-friendly.	The	quality	of	paper	is	also	improved	during
successive	editions.	We	were	pleasantly	surprised	to	receive	many	letters	giving	constructive	criticisms	and	positive	suggestions	to	improve	the	textbook.	These	responses	were	from	all	parts	of	the	country	(we	got	a	few	such	letters	from	African	students	also).	Such	contributors	include	Heads	of	Departments,	very	senior	professors,	middle	level
teachers	and	mostly	postgraduate	students.	We	have	tried	to	incorporate	most	of	those	suggestions,	within	the	constraints	of	page	viii		Textbook	of	Biochemistry	limitations.	In	a	way,	this	book	thus	became	multi-authored,	and	truly	national	in	character.	This	is	to	place	on	record,	our	deep	gratitude	for	all	those	“pen-friends”	who	have	helped	us	to
improve	this	book.	The	first	author	desires	more	interaction	with	faculty	and	students	who	are	using	this	textbook.	All	are	welcome	to	communicate	at	his	e-mail	address	The	first	author	is	in	the	process	of	retirement	from	active	service,	and	would	like	to	reduce	the	burden	in	due	course.	A	successful	textbook	is	something	like	a	growing	institution;
individuals	may	come	and	go,	but	the	institution	will	march	ahead.	Therefore,	we	felt	the	need	to	induce	younger	blood	into	the	editorial	board.	Thus,	a	third	author	has	been	added	in	this	sixth	edition,	so	that	the	torch	can	be	handed	over	smoothly	at	an	appropriate	time	later	on.	In	this	connection,	I	would	like	to	introduce	the	young	author,	Dr
Kannan	Vaidyanathan.	He	has	teaching	experience	of	15	years.	He	took	MD	in	Biochemistry	from	Kerala,	and	done	extensive	research	at	the	Indian	Institute	of	Science,	Bengaluru,	Karnataka.	He	has	also	visited	many	advanced	laboratories	world	over,	and	presented	papers	in	different	international	conferences.	He	has	many	publications	to	his	credit.
He	is	now	Clinical	Associate	Professor,	Department	of	Biochemistry,	and	Head,	Metabolic	Disorders	Laboratory,	Amrita	Institute	of	Medical	Sciences,	Kochi,	Kerala.	The	help	and	assistance	rendered	by	our	students	in	preparing	this	book	are	enormous;	the	reviews	collected	by	Dr	Sukhes	Mukherjee	is	specially	acknowledged.	The	official	website	of
Nobel	Academy	has	been	used	for	pictures	and	biographies	of	Nobel	laureates.	Web	pictures,	without	copyright	protection,	were	also	used	in	some	figures.	The	remarkable	success	of	the	book	was	due	to	the	active	support	of	the	publishers.	This	is	to	record	our	appreciation	for	the	co-operation	extended	by	Shri	Jitendar	P	Vij,	and	his	associates.	We
hope	that	this	sixth	edition	will	be	friendlier	to	the	students	and	be	more	attractive	to	the	teachers.	Now	this	is	in	your	hands	to	judge.	“End	of	all	knowledge	must	be	building	up	of	character.”—Gandhiji	DM	Vasudevan	Sreekumari	S	Kannan	Vaidyanathan	Preface	to	the	First	Edition	There	are	many	textbooks	of	biochemistry	written	by	Western	and
Indian	authors.	Then	what	is	the	need	for	yet	another	textbook?	Putting	this	question	to	ourselves,	we	have	waited	for	many	years	before	embarking	on	this	project.	Most	western	textbooks	do	not	emphasise	nutrition	and	such	other	topics	which	are	very	vital	to	an	Indian	student.	While	Indian	authors	do	cover	these	portions,	they	sometimes	neglect
the	expanding	fields	such	as	molecular	biology	and	immunochemistry.	Thus	during	our	experience	of	more	than	25	years	in	teaching,	the	students	have	been	seen	compelled	to	depend	on	different	textbooks	during	their	study	of	biochemistry.	We	have	tried	to	keep	a	balance	between	the	basic	essentials	and	the	advanced	knowledge.	This	book	is
mainly	based	on	the	MBBS	curriculum.	However,	some	advanced	portions	have	also	been	given	in	almost	all	chapters.	These	areas	will	be	very	beneficial	to	the	readers	preparing	for	their	postgraduate	entrance	examinations.	Chapters	on	diabetes,	cancer	and	AIDS	are	included	in	this	book.	During	their	clinical	years,	the	students	are	going	to	see
such	cases	quite	more	often,	hence	knowledge	of	applied	biochemistry	of	these	diseases	will	be	very	helpful.	The	authors,	themselves	medical	graduates,	have	tried	to	emphasise	medical	applications	of	the	theoretical	knowledge	in	biochemistry	in	almost	all	the	chapters.	A	few	questions	have	been	given	at	the	end	of	most	of	the	chapters.	These	are
not	comprehensive	to	cover	all	the	topics,	but	have	been	included	only	to	give	emphasis	to	certain	points	which	may	otherwise	be	left	unnoticed	by	some	students.	We	are	indebted	to	many	persons	in	compiling	this	textbook.	We	are	highly	obliged	to	Dr	ANP	Ummerkutty,	ViceChancellor,	University	of	Calicut,	for	his	kind	gesture	of	providing	an
introduction.	Dr	M	Krishnan	Nair,	Research	Director,	Veterinary	College,	Trichur,	has	provided	his	unpublished	electron	micrographs	for	this	book.	Dr	MV	Muraleedharan,	Professor	of	Medicine,	and	Dr	TS	Hariharan,	Professor	of	Pharmacology,	Medical	College,	Trichur,	have	gone	through	the	contents	of	this	book.	Their	valuable	suggestions	on	the
applied	aspects	of	biochemistry	have	been	incorporated.	Two	of	our	respected	teachers	in	biochemistry,	Prof	R	Raghunandana	Rao	and	Prof	GYN	lyer	(both	retired)	have	encouraged	this	venture.	Prof	PNK	Menon,	Dr	S	Gopinathan	Nair,	Assistant	Professor,	Dr	Shyam	Sundar,	Dr	PS	Vasudevan	and	Mr	K	Ramesh	Kumar,	postgraduate	students	of	this
department,	have	helped	in	collecting	the	literature	and	compiling	the	materials.	Mr.	Joby	Abraham,	student	of	this	college	has	contributed	the	sketch	for	some	of	the	figures.	Prof	CPK	Tharakan,	retired	professor	of	English,	has	taken	great	pains	to	go	through	the	entire	text	and	correct	the	usage	of	English.	The	secretarial	work	has	been	excellently
performed	by	Mrs	Lizy	Joseph.	Many	of	our	innumerable	graduate	and	postgraduate	students	have	indirectly	contributed	by	compelling	us	to	read	more	widely	and	thoroughly.	“A	lamp	that	does	not	glow	itself	cannot	light	another	lamp”	—Tagore	Our	expectation	is	to	bring	out	new	editions	every	3	years.	Suggestions	to	improve	the	contents	are
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Index............................................................................................................................................637	CHAPTER	1	Biochemical	Perspective	to	Medicine	CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	History	of	biochemistry	2.	Biomolecules	and	metabolism	3.	Ionic	bonds	4.	Hydrogen	bonding	5.	Hydrophobic
interactions	6.	Principles	of	thermodynamics	7.	Donnan	membrane	equilibrium	Biochemistry	is	the	language	of	biology.	The	tools	for	research	in	all	the	branches	of	medical	science	are	based	on	principles	of	biochemistry.	The	study	of	biochemistry	is	essential	to	understand	basic	functions	of	the	body.	This	will	give	information	regarding	the
functioning	of	cells	at	the	molecular	level.	How	the	food	that	we	eat	is	digested,	absorbed,	and	used	to	make	ingredients	of	the	body?	How	does	the	body	derive	energy	for	the	normal	day	to	day	work?	How	are	the	various	metabolic	processes	interrelated?	What	is	the	function	of	genes?	What	is	the	molecular	basis	for	immunological	resistance	against
invading	organisms?	Answer	for	such	basic	questions	can	only	be	derived	by	a	systematic	study	of	medical	biochemistry.	Modern	day	medical	practice	is	highly	dependent	on	the	laboratory	analysis	of	body	fluids,	especially	the	blood.	The	disease	manifestations	are	reflected	in	the	composition	of	blood	and	other	tissues.	Hence,	the	demarcation	of
abnormal	from	normal	constituents	of	the	body	is	another	aim	of	the	study	of	clinical	biochemistry.	The	word	chemistry	is	derived	from	the	Greek	word	"chemi"	(the	black	land),	the	ancient	name	of	Egypt.	Indian	medical	science,	even	from	ancient	times,	had	identified	the	metabolic	and	genetic	basis	of	diseases.	Charaka,	the	great	master	of	Indian
Medicine,	in	his	treatise	(circa	400	BC)	observed	that	madhumeha	(diabetes	mellitus)	is	produced	by	the	alterations	in	the	metabolism	of	carbohydrates	and	fats;	the	statement	still	holds	good.	Biochemistry	has	developed	as	an	offshoot	of	organic	chemistry,	and	this	branch	was	often	referred	as	"physiological	chemistry".	The	term	"Biochemistry"	was
coined	by	Neuberg	in	1903	from	Greek	words,	bios	(=	life)	and	chymos	(=	juice).	One	of	the	earliest	treatises	in	biochemistry	was	the	"Book	of	Organic	Chemistry	and	its	Applications	to	Physiology	and	Pathology",	published	in	1842	by	Justus	von	Liebig	(180373),	who	introduced	the	concept	of	metabolism.	The	"Textbook	of	Physiological	Chemistry"
was	published	in	1877	by	Felix	Hoppe-Seyler	(1825-95),	who	was	professor	of	physiological	chemistry	at	Strausbourge	University,	France.	Some	of	the	milestones	in	the	development	of	science	of	biochemistry	are	given	in	Table	1.1.	The	practice	of	medicine	is	both	an	art	and	a	science.	The	word	"doctor"	is	derived	from	the	Latin	root,	"docere",	which
means	"to	teach".	Knowledge	devoid	of	ethical	background	may	sometimes	be	disastrous!	Hippocrates	(460	BC	to	377	BC),	the	father	of	modern	medicine	articulated	"the	Oath".	About	one	century	earlier,	Sushrutha	(500	BC),	the	great	Indian	surgeon,	enunciated	a	code	of	conduct	to	the	medical	practitioners,	which	is	still	valid.	He	proclaims:	"You
must	speak	only	truth;	care	for	the	good	of	all	living	beings;	devote	yourself	to	the	healing	of	the	sick	even	if	your	life	be	lost	by	your	work;	be	simply	clothed	and	drink	no	intoxicant;	always	seek	to	grow	in	knowledge;	in	face	of	God,	you	can	take	upon	yourself	these	vows."	Biochemistry	is	perhaps	the	most	rapidly	developing	subject	in	medicine.	No
wonder,	the	major	share	of	Nobel	prizes	in	medicine	has	gone	to	research	workers	engaged	in	biochemistry.	Thanks	to	the	advent	of	DNA-recombination	technology,	genes	can	now	be	transferred	from	one	person	to	another,	so	that	many	of	the	genetically	determined	diseases	are	now	amenable	to	gene	therapy.	Many	genes,	(e.g.	human	insulin	gene)
have	already	been	transferred	to	microorganisms	for	large	scale	production	of	human	proteins.	Advances	in	genomics	like	RNA	interference	for	silencing	of	genes	and	creation	of	transgenic	animals	by	gene	targeting	of	embryonic	stem	cells	are	opening	up	new	vistas	in	therapy	of	diseases	like	cancer	and	AIDS.	It	is	hoped	that	in	future,	physician	will
be	able	to	treat	the	patient,	understanding	his	genetic	basis,	so	that	very	efficient	"designer	medicine"	could	cure	the	diseases.	The	large	amount	of	data,	especially	with	regard	to	single	2		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	Table	1.1.	Milestones	in	history	of	biochemistry	Scientists	Year	Landmark	discoveries	Rouell	Lavoisier
1773	1785	Isolated	urea	from	urine	Oxidation	of	food	stuffs	Wohler	1828	Synthesis	of	urea	Berzelius	1835	Enzyme	catalysis	theory	Louis	Pasteur	1860	Fermentation	process	Edward	Buchner	1897	Extracted	enzymes	Fiske	&	Subbarow	1926	Isolated	ATP	from	muscle	Lohmann	1932	Creatine	phosphate	Hans	Krebs	1937	Citric	acid	cycle	Avery	&
Macleod	1944	DNA	is	genetic	material	Lehninger	1950	TCA	cycle	in	mitochondria	Watson	&	Crick	1953	Structure	of	DNA	Nirenberg	1961	Genetic	code	in	mRNA	Holley	1963	Sequenced	gene	for	tRNA	Khorana	1965	Synthesized	the	gene	Paul	Berg	1972	Recombinant	DNA	technology	Kary	Mullis	1985	Polymerase	chain	reaction	1990	Human	genome
project	started	2003	Human	gene	mapping	completed	nucleotide	polymorphisms	(SNPs)	that	are	available,	could	be	harnessed	by	"Bioinformatics".	Computers	are	already	helping	in	drug	designing	process.	Studies	on	oncogenes	have	identified	molecular	mechanisms	of	control	of	normal	and	abnormal	cells.	Medical	practice	is	now	taking	more	and
more	help	from	the	field	of	biochemistry.	With	the	help	of	human	genome	project	(HGP)	the	sequences	of	the	whole	human	genes	are	now	available;	it	has	already	made	great	impact	on	medicine	and	related	health	sciences.	BIOMOLECULES	More	than	99%	of	the	human	body	is	composed	of	6	elements,	i.e.	oxygen,	carbon,	hydrogen,	nitrogen,
calcium	and	phosphorus.	Human	body	is	composed	of	about	60%	water,	15%	proteins,	15%	lipids,	2%	carbohydrates	and	8%	minerals.	Molecular	structures	in	organisms	are	built	from	30	small	precursors,	sometimes	called	the	alphabet	of	biochemistry.	These	are	20	amino	acids,	2	purines,	3	pyrimidines,	sugars	(glucose	and	ribose),	palmitate,
glycerol	and	choline.	In	living	organisms	the	biomolecules	are	ordered	into	a	hierarchy	of	increasing	molecular	complexity.	These	biomolecules	are	covalently	linked	to	each	other	to	form	macromolecules	of	the	cell,	e.g.	glucose	to	glycogen,	amino	acids	to	proteins,	etc.	Major	complex	biomolecules	are	Proteins,	Polysaccharides,	Lipids	and	Nucleic
acids.	The	macromolecules	associate	with	each	other	by	noncovalent	forces	to	form	supramolecular	systems,	e.g.	ribosomes,	lipoproteins.	Finally,	at	the	highest	level	of	organisation	in	the	hierarchy	of	cell	structure,	various	supramolecular	complexes	are	further	assembled	into	cell	organelle.	In	prokaryotes	(e.g.	bacteria;	Greek	word	"pro"	=	before;
karyon	=	nucleus),	these	macromolecules	are	seen	in	a	homogeneous	matrix;	but	in	eukaryotic	cells	(e.g.	higher	organisms;	Greek	word	"eu"	=	true),	the	cytoplasm	contains	various	subcellular	organelles.	Comparison	of	prokaryotes	and	eukaryotes	are	shown	in	Table	1.2.	STUDY	OF	METABOLIC	PROCESSES	Our	food	contains	carbohydrates,	fats
and	proteins	as	principal	ingredients.	These	macromolecules	are	Table	1.2.	Bacterial	and	mammalian	cells	Size	Prokaryotic	cell	Eukaryotic	cell	Small	Large;	1000	to	10,000	times	Cell	wall	Nucleus	Rigid	Membrane	of	lipid	bilayer	Not	defined	Well	defined	Organelles	Nil	Several;	including	mitochondria	and	lysosomes	Chapter	1;	Biochemical
Perspective	to	Medicine		3	Fig.	1.3.	Ionic	bonds	used	in	protein	interactions	Fig.	1.1.	Covalent	bond	Fig.	1.2.	Ionic	bond	to	be	first	broken	down	to	small	units;	carbohydrates	to	monosaccharides	and	proteins	to	amino	acids.	This	process	is	taking	place	in	the	gastrointestinal	tract	and	is	called	digestion	or	primary	metabolism.	After	absorption,	the
small	molecules	are	further	broken	down	and	oxidised	to	carbon	dioxide.	In	this	process,	NADH	or	FADH2	are	generated.	This	is	named	as	secondary	or	intermediary	metabolism.	Finally,	these	reducing	equivalents	enter	the	electron	transport	chain	in	the	mitochondria,	where	they	are	oxidised	to	water;	in	this	process	energy	is	trapped	as	ATP.	This
is	termed	tertiary	metabolism.	Metabolism	is	the	sum	of	all	chemical	changes	of	a	compound	inside	the	body,	which	includes	synthesis	(anabolism)	and	breakdown	(catabolism).	(Greek	word,	kata	=	down;	ballein	=	change).	STABILIZING	FORCES	IN	MOLECULES	1.	Covalent	Bonds	Molecules	are	formed	by	sharing	of	electrons	between	atoms	(Fig.
1.1).	2.	Ionic	Bonds	or	Electrostatic	Bonds	Ionic	bonds	result	from	the	electrostatic	attraction	between	two	ionized	groups	of	opposite	charges	(Fig.	1.2).	They	are	formed	by	transfer	of	one	or	more	electrons	from	the	outermost	orbit	of	an	electropositive	atom	to	the	outermost	orbit	of	an	electronegative	atom.	This	transfer	results	in	the	formation	of	a
‘cation’	and	an	‘anion’,	which	get	consequently	bound	by	an	ionic	bond.	Common	examples	of	such	compounds	include	NaCl,	KBr	and	NaF.	With	regard	to	protein	chemistry,	positive	charges	are	produced	by	epsilon	amino	group	of	lysine,	guanidium	group	of	arginine	and	imidazolium	group	of	histidine.	Negative	charges	are	provided	by	beta	and
gamma	carboxyl	groups	of	aspartic	acid	and	glutamic	acid	(Fig.	1.3).	3.	Hydrogen	Bonds	These	are	formed	by	sharing	of	a	hydrogen	between	two	electron	donors.	Hydrogen	bonds	result	from	electrostatic	attraction	between	an	electro-negative	atom	and	a	hydrogen	atom	that	is	bonded	covalently	to	a	second	electronegative	atom.	Normally,	a
hydrogen	atom	forms	a	covalent	bond	with	only	one	other	atom.	However,	a	hydrogen	atom	covalently	bonded	to	a	donor	atom,	may	form	an	additional	weak	association,	the	hydrogen	bond	with	an	acceptor	atom.	In	biological	systems,	both	donors	and	acceptors	are	usually	nitrogen	or	oxygen	atoms,	especially	those	atoms	in	amino	(NH2)	and
hydroxyl	(OH)	groups.	With	regard	to	protein	chemistry,	hydrogen	releasing	groups	are	-NH	(imidazole,	indole,	peptide);	-OH	(serine,	threonine)	and	-NH2	(arginine	lysine).	Hydrogen	accepting	groups	are	COO	–,	(aspartic,	glutamic)	C=O	(peptide);	and	S–S	(disulphide).	The	DNA	structure	is	maintained	by	hydrogen	bonding	between	the	purine	and
pyrimidine	residues.	Fig.	1.4.	Hydrophobic	interaction	4		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	4.	Hydrophobic	Interactions	Non-polar	groups	have	a	tendency	to	associate	with	each	other	in	an	aqueous	environment;	this	is	referred	to	as	hydrophobic	interaction.	These	are	formed	by	interactions	between	nonpolar	hydrophobic
side	chains	by	eliminating	water	molecules.	The	force	that	causes	hydrophobic	molecules	or	nonpolar	portions	of	molecules	to	aggregate	together	rather	than	to	dissolve	in	water	is	called	the	‘hydrophobic	bond’	(Fig.	1.4).	This	serves	to	hold	lipophilic	side	chains	of	amino	acids	together.	Thus,	nonpolar	molecules	will	have	minimum	exposure	to	water
molecules.	5.	Van	Der	Waals	Forces	These	are	very	weak	forces	of	attraction	between	all	atoms,	due	to	oscillating	dipoles,	described	by	the	Dutch	physicist	Johannes	van	der	Waals	(1837-1923).	He	was	awarded	Nobel	prize	in	1910.	These	are	short	range	attractive	forces	between	chemical	groups	in	contact.	Van	der	Waals	interactions	occur	in	all
types	of	molecules,	both	polar	and	nonpolar.	The	energy	of	the	van	der	Waals	interaction	is	about	1	kcal/mol	and	are	unaffected	by	changes	in	pH.	This	force	will	drastically	reduce,	when	the	distance	between	atoms	is	increased.	Although	very	weak,	van	der	Waals	forces	collectively	contribute	maximum	towards	the	stability	of	protein	structure,
especially	in	preserving	the	nonpolar	interior	structure	of	proteins.	WATER:	THE	UNIVERSAL	SOLVENT	Water	constitutes	about	70	to	80	percent	of	the	weight	of	most	cells.	The	hydrogen	atom	in	one	water	molecule	is	attracted	to	a	pair	of	electrons	in	the	outer	shell	of	an	oxygen	atom	in	an	adjacent	molecule.	The	structure	of	liquid	water	contains
hydrogen-bonded	networks	(Fig.	1.5).	The	crystal	structure	of	ice	depicts	a	tetrahedral	arrangement	of	water	molecules.	Four	others	bound	by	hydrogen	bonds	surround	each	oxygen	atom.	On	melting,	the	molecules	get	much	closer	and	this	results	in	the	increase	in	density	of	water.	Hence,	liquid	water	is	denser	than	solid	ice.	This	also	explains	why
ice	floats	on	water.	Water	molecules	are	in	rapid	motion,	constantly	making	and	breaking	hydrogen	bonds	with	adjacent	molecules.	As	the	temperature	of	water	increases	Fig.	1.5:	Water	molecules	hydrogen	bonded	toward	100°C,	the	kinetic	energy	of	its	molecules	becomes	greater	than	the	energy	of	the	hydrogen	bonds	connecting	them,	and	the
gaseous	form	of	water	appears.	A	few	gifted	properties	of	water	make	it	the	most	preferred	medium	for	all	cellular	reactions	and	interactions.	a.	Water	is	a	polar	molecule.	Molecules	with	polar	bonds	that	can	easily	form	hydrogen	bonds	with	water	can	dissolve	in	water	and	are	termed	“hydrophilic”.	b.	It	has	immense	hydrogen	bonding	capacity	both
with	other	molecules	and	also	the	adjacent	water	molecules.	This	contributes	to	cohesiveness	of	water.	c.	Water	favors	hydrophobic	interactions	and	provides	a	basis	for	metabolism	of	insoluble	substances.	Water	expands	when	it	is	cooled	from	4oC	to	o	0	C,	while	normally	liquids	are	expected	to	contract	due	to	cooling.	As	water	is	heated	from	0oC	to
4	oC,	the	hydrogen	bonds	begin	to	break.	This	results	in	a	decrease	in	volume	or	in	other	words,	increase	in	density.	Hence,	water	attains	high	density	at	4oC.	However,	above	4oC	the	effect	of	temperature	predominates.	PRINCIPLES	OF	THERMODYNAMICS	Thermodynamics	is	concerned	with	the	flow	of	heat	and	it	deals	with	the	relationship
between	heat	and	work.	Bioenergetics,	or	biochemical	thermodynamics,	is	the	study	of	the	energy	changes	accompanying	biochemical	reactions.	Biological	systems	use	chemical	energy	to	power	living	processes.	1.	First	Law	of	Thermodynamics	The	total	energy	of	a	system,	including	its	surroundings,	remains	constant.	Chapter	1;	Biochemical
Perspective	to	Medicine		5	Or,	ΔE	=	Q	–	W,	where	Q	is	the	heat	absorbed	by	the	system	and	W	is	the	work	done.	This	is	also	called	the	law	of	conservation	of	energy.	If	heat	is	transformed	into	work,	there	is	proportionality	between	the	work	obtained	and	the	heat	dissipated.	A	system	is	an	object	or	a	quantity	of	matter,	chosen	for	observation.	All
other	parts	of	the	universe,	outside	the	boundary	of	the	system,	are	called	the	surroundings.	2.	Second	Law	of	Thermodynamics	The	total	entropy	of	a	system	must	increase	if	a	process	is	to	occur	spontaneously.	A	reaction	occurs	spontaneously	if	ΔE	is	negative,	or	if	the	entropy	of	the	system	increases.	Entropy	(S)	is	a	measure	of	the	degree	of
randomness	or	disorder	of	a	system.	Entropy	becomes	maximum	in	a	system	as	it	approaches	true	equilibrium.	Enthalpy	is	the	heat	content	of	a	system	and	entropy	is	that	fraction	of	enthalpy	which	is	not	available	to	do	useful	work.	A	closed	system	approaches	a	state	of	equilibrium.	Any	system	can	spontaneously	proceed	from	a	state	of	low
probability	(ordered	state)	to	a	state	of	high	probability	(disordered	state).	The	entropy	of	a	system	may	decrease	with	an	increase	in	that	of	the	surroundings.	The	second	law	may	be	expressed	in	simple	terms	as	Q	=	T	x	ΔS,	where	Q	is	the	heat	absorbed,	T	is	the	absolute	temperature	and	ΔS	is	the	change	in	entropy.	3.	Gibb's	Free	Energy	Concept
The	term	free	energy	is	used	to	get	an	equation	combining	the	first	and	second	laws	of	thermodynamics.	Thus,	ΔG	=	ΔH	–	TΔS	,	where	ΔG	is	the	change	in	free	energy,	ΔH	is	the	change	in	enthalpy	or	heat	content	of	the	system	and	ΔS	is	the	change	in	entropy.	The	term	free	energy	denotes	a	portion	of	the	total	energy	change	in	a	system	that	is
available	for	doing	work.	For	most	biochemical	reactions,	it	is	seen	that	ΔH	is	nearly	equal	to	ΔE.	So,	ΔG	=	ΔE	–	TΔS.	Hence,	ΔG	or	free	energy	of	a	system	depends	on	the	change	in	internal	energy	and	change	in	entropy	of	a	system.	4.	Standard	Free	Energy	Change	It	is	the	free	energy	change	under	standard	conditions.	It	is	designated	as	ΔG0.	The
standard	conditions	are	defined	for	biochemical	reactions	at	a	pH	of	7	and	1	M	concentration,	and	differentiated	by	a	priming	sign	ΔG0.	It	is	directly	related	to	the	equilibrium	constant.	Actual	free	energy	changes	depend	on	reactant	and	product.	Most	of	the	reversible	metabolic	reactions	are	near	equilibrium	reactions	and	therefore	their	ΔG	is	nearly
zero.	The	net	rate	of	near	equilibrium	reactions	are	effectively	regulated	by	the	relative	concentration	of	substrates	and	products.	The	metabolic	reactions	that	function	far	from	equilibrium	are	irreversible.	The	velocity	of	these	reactions	are	altered	by	changes	in	enzyme	activity.	A	highly	exergonic	reaction	is	irreversible	and	goes	to	completion.	Such
a	reaction	that	is	part	of	a	metabolic	pathway,	confers	direction	to	the	pathway	and	makes	the	entire	pathway	irreversible.	Three	Types	of	Reactions	A.	A	reaction	can	occur	spontaneously	when	ΔG	is	negative.	Then	the	reaction	is	exergonic.	If	ΔG	is	of	great	magnitude,	the	reaction	goes	to	completion	and	is	essentially	irreversible.	B.	When	ΔG	is	zero,
the	system	is	at	equilibrium.	C.	For	reactions	where	the	ΔG	is	positive,	an	input	of	energy	is	required	to	drive	the	reaction.	The	reaction	is	termed	as	endergonic.and	those	with	a	negative	ΔG	as	exergonic.	(Examples	given	below).	Similarly	a	reaction	may	be	exothermic	(ΔH	is	negative),	isothermic	(ΔH	is	zero)	or	endothermic	(ΔH	is	positive).
Energetically	unfavorable	reaction	may	be	driven	forward	by	coupling	it	with	a	favorable	reaction.	Glucose	+	Pi	→	Glucose-6-phosphate	(reaction1)	ATP	+	H2O	→	ADP	+	Pi	(reaction	2)	Glucose+ATP→Glucose-6-phosphate+ADP	(3)	Reaction	1	cannot	proceed	spontaneously.	But	the	2nd	reaction	is	coupled	in	the	body,	so	that	the	reaction	becomes
possible.	For	the	first	reaction,	ΔG0	is	+13.8	kJ/mole;	for	the	second	reaction,	ΔG0	is	–30.5	kJ/mole.	When	the	two	reactions	are	coupled	in	the	reaction	3,	the	ΔG	0	becomes	–16.7	kJ/mole,	and	hence	the	reaction	becomes	possible.	Details	on	ATP	and	other	high-energy	phosphate	bonds	are	described	in	Chapter	19.	Reactions	of	catabolic	pathways
(degradation	or	oxidation	of	fuel	molecules)	are	usually	exergonic,	6		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	Figs	1.6A	and	B.	Donnan	membrane	equilibrium	whereas	anabolic	pathways	(synthetic	reactions	or	building	up	of	compounds)	are	endergonic.	Metabolism	constitutes	anabolic	and	catabolic	processes	that	are	well	co-
ordinated.	DONNAN	MEMBRANE	EQUILIBRIUM	When	two	solutions	are	separated	by	a	membrane	permeable	to	both	water	and	small	ions,	but	when	one	of	the	compartments	contains	impermeable	ions	like	proteins,	distribution	of	permeable	ions	occurs	according	to	the	calculations	of	Donnan.	In	Fig.	1.6,	the	left	compartment	contains	NaR,	which
will	dissociate	into	Na+	and	R¯	.	Then	Na+	can	diffuse	freely,	but	R¯	having	high	molecular	weight	cannot	diffuse.	The	right	compartment	contains	NaCl,	which	dissociates	into	Na+	and	Cl¯.	Both	ions	can	diffuse	freely.	Thus,	if	a	salt	of	NaR	is	placed	in	one	side	of	a	membrane,	at	equilibrium	Na+	x	R¯	x	H+	x	OH¯	=	Na+	x	OH¯	x	H+	To	convey	the
meaning	of	the	mathematical	values,	a	hypothetical	quantity	of	each	of	the	ion	is	also	incorporated	in	brackets.	Initially	5	molecules	of	NaR	are	added	to	the	left	compartment	and	10	molecules	of	NaCl	in	the	right	compartment	and	both	of	them	are	ionized	(Fig.	1.6A).	When	equilibrium	is	reached,	the	distributions	of	ions	are	shown	in	Figure	1.6B.
According	to	Donnan's	equilibrium,	the	products	of	diffusible	electrolytes	in	both	the	compartments	will	be	equal,	so	that	[Na+]	L	x	[Cl¯	]	L	=	[Na+]	Rx	[Cl¯	]	R	If	we	substitute	the	actual	numbers	of	ions,	the	formula	becomes	9	x	4	in	left	=	6	x	6	in	right	Donnan's	equation	also	states	that	the	electrical	neutrality	in	each	compartment	should	be
maintained.	In	other	words	the	number	of	cations	should	be	equal	to	the	number	of	anions,	such	that	In	left	:	Na+	=	R¯+	Cl¯;	substituting:	9	=	5	+	4	In	right	:	Na+	=	Cl¯;	substituting:	6	=	6	The	equation	should	also	satisfy	that	the	number	of	sodium	ions	before	and	after	the	equilibrium	are	the	same;	in	our	example,	initial	Na+	in	the	two
compartments	together	is	5	+	10	=	15;	after	equilibrium	also,	the	value	is	9	+	6	=	15.	In	the	case	of	chloride	ions,	initial	value	is	10	and	final	value	is	also	4	+	6	=	10.	In	summary,	Donnan's	equations	satisfy	the	following	results:	1.	The	products	of	diffusible	electrolytes	in	both	compartments	are	equal.	2.	The	electrical	neutrality	of	each	compartment
is	maintained.	3.	The	total	number	of	a	particular	type	of	ions	before	and	after	the	equilibrium	is	the	same.	4.	As	a	result,	when	there	is	non-diffusible	anion	on	one	side	of	a	membrane,	the	diffusible	cations	are	more,	and	diffusible	anions	are	less,	on	that	side.	Clinical	Applications	of	the	Equation	1.	The	total	concentration	of	solutes	in	plasma	will	be
more	than	that	of	a	solution	of	same	ionic	strength	containing	only	diffusible	ions;	this	provides	the	net	osmotic	gradient	(see	under	Albumin,	in	Chapter	28).	2.	The	lower	pH	values	within	tissue	cells	than	in	the	surrounding	fluids	are	partly	due	to	the	concentrations	of	negative	protein	ions	within	the	cells	being	higher	than	in	surrounding	fluids.	3.
The	pH	within	red	cells	is	lower	than	that	of	the	surrounding	plasma	is	due,	in	part,	to	the	very	high	concentration	of	negative	non-diffusible	hemoglobin	ions.	This	will	cause	unequal	distribution	of	H+	ions	with	a	higher	concentration	within	the	cell.	4.	The	chloride	shift	in	erythrocytes	as	well	as	higher	concentration	of	chloride	in	CSF	are	also	due	to
Donnan's	effect	(Chapter	22).	CHAPTER	2	Subcellular	Organelles	and	Cell	Membranes	CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Nucleus	2.	Endoplasmic	reticulum	3.	Golgi	apparatus	4.	Lysosomes	5.	Mitochondria	6.	Plasma	membrane	7.	Transport	mechanisms	8.	Simple	and	facilitated	diffusion	9.
Ion	channels	10.	Active	transport	11.	Uniport,	symport	and	antiport	SUBCELLULAR	ORGANELLES	Cells	contain	various	organized	structures,	collectively	called	as	cell	organelles	(Fig.	2.1).	When	the	cell	membrane	is	disrupted,	either	by	mechanical	means	or	by	lysing	the	membrane	by	Tween-20	(a	lipid	solvent),	the	organized	particles	inside	the	cell
are	homogenised.	This	is	usually	carried	out	in	0.25	M	sucrose	at	pH	7.4.	The	organelles	could	then	be	separated	by	applying	differential	centrifugal	forces	(Table	2.1).	Albert	Claude	got	Nobel	prize	in	1974	for	fractionating	subcellular	organelles.	Marker	Enzymes	Some	enzymes	are	present	in	certain	organelles	only;	such	specific	enzymes	are	called
as	marker	enzymes	(Table	2.1).	After	centrifugation,	the	separated	organelles	are	identified	by	detection	of	marker	enzymes	in	the	sample.	NUCLEUS	1.	It	is	the	most	prominent	organelle	of	the	cell.	All	cells	in	the	body	contain	nucleus,	except	mature	RBCs	in	circulation.	The	uppermost	layer	of	skin	also	may	not	possess	a	readily	identifiable	nucleus.
In	some	cells,	nucleus	occupies	most	of	the	available	space,	e.g.	small	lymphocytes	and	spermatozoa.	2.	Nucleus	is	surrounded	by	two	membranes:	the	inner	one	is	called	perinuclear	membrane	with	Fig.	2.1.	Typical	cell	1=	Nuclear	membrane;	2=	Nuclear	pore;	3=	Nucleolus;	4=	endoplasmic	reticulum;	5=	Golgi	body;	6=	Mitochondria;	7=
Microtubule;	8=	Lysosome;	9=	Vacuole;	10=	Plasma	membrane	Fig.	2.2.	Nucleus	8		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	numerous	pores	(Fig.	2.2).	The	outer	membrane	is	continuous	with	membrane	of	endoplasmic	reticulum.	3.	Nucleus	contains	the	DNA,	the	chemical	basis	of	genes	which	governs	all	the	functions	of	the	cell	.
The	very	long	DNA	molecules	are	complexed	with	proteins	to	form	chromatin	and	are	further	organized	into	chromosomes.	4.	DNA	replication	and	RNA	synthesis	(transcription)	are	taking	place	inside	the	nucleus.	5.	In	some	cells,	a	portion	of	the	nucleus	may	be	seen	as	lighter	shaded	area;	this	is	called	nucleolus	(Fig.	2.2).	This	is	the	area	for	RNA
processing	and	ribosome	synthesis.	The	nucleolus	is	very	prominent	in	cells	actively	synthesizing	proteins.	Gabriel	Valentine	in	1836	described	the	nucleolus.	ENDOPLASMIC	RETICULUM	(ER)	1.	It	is	a	network	of	interconnecting	membranes	enclosing	channels	or	cisternae,	that	are	continuous	from	outer	nuclear	envelope	to	outer	plasma	membrane.
Under	electron	microscope,	the	reticular	arrangements	will	have	railway	track	appearance	(Fig.	2.1).	George	Palade	was	awarded	Nobel	prize	in	1974,	who	identified	the	ER.	Table	2.1.	Separation	of	subcellular	organelles	Subcellular	organelle	Pellet	formed	at	the	centrifugal	force	of	Marker	enzyme	Nucleus	600–750	x	g,	10	min	Mitochondria	10,000–
15,000	x	g,	10	min	Inner	membrane:	ATP	Synthase	Lysosome	18,000–25,000	x	g,	10	min	Cathepsin	Golgi	complex	35,000–40,000	x	g,	30	min	Galactosyl	transferase	Microsomes	75,000–100,000	x	g,	100	min	Glucose-6phosphatase	Cytoplasm	Supernatant	Lactate	dehydrogenase	2.	This	will	be	very	prominent	in	cells	actively	synthesizing	proteins,	e.g.
immunoglobulin	secreting	plasma	cells.	The	proteins,	glycoproteins	and	lipoproteins	are	synthesized	in	the	ER.	3.	Detoxification	of	various	drugs	is	an	important	function	of	ER.	Microsomal	cytochrome	P-450	hydroxylates	drugs	such	as	benzpyrine,	aminopyrine,	aniline,	morphine,	phenobarbitone,	etc.	4.	According	to	the	electron	microscopic
appearance,	the	ER	is	generally	classified	into	rough	and	smooth	varieties.	The	rough	appearance	is	due	to	ribosomes	attached	to	cytoplasmic	side	of	membrane	where	the	proteins	are	being	synthesized.	5.	When	cells	are	fractionated,	the	complex	ER	is	disrupted	in	many	places.	They	are	automatically	re-assembled	to	form	microsomes.	GOLGI
APPARATUS	1.	Camillo	Golgi	described	the	structure	in	1898	(Nobel	prize	1906).	The	Golgi	organelle	is	a	network	of	flattened	smooth	membranes	and	vesicles.	It	may	be	considered	as	the	converging	area	of	endoplasmic	reticulum	(Fig.	2.1).	2.	While	moving	through	ER,	carbohydrate	groups	are	successively	added	to	the	nascent	proteins.	These
glycoproteins	reach	the	Golgi	area.	3.	Golgi	apparatus	is	composed	of	cis,	medial	and	trans	cisternae.	Glycoproteins	are	generally	transported	from	ER	to	cis	Golgi	(proximal	cisterna),	then	to	medial	Golgi	(intermediate	cisterna)	and	finally	to	trans	Golgi	(distal	cisterna)	for	temporary	storage.	Trans	Golgi	are	particularly	abundant	with	vesicles
containing	glycoproteins.	Newly	synthesized	proteins	are	sorted	first	according	to	the	sorting	signals	available	in	the	proteins.	Then	they	are	packed	into	transport	vesicles	having	different	types	of	coat	proteins.	Finally,	they	are	transported	into	various	destinations;	this	is	an	energy	dependent	process.	4.	Main	function	of	Golgi	apparatus	is	protein
sorting,	packaging	and	secretion.	5.	The	finished	products	may	have	any	one	of	the	following	destinations:	a.	They	may	pass	through	plasma	membrane	to	the	surrounding	medium.	This	forms	continuous	secretion,	e.g.	secretion	of	immunoglobulins	by	plasma	cells.	b.	They	reach	plasma	membrane	and	form	an	integral	part	of	it,	but	not	secreted.	c.
They	are	formed	into	a	secretory	vesicle,	where	these	products	are	stored	for	a	longer	time.	Under	appropriate	stimuli,	the	contents	are	secreted.	Release	of	trypsinogen	by	pancreatic	Chapter	2;	Subcellular	Organelles	and	Cell	Membranes		9	Table	2.2.	Metabolic	functions	of	subcellular	organelles	Organelle	Function	Nucleus	DNA	replication,
transcription	Endoplasmic	Biosynthesis	of	proteins,	glycoproteins,	reticulum	lipoproteins,	drug	metabolism,	ethanol	oxidation,	synthesis	of	cholesterol	(partial)	Golgi	body	Maturation	of	synthesized	protein	Lysosome	Degradation	of	proteins,	carbohydrates,	lipids	and	nucleotides	Mitochondria	Electron	transport	chain,	ATP	generation,	TCA	cycle,	beta
oxidation	of	fatty	acids,	ketone	body	production,	urea	synthesis	(part),	heme	synthesis	(part),	gluconeogenesis	(part),	pyrimidine	synthesis	(part)	Cytosol	Protein	synthesis,	glycolysis,	glycogen	metabolism,	HMP	shunt	pathway,	transaminations,	fatty	acid	synthesis,	cholesterol	synthesis,	heme	synthesis	(part),	urea	synthesis	(part),	pyrimidine	synthesis



(part),	purine	synthesis	acinar	cells	and	release	of	insulin	by	beta	cells	of	Langerhans	are	cited	as	examples.	d.	The	synthesized	materials	may	be	collected	into	lysosome	packets.	LYSOSOMES	1.	Discovered	in	1950	by	Rene	de	Duve	(Nobel	prize	1974),	lysosomes	are	tiny	organelles.	Solid	wastes	of	a	township	are	usually	decomposed	in	incinerators.
Inside	a	cell,	such	a	process	is	taking	place	within	the	lysosomes.	They	are	bags	of	enzymes.	Clinical	applications	of	lysosomes	are	shown	in	Box	2.1.	2.	Endocytic	vesicles	and	phagosomes	are	fused	with	lysosome	(primary)	to	form	the	secondary	lysosome	or	digestive	vacuole.	Foreign	particles	are	progressively	digested	inside	these	vacuoles.
Completely	hydrolysed	products	are	utilized	by	the	cell.	As	long	as	the	lysosomal	membrane	is	intact,	the	encapsulated	enzymes	can	act	only	locally.	But	when	the	membrane	is	disrupted,	the	released	enzymes	can	hydrolyse	external	substrates,	leading	to	tissue	damage.	3.	The	lysosomal	enzymes	have	an	optimum	pH	around	5.	These	enzymes	are	a.
Polysaccharide	hydrolysing	enzymes	(alpha-glucosidase,	alpha-fucosidase,	beta-galactosidase,	alphamannosidase,	beta-glucuronidase,	hyaluronidase,	aryl	sulfatase,	lysozyme)	b	Protein	hydrolysing	enzymes	(cathepsins,	collagenase,	elastase,	peptidases)	c.	Nucleic	acid	hydrolysing	enzymes	(ribonuclease,	deoxyribonuclease)	d.	Lipid	hydrolysing
enzymes	(fatty	acyl	esterase,	phospholipases)	PEROXISOMES	1.	The	peroxisomes	have	a	granular	matrix.	They	are	of	0.3–1.5	μm	in	diameter.	They	contain	peroxidases	and	catalase.	They	are	prominent	in	leukocytes	and	platelets.	2.	Peroxidation	of	polyunsaturated	fatty	acids	in	vivo	may	lead	to	hydroperoxide	formation,	ROOH	→	R-	OO	•.	The	free
radicals	damage	molecules,	cell	membranes,	tissues	and	genes.	(Chapter	20).	3.	Catalase	and	peroxidase	are	the	enzymes	present	in	peroxisomes	which	will	destroy	the	unwanted	peroxides	and	other	free	radicals.	Clinical	applications	of	peroxisomes	are	shown	in	Box	2.2.	MITOCHONDRIA	1.	They	are	spherical,	oval	or	rod-like	bodies,	about	0.5–1	μm
in	diameter	and	up	to	7	μm	in	length	Box	2.1.	Clinical	Applications	of	Lysosomes	1.	In	gout,	urate	crystals	are	deposited	around	knee	joints	(Chapter	39).	These	crystals	when	phagocytosed,	cause	physical	damage	to	lysosomes	and	release	of	enzymes.	Inflammation	and	arthritis	result.	2.	Following	cell	death,	the	lysosomes	rupture	releasing	the
hydrolytic	enzymes	which	bring	about	postmortem	autolysis.	3.	Lysosomal	proteases,	cathepsins	are	implicated	in	tumor	metastasis.	Cathepsins	are	normally	restricted	to	the	interior	of	lysosomes,	but	certain	cancer	cells	liberate	the	cathepsins	out	of	the	cells.	Then	cathepsins	degrade	the	basal	lamina	by	hydrolysing	collagen	and	elastin,	so	that	other
tumor	cells	can	travel	out	to	form	distant	metastasis.	4.	There	are	a	few	genetic	diseases,	where	lysosomal	enzymes	are	deficient	or	absent.	This	leads	to	accumulation	of	lipids	or	polysaccharides	(Chapters	10	and	13).	5.	Silicosis	results	from	inhalation	of	silica	particles	into	the	lungs	which	are	taken	up	by	phagocytes.	Lysosomal	membrane	ruptures,
releasing	the	enzymes.	This	stimulates	fibroblast	to	proliferate	and	deposit	collagen	fibers,	resulting	in	fibrosis	and	decreased	lungs	elasticity.	6.	Inclusion	cell	(I-	cell)	disease	is	a	rare	condition	in	which	lysosomes	lack	in	enzymes,	but	they	are	seen	in	blood.	This	means	that	the	enzymes	are	synthesized,	but	are	not	able	to	reach	the	correct	site.	It	is
shown	that	mannose-6phosphate	is	the	marker	to	target	the	nascent	enzymes	to	lysosomes.	In	these	persons,	the	carbohydrate	units	are	not	added	to	the	enzyme.	Mannose-6-phosphatedeficient	enzymes	cannot	reach	their	destination	(protein	targetting	defect).	10		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	Fig.	2.3.	Mitochondria
(Fig.	2.1).	Erythrocytes	do	not	contain	mitochondria.	The	tail	of	spermatozoa	is	fully	packed	with	mitochondria.	2.	Mitochondria	are	the	powerhouse	of	the	cell,	where	energy	released	from	oxidation	of	food	stuffs	is	trapped	as	chemical	energy	in	the	form	of	ATP	(Chapter	19).	Metabolic	functions	of	mitochondria	are	shown	in	Table	2.2.	3.	Mitochondria
have	two	membranes.	The	inner	membrane	convolutes	into	folds	or	cristae	(Fig.	2.3).	The	inner	mitochondrial	membrane	contains	the	enzymes	of	electron	transport	chain	(Chapter	19).	The	fluid	matrix	contains	the	enzymes	of	citric	acid	cycle,	urea	cycle	and	heme	synthesis.	4.	Cytochrome	P-450	system	present	in	mitochondrial	inner	membrane	is
involved	in	steroidogenesis	(Chapter	46).	Superoxide	dismutase	is	present	in	cytosol	and	mitochondria	(Chapter	20).	Box	2.2.	Peroxisomal	Deficiency	Diseases	1.	Deficiency	of	peroxisomal	matrix	proteins	can	lead	to	adreno	leuko	dystrophy	(ALD)	(Brown-Schilder’s	disease)	characterized	by	progressive	degeneration	of	liver,	kidney	and	brain.	It	is	a
rare	autosomal	recessive	condition.	The	defect	is	due	to	insufficient	oxidation	of	very	long	chain	fatty	acids	(VLCFA)	by	peroxisomes	(see	Chapter	13).	2.	In	Zellweger	syndrome,	proteins	are	not	transported	into	the	peroxisomes.	This	leads	to	formation	of	empty	peroxisomes	or	peroxisomal	ghosts	inside	the	cells.	Protein	targetting	defects	are
described	in	Chapter	41.	3.	Primary	hyperoxaluria	is	due	to	the	defective	peroxisomal	metabolism	of	glyoxalate	derived	from	glycine	(Chapter	15).	Fig.	2.4A.	The	fluid	mosaic	model	of	membrane	Fig.	2.4B.	Proteins	are	anchored	in	the	membrane	by	different	mechanisms	5.	Mitochondria	also	contain	specific	DNA.	The	integral	inner	membrane
proteins,	are	made	by	mitochondrial	protein	synthesising	machinery.	However	the	majority	of	proteins,	especially	of	outer	membrane	are	synthesised	under	the	control	of	cellular	DNA.	The	division	of	mitochondria	is	under	the	command	of	mitochondrial	DNA.	Mitochondrial	ribosomes	are	different	from	cellular	ribosomes.	Antibiotics	inhibiting
bacterial	protein	synthesis	do	not	affect	cellular	processes,	but	do	inhibit	mitochondrial	protein	biosynthesis	(Chapter	41).	6.	Taking	into	consideration	such	evidences,	it	is	assumed	that	mitochondria	are	parasites	which	entered	into	cells	at	a	time	when	multicellular	organisms	were	being	evolved.	These	parasites	provided	energy	in	large	quantities
giving	an	evolutionary	advantage	to	the	cell;	the	cell	gave	protection	to	these	parasites.	This	perfect	symbiosis,	in	turn,	evolved	into	a	cellular	organelle	of	mitochondria.	7.	A	summary	of	functions	of	organelles	is	given	in	Table	2.2	and	Box	2.3.	Chapter	2;	Subcellular	Organelles	and	Cell	Membranes		11	Box	2.3.	Comparison	of	Cell	with	a	Factory
Plasma	membrane	Fence	with	gates;	gates	open	when	message	is	received	Nucleus	Manager’s	office	Endoreticulum	Conveyer	belt	of	production	units	Golgi	apparatus	Packing	units	Lysosomes	Incinerators	Vacuoles	Lorries	carrying	finished	products	Mitochondria	Power	generating	units	PLASMA	MEMBRANE	1.	The	plasma	membrane	separates	the
cell	from	the	external	environment.	It	has	highly	selective	permeability	properties	so	that	the	entry	and	exit	of	compounds	are	regulated.	The	cellular	metabolism	is	in	turn	influenced	and	probably	regulated	by	the	membrane.	The	membrane	is	metabolically	very	active.	2.	The	enzyme,	nucleotide	phosphatase	(5'	nucleotidase)	and	alkaline	phosphatase
are	seen	on	the	outer	part	of	cell	membrane;	they	are	therefore	called	ecto-enzymes.	3.	Membranes	are	mainly	made	up	of	lipids,	proteins	and	small	amount	of	carbohydrates.	The	contents	of	these	compounds	vary	according	to	the	nature	of	the	membrane.	The	carbohydrates	are	present	as	glycoproteins	and	glycolipids.	Phospholipids	are	the	most
common	lipids	present	and	they	are	amphipathic	in	nature.	Cell	membranes	also	contain	cholesterol.	4.	Fluid	Mosaic	Model	The	lipid	bilayer	was	originally	proposed	by	Davson	and	Danielle	in	1935.	Later,	the	structure	of	the	biomembranes	was	described	as	a	fluid	mosaic	model	(Singer	and	Nicolson,	1972).	4-A.	The	phospholipids	are	arranged	in
bilayers	with	the	polar	head	groups	oriented	towards	the	extracellular	side	and	the	cytoplasmic	side	with	a	hydrophobic	core	(Fig.	2.4A).	The	distribution	of	the	phospholipids	is	such	that	choline	containing	phospholipids	are	mainly	in	the	external	layer	and	ethanolamine	and	serine	containing	phospholipids	in	the	inner	layer.	4-B.	Each	leaflet	is	25	Å
thick,	with	the	head	portion	10	Å	and	tail	15	Å	thick.	The	total	thickness	is	about	50	to	80	Å.	4-C.	The	lipid	bilayer	shows	free	lateral	movement	of	its	components,	hence	the	membrane	is	said	to	be	fluid	in	nature.	Fluidity	enables	the	membrane	to	perform	endocytosis	and	exocytosis.	4-D.	However,	the	components	do	not	freely	move	from	inner	to
outer	layer,	or	outer	to	inner	layer	(flip-flop	movement	is	restricted).	During	apoptosis	(programmed	cell	death),	flip-flop	movement	occurs.	This	Flip-flop	movement	is	catalyzed	by	enzymes.	Flippases	catalyse	the	transfer	of	amino	phospholipids	across	the	membrane.	Floppases	catalyse	the	outward	directed	movement	which	is	ATP	dependent.	This	is
mainly	seen	in	the	role	of	ABC	proteins	mediating	the	efflux	of	cholesterol	and	the	extrusion	of	drugs	from	cells.	The	MDR	(multi	drug	resistance)	associated	p-glycoprotein	is	a	floppase.	Ernst	Ruska	designed	the	first	electron	microscope	in	1939.	Gerd	Binning	and	Heinrich	Rohrer	introduced	the	scanning	electron	microscopy	in	1981	by	which	the
outer	and	inner	layers	of	membranes	could	be	visualized	separately.	All	the	three	workers	were	awarded	Nobel	prize	in	1986.	4-E.	The	cholesterol	content	of	the	membrane	alters	the	fluidity	of	the	membrane.	When	cholesterol	concentration	increases,	the	membrane	becomes	less	fluid	on	the	outer	surface,	but	more	fluid	in	the	hydrophobic	core.	The
effect	of	cholesterol	on	membrane	fluidity	is	different	at	different	temperatures.	At	temperature	below	the	Tm	cholesterol	increases	fluidity	and	there	by	permeability	of	the	membrane.	At	temperatures	above	the	Tm,	cholesterol	decreases	fluidity.	In	spur	cell	anemia	and	alcoholic	cirrhosis	membrane	studies	have	revealed	the	role	of	excess
cholesterol.	The	decrease	in	membrane	fluidity	may	affect	the	activities	of	receptors	and	ion	channels.	This	has	been	implicated	in	conditions	like	LCAT	deficiency,	Alzheimer’s	disease	and	hypertension.	Fluidity	of	cellular	membranes	responds	to	variations	in	diet	and	physiological	states.	Increased	release	of	reactive	oxygen	species	(ROS),	increase	in
cytosolic	calcium	and	lipid	peroxidation	have	been	found	to	adversely	affect	membrane	fluidity.	Anesthetics	may	act	by	changing	membrane	fluidity.	4-F.	The	nature	of	the	fatty	acids	also	affects	the	fluidity	of	the	membrane,	the	more	unsaturated	cis	fatty	acids	increase	the	fluidity.	The	fluidity	of	the	membrane	is	maintained	by	the	length	of	the
hydrocarbon	chain,	degree	of	unsaturation	and	nature	of	the	polar	head	groups.	Trans	fatty	acids	(TFA)	decrease	the	fluidity	of	membranes	due	to	close	packing	of	hydrocarbon	chains.	Cis	double	bonds	create	a	kink	in	the	hydrocarbon	chain	and	have	a	marked	effect	on	fluidity.	Second	OH	group	of	12		Textbook	of	Biochemistry;	Section	A:	Chemical
Basis	of	Life	glycerol	in	membrane	phospholipids	is	often	esterified	to	an	unsaturated	fatty	acid,	mono	unsaturated	oleic	or	polyunsaturated	linoleic,	linolenic	or	arachidonic.	The	nature	of	fatty	acids	and	cholesterol	content	varies	depending	on	diet.	A	higher	proportion	of	PUFA	which	increases	the	fluidity	favors	the	binding	of	insulin	to	its	receptor,	a
trans	membrane	protein.	5.	Membrane	Proteins	5-A.	The	peripheral	proteins	exist	on	the	surfaces	of	the	bilayer	(Fig.	2.4B).	They	are	attached	by	ionic	and	polar	bonds	to	polar	heads	of	the	lipids.	5-B.	Anchoring	of	proteins	to	lipid	bilayers:	Several	peripheral	membrane	proteins	are	tethered	to	the	membranes	by	covalent	linkage	with	the	membrane
lipids.	Since	the	lipids	are	inserted	into	the	hydrophobic	core,	the	proteins	are	firmly	anchored.	A	typical	form	of	linkage	is	the	one	involving	phosphatidyl	inositol	which	is	attached	to	a	glycan.	This	glycan	unit	has	ethanolamine,	phosphate	and	several	carbohydrate	residues.	This	glycan	chain	includes	a	glucose	covalently	attached	to	the	C	terminus	of
a	protein	by	the	ethanolamine	and	to	the	phosphatidyl	inositol	by	the	glucosamine.	The	fatty	acyl	groups	of	the	phosphatidyl	inositol	diphosphate	(PIP2)	are	firmly	inserted	into	the	lipid	membrane	thus	anchoring	the	protein.	This	is	referred	to	as	glycosyl	phosphatidyl	inositol	(GPI)	anchor.	5-C.	Microdomains	on	membranes:	GPI	anchored	proteins	are
often	attached	to	the	external	surface	of	plasma	membrane	at	microdomains	called	lipid	rafts.	They	are	areas	on	the	membrane	having	predominantly	glycosphingolipids	and	cholesterol.	The	localization	and	activity	of	the	protein	can	be	regulated	by	anchoring	and	release.	Defective	GPI	anchors	are	implicated	in	PNH	(paroxysmal	nocturnal
hemoglobinuria).	Lipid	rafts	have	a	role	in	endocytosis,	G	protein	signaling	and	binding	of	viral	pathogens.	The	GPI	anchors	that	tether	proteins	to	the	membrane	are	also	seen	at	the	lipid	rafts.	Membrane	proteins	may	be	anchored	by	covalent	bonding,	palmitoylation	and	myrystoylation.	5-D.	Caveolae	are	flask	shaped	indentations	on	the	areas	of	lipid
rafts	that	are	involved	in	membrane	transport	and	signal	transduction.	Caveolae	contain	the	protein	caveolin,	along	with	other	receptor	proteins.	Transport	of	macromolecules	(IgA)	from	the	luminal	side	occurs	by	caveolae	mediated	transcytosis.	The	endocytosis	of	cholesterol	containing	lipoproteins	may	be	caveolae	mediated.	Similarly	the	fusion	and
budding	of	viral	particles	are	also	mediated	by	caveolae.	5-E.	The	integral	membrane	proteins	are	deeply	embedded	in	the	bilayer	and	are	attached	by	hydrophobic	bonds	or	van	der	Waals	forces.	5-F.	Some	of	the	integral	membrane	proteins	span	the	whole	bilayer	and	they	are	called	transmembrane	proteins	(Fig.	2.4).	The	hydrophobic	side	chains	of
the	amino	acids	are	embedded	in	the	hydrophobic	central	core	of	the	membrane.	The	transmembrane	proteins	can	serve	as	receptors	(for	hormones,	growth	factors,	neurotransmitters),	tissue	specific	antigens,	ion	channels,	membrane-based	enzymes,	etc.	Bacterial	Cell	Wall	Prokaryotic	(bacterial)	cells	as	well	as	plant	cells	have	a	cell	wall
surrounding	the	plasma	membrane;	this	cell	wall	provides	mechanical	strength	to	withstand	high	osmotic	pressure.	Animal	cells	are	devoid	of	the	cell	wall;	they	have	only	plasma	membrane.	Major	constituent	of	bacterial	cell	wall	is	a	heteropolysaccharide,	consisting	of	repeating	units	of	N-acetyl	muramic	acid	(NAM)	and	N-acetyl	glucosamine	(NAG).
This	polysaccharide	provides	mechanical	strength	to	the	plasma	membrane.	Synthesis	of	this	complex	polysaccharide	is	blocked	by	penicillin.	This	inhibition	is	responsible	for	the	bactericidal	action	of	penicillin.	SPECIALISED	MEMBRANE	STRUCTURES	Tight	Junction	When	two	cells	are	in	close	approximation,	in	certain	areas,	instead	of	4	layers,
only	3	layers	of	plasma	membranes	are	seen.	This	tight	junction	permits	calcium	and	other	small	molecules	to	pass	through	from	one	cell	to	another	through	narrow	hydrophilic	pores.	Some	sort	of	communication	between	cells	thus	results.	Absence	of	tight	junction	is	implicated	in	loss	of	contact	inhibition	in	cancer	cells	(Chapter	51).	Tight	junctions
also	seal	off	subepithelial	spaces	of	organs	from	the	lumen.	They	contain	specialized	proteins	such	as	occludin,	claudins	and	other	adhesion	molecules.	Figs	2.5A	and	B.	Facilitated	diffusion.	The	carrier	molecules	exist	in	two	conformations	Chapter	2;	Subcellular	Organelles	and	Cell	Membranes		13	chromosomal	movements	during	cell	division.	The
cytoskeleton	is	made	up	of	a	network	of	microtubules	(Fig.	2.1)	and	microfilaments,	which	contain	the	proteins	spectrin	and	ankyrin.	Tubules	consist	of	polymers	of	tubulin.	Fig.	2.6.	Water	channel	or	aquaporin	Myelin	Sheath	It	is	made	up	of	the	membrane	of	Schwann	cells	(Theodor	Schwann,	1858)	condensed	and	spiralled	many	times	around	the
central	axon.	The	cytoplasm	of	Schwann	cells	is	squeezed	to	one	side	of	the	cell.	Myelin	is	composed	of	sphingomyelin,	cholesterol	and	cerebroside.	Myelin	sheaths	thin	out	in	certain	regions	(Node	of	Ranvier)	(Anotoine	Ranvier,	1878).	Due	to	this	arrangement,	the	propagation	of	nerve	impulse	is	wavelike;	and	the	speed	of	propagation	is	also
increased.	Upon	stimulation,	there	is	rapid	influx	of	sodium	and	calcium,	so	that	depolarization	occurs.	Voltage	gradient	is	quickly	regained	by	ion	pumps.	The	ions	flow	in	and	out	of	membrane	only	where	membrane	is	free	of	insulation;	hence	the	wave-like	propagation	of	impulse.	In	multiple	sclerosis,	demyelination	occurs	at	discrete	areas,	velocity
of	nerve	impulse	is	reduced,	leading	to	motor	and	sensory	deficits.	Microvilli	Microvilli	of	intestinal	epithelial	cells	and	pseudopodia	of	macrophages	are	produced	by	membrane	evagination.	This	is	due	to	the	fluid	nature	of	membranes.	Membranes	of	Organelle	Membranes	of	endoplasmic	reticulum,	nucleus,	lysosomes	and	outer	layer	of	mitochondria
may	be	considered	as	variants	of	plasma	membrane.	Percentage	of	protein	content	varies	from	20%	in	myelin	sheath	to	over	70%	in	the	inner	membranes	of	mitochondria.	Cytoskeleton	Human	body	is	supported	by	the	skeletal	system;	similarly	the	structure	of	a	cell	is	maintained	by	the	cytoskeleton	present	underneath	the	plasma	membrane.	The
cytoskeleton	is	responsible	for	the	shape	of	the	cell,	its	motility	and	Fig.	2.7.	Ion	channel	Fig.	2.8.	Active	transport	Molecular	Motors	Proteins	that	are	responsible	for	co-ordinated	movements	in	tissues	and	cells	are	referred	to	as	molecular	motors.	These	may	be	ATP	driven	as	in	the	case	of	the	contractile	proteins;	actin	and	myosin	in	muscle	as	well
as	dyenin	and	tubulin	in	cilia	and	flagella.	Kinesin	which	mediates	movement	of	vesicles	on	microtubules	also	requires	ATP.	TRANSPORT	MECHANISMS	The	permeability	of	substances	across	cell	membrane	is	dependent	on	their	solubility	in	lipids	and	not	on	their	molecular	size.	Water	soluble	compounds	are	generally	impermeable	and	require
carrier	mediated	transport.	An	important	function	of	the	membrane	is	to	withhold	unwanted	molecules,	while	permitting	entry	of	molecules	necessary	for	cellular	metabolism.	Transport	mechanisms	are	classified	into	1.	Passive	transport	1-A.	Simple	diffusion	1-B.	Facilitated	diffusion.	1-C.	Ion	channels	are	specialized	carrier	systems.	They	allow
passage	of	molecules	in	accordance	with	the	concentration	gradient.	2.	Active	transport	3.	Pumps	can	drive	molecules	against	the	gradient	using	energy.	1-A.	Simple	Diffusion	Solutes	and	gases	enter	into	the	cells	passively.	They	are	driven	by	the	concentration	gradient.	The	rate	of	entry	is	proportional	to	the	solubility	of	that	Fig.	2.9.	Acetyl	choline
receptor	14		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	solute	in	the	hydrophobic	core	of	the	membrane.	Simple	diffusion	occurs	from	higher	to	lower	concentration.	This	does	not	require	any	energy.	However,	it	is	a	very	slow	process.	1-B.	Facilitated	Diffusion	This	is	a	carrier	mediated	process	(Fig.	2.5).	Important	features	of
facilitated	diffusion	are:	a.	The	carrier	mechanism	could	be	saturated	which	is	similar	to	the	Vmax	of	enzymes.	b.	Structurally	similar	solutes	can	competitively	inhibit	the	entry	of	the	solutes.	c.	Facilitated	diffusion	can	operate	bidirectionally.	d.	This	mechanism	does	not	require	energy	but	the	rate	of	transport	is	more	rapid	than	simple	diffusion
process.	e.	The	carrier	molecules	can	exist	in	two	conformations,	Ping	and	Pong	states.	In	the	pong	Fig.	2.10.	The	sodium	potassium	pump	It	brings	sodium	ions	out	of	the	cells	and	potassium	ions	into	the	cells.	Black	circle	=	sodium	ion;	green	square	=	potassium	ion;	pink	circle	=	phosphate.	(1)	Cytoplasmic	sodium	ions	(3	numbers)	bind	to	the
channel	protein.	This	favors	phosphorylation	of	the	protein	along	with	hydrolysis	of	ATP.	(2)	Phosphorylation	causes	the	protein	to	change	conformation,	expelling	the	sodium	ions	across	the	membrane.	(3)	Simultaneously,	extracellular	potassium	ions	(2	numbers)	move	to	the	carrier	protein.	Potassium	binding	leads	to	release	of	phosphate	group.	(4)
So,	original	conformation	is	restored.	(5)	Potassium	ions	are	released	into	the	cytoplasm.	The	cycle	repeats	state,	the	active	sites	are	exposed	to	the	exterior,	when	the	solutes	bind	to	the	specific	sites.	Then	there	is	a	conformational	change.	In	the	ping	state,	the	active	sites	are	facing	the	interior	of	the	cell,	where	the	concentration	of	the	solute	is
minimal.	This	will	cause	the	release	of	the	solute	molecules	and	the	protein	molecule	reverts	to	the	pong	state.	By	this	mechanism	the	inward	flow	is	facilitated,	but	the	outward	flow	is	inhibited	(Fig.	2.5).	Hormones	regulate	the	number	of	carrier	molecules.	For	example,	glucose	transport	across	membrane	is	by	facilitated	diffusion	involving	a	family
of	glucose	transporters.	Glucose	transport	is	described	in	detail	in	Chapter	9.	Aquaporins	They	are	water	channels	(Fig.	2.6).	They	are	a	family	of	membrane	channel	proteins	that	serve	as	selective	pores	through	which	water	crosses	the	plasma	membranes	of	cells.	They	form	tetramers	in	the	cell	membrane,	and	facilitate	the	transport	of	water	They
control	the	water	content	of	cells.	Agre	and	MacKinnon	were	awarded	Nobel	prize	for	chemistry	in	2003	for	their	contributions	on	aquaporins	and	water	channels.	Diseases	such	as	nephrogenic	diabetes	insipidus	is	due	to	impaired	function	of	these	channels.	Channelopathies	are	a	group	of	disorders	that	result	from	abnormalities	in	the	proteins
forming	the	ion	pores	or	channels.	A	few	examples	are	cystic	fibrosis	(chloride	channel),	Liddle's	syndrome	(sodium	channel)	and	periodic	paralysis	(potassium	channel).	1-C.	Ion	Channels	Membranes	have	special	devices	called	ion	channels	(Fig.	2.7).	Ion	channels	are	transmembrane	proteins	that	allow	the	selective	entry	of	Box	2.4.	Salient	Features
of	Ion	Channels	1.	They	are	transmembrane	proteins	2.	Selective	for	one	particular	ion	3.	Regulation	of	activity	is	done	by	voltage-gated,	ligand-gated	or	mechanically	gated	mechanisms	4.	Different	channels	are	available	for	Na+,	K+,	Ca++	and	Cl-5.	Transport	through	the	channel	is	very	quick	Chapter	2;	Subcellular	Organelles	and	Cell	Membranes	
15	Table	2.3.	Types	of	transport	mechanisms	Carrier	Against	Energy	Examples	gradient	required	Simple	diffusion	no	no	nil	water	Facilitated	diffusion	yes	no	nil	glucose	to	RBCs	Primary	active	yes	yes	directly	sodium	pump	Secondary	active	yes	yes	indirect	glucose	to	intestine	Ion	channels	yes	no	no	sodium	channel	various	ions.	Salient	features	are
enumerated	in	Box	2.4.	These	channels	are	for	quick	transport	of	electrolytes	such	as	Ca++,	K+,	Na+	and	Cl--.	These	are	selective	ion	conductive	pores.	Ion	channels	are	specialized	protein	molecules	that	span	the	membranes.	The	channels	generally	remain	closed,	but	in	response	to	stimulus,	they	open	allowing	rapid	flux	of	ions	down	the	gradient.
This	may	be	compared	to	opening	of	the	gate	of	a	cinema	house,	when	people	rush	to	enter	in.	Hence	this	regulation	is	named	as	"gated".	Such	ion	channels	are	important	for	nerve	impulse	propagation,	synaptic	transmission	and	secretion	of	biologically	active	substances	from	the	cells.	Ion	channels	are	different	from	ion	transport	pumps	described
below.	Ligand	Gated	Channels	Ligand	gated	channels	are	opened	by	binding	of	effectors.	The	binding	of	a	ligand	to	a	receptor	site	Fig.	2.11.	Left	side,	voltaged	gated	channels;	on	the	right	side,	ligand	gated	channels;	closed	and	open	positions	Box	2.5.	Clinical	Applications	of	Channels	1.	Sodium	Channels:	Local	anesthetics	such	as	procaine	act	on
sodium	channels	both	as	blockers	and	on	gating	mechanisms	to	hold	the	channel	in	an	inactivated	state.	Point	mutation	in	sodium	channel	leads	to	myotonia,	characterized	by	increased	muscle	excitability	and	contractility.	2.	In	Liddle's	disease,	the	sodium	channels	in	the	renal	epithelium	are	mutated,	resulting	in	excessive	sodium	reabsorption,	water
retention	and	elevated	blood	pressure.	3.	Potassium	channel	mutations	in	"Long	QT	syndrome"	leads	to	inherited	cardiac	arrythmia,	where	repolarization	of	the	ventricle	is	delayed,	resulting	in	prolonged	QT	intervals	in	ECG.	4.	Chloride	channels:	The	role	of	GABA	and	glycine	as	inhibitory	neuro-transmitters	is	attributed	to	their	ability	to	open	the
chloride	channels	at	the	postsynaptic	membranes.	5.	Cystic	fibrosis	is	due	to	certain	mutations	in	the	CFTR	gene	(cystic	fibrosis	transmembrane	regulator	protein),	which	is	a	chloride	transporter.	6.	Retina:	The	excitation	of	retinal	rods	by	a	photon	is	by	closing	of	cation	specific	channels	resulting	in	hyperpolarization	of	the	rod	cell	membrane.	This
light	induced	hyperpolarization	is	the	major	event	in	visual	excitation	(see,	Chapter	33).	on	the	channel	results	in	the	opening	(or	closing)	of	the	channel	(Fig.	2.11).	The	ligand	may	be	an	extracellular	signalling	molecule	or	an	intracellular	messenger.	Clinical	applications	of	channels	are	shown	in	Box	2.5.	a.	Acetyl	choline	receptor	(Fig.	2.9)	is	the	best
example	for	ligand	gated	ion	channel.	It	is	present	in	postsynaptic	membrane.	It	is	a	complex	of	5	subunits,	consisting	of	acetyl	choline	binding	site	and	the	ion	channel.	Acetyl	choline	released	from	the	presynaptic	region	binds	with	the	receptors	on	the	postsynaptic	region,	which	triggers	opening	of	the	channel	and	influx	of	Na+.	This	generates	an
action	potential	in	the	postsynaptic	nerve.	The	channel	opens	only	for	a	millisecond,	because	the	acetyl	choline	is	rapidly	degraded	by	acetyl	cholinesterase.	b.	Calcium	channels:	Under	appropriate	stimuli	calcium	channels	are	opened	in	the	sarcoplasmic	reticulum	membrane,	leading	to	an	elevated	calcium	level	in	the	cytosol	of	muscle	cells.	Calcium
channel	blockers	are	therefore	widely	used	in	the	management	of	hypertension.	c.	Amelogenin,	a	protein	present	in	enamel	of	teeth	has	hydrophobic	residues	on	the	outside.	A	27	amino	acid	portion	of	amelogenin	functions	as	a	calcium	channel.	16		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	Phosphorylation	of	a	serine	residue	of	the
protein	opens	the	calcium	channel,	through	which	calcium	ions	zoom	through	and	are	funnelled	to	the	mineralization	front.	The	amelogenin	is	used	for	the	formation	of	calcium	hydroxy	apatite	crystals.	Voltage	Gated	Channels	Voltage	gated	channels	are	opened	by	membrane	depolarization	(Fig.	2.11).	The	channel	is	usually	closed	in	the	ground
state.	The	membrane	potential	change	(voltage	difference)	switches	the	ion	channel	to	open,	lasting	less	than	25	milliseconds.	In	voltage	gated	channels,	the	channels	open	or	close	in	response	to	changes	in	membrane	potential.	They	pass	from	closed	through	open	to	inactivated	state	on	depolarization.	Once	in	the	inactivated	state,	a	channel	cannot
re-open	until	it	has	been	reprimed	by	repolarization	of	the	membrane.	Voltage	gated	sodium	channels	and	voltage	gated	potassium	channels	are	the	common	examples.	These	are	seen	in	nerve	cells	and	are	involved	in	the	conduction	of	nerve	impulses.	Ion	channels	allow	passage	of	molecules	in	accordance	with	the	concentration	gradient.	Ion	pumps
can	transport	molecules	against	the	gradient.	Ionophores	They	are	membrane	shuttles	for	specific	ions.	They	transport	antibiotics.	Ionophores	increase	the	permeability	of	membrane	to	ions	by	acting	as	channel	formers.	The	two	types	of	ionophores	are;	mobile	ion	carriers	(e.g.	Valinomycin)	and	channel	formers	(e.g.	Gramicidin).	They	are	produced
by	certain	microorganisms	and	are	used	as	antibiotics.	When	cells	of	higher	organisms	are	exposed	to	ionophores,	the	ion	gradient	is	dissipated.	Valinomycin	allows	potassium	to	permeate	mitochondria	and	so	it	dissipates	the	proton	gradient;	hence	it	acts	as	an	uncoupler	of	electron	transport	chain	(Chapter	19).	2.	Active	Transport	The	salient
features	of	active	transport	are:	a.	This	form	of	transport	requires	energy.	About	40%	of	the	total	energy	expenditure	in	a	cell	is	used	for	the	active	transport	system.	b.	The	active	transport	is	unidirectional.	c.	It	requires	specialized	integral	proteins	called	transporters.	d.	The	transport	system	is	saturated	at	higher	concentrations	of	solutes.	e.	The
transporters	are	susceptible	to	inhibition	by	specific	organic	or	inorganic	compounds.	General	reaction	is	depicted	in	Figure	2.8.	2-A.	Sodium	Pump	It	is	the	best	example	for	active	transport.	Cell	has	low	intracellular	sodium;	but	concentration	of	potassium	inside	the	cell	is	very	high.	This	is	maintained	by	the	sodium–potassium	activated	ATPase,
generally	called	as	sodium	pump.	The	ATPase	is	an	integral	protein	of	the	membrane	(Fig.	2.10).	It	has	binding	sites	for	ATP	and	sodium	on	the	inner	side	and	the	potassium	binding	site	is	located	outside	the	membrane.	It	is	made	up	of	two	pairs	of	unequal	subunits	α2	β2.	Both	subunits	of	the	pump	(alpha	and	beta)	span	the	whole	thickness	of
membrane.	Details	are	shown	in	Fig.	2.10.	Clinical	applications	of	sodium	pump	are	shown	in	Box	2.6.	2-B.	Calcium	Pump	An	ATP	dependent	calcium	pump	also	functions	to	regulate	muscle	contraction.	A	specialized	membrane	system	called	sarcoplasmic	reticulum	is	found	in	skeletal	muscles	which	regulates	the	Ca++	concentration	around	muscle
fibers.	In	resting	muscle	the	concentration	of	Ca++	around	muscle	fibers	is	low.	But	stimulation	by	a	nerve	impulse	results	in	a	sudden	release	of	large	amounts	of	Ca	++	.	This	would	trigger	muscle	contraction.	The	function	of	calcium	pump	is	to	remove	cytosolic	calcium	and	maintain	low	Box	2.6.	Clinical	Applications	of	Sodium	Pump	Cardiotonic
drugs	like	digoxin	and	ouabain	bind	to	the	alpha-subunit	and	act	as	competitive	inhibitor	of	potassium	ion	binding	to	the	pump.	Inhibition	of	the	pump	leads	to	an	increase	in	Na+	level	inside	the	cell	and	extrusion	of	Ca++	from	the	myocardial	cell.	This	would	enhance	the	contractility	of	the	cardiac	muscle	and	so	improve	the	function	of	the	heart.	Fig.
2.12.	Different	types	of	transport	systems	Chapter	2;	Subcellular	Organelles	and	Cell	Membranes		17	against	a	concentration	gradient	is	coupled	with	movement	of	a	second	substance	down	the	concentration	gradient;	the	second	molecule	being	already	concentrated	within	the	cell	by	an	energy	requiring	process.	3.	The	co-transport	system	may
either	be	a	symport	or	an	antiport.	In	symport,	(Fig.	2.12)	the	transporter	carries	two	solutes	in	the	same	direction	across	the	membrane,	e.g.	sodium	dependent	glucose	transporter	(Chapter	8).	Phlorhizin,	an	inhibitor	of	sodium-dependent	co-transport	of	glucose,	especially	in	the	proximal	convoluted	tubules	of	kidney,	produces	renal	damage	and
results	in	renal	glycosuria.	Amino	acid	transport	is	another	example	for	symport.	4.	The	antiport	system	(Fig.	2.12)	carries	two	solutes	or	ions	in	opposite	direction,	e.g.	sodium	pump	(Fig.	2.10)	or	chloride-bicarbonate	exchange	in	RBC	(Chapter	22).	Features	of	different	types	of	transport	modalities	are	summarized	in	Table	2.3.	Fig.	2.13.	Exocytosis
cytosolic	concentration,	so	that	muscle	can	receive	the	next	signal.	For	each	ATP	hydrolysed,	2Ca++	ions	are	transported.	Uniport,	Symport	and	Antiport	Transport	systems	are	classified	as	uniport,	symport	and	antiport	systems	(Fig.	2.12).	1.	Uniport	system	carries	single	solute	across	the	membrane,	e.g.	glucose	transporter	in	most	of	the	cells.
Calcium	pump	is	another	example.	2.	If	the	transfer	of	one	molecule	depends	on	simultaneous	or	sequential	transfer	of	another	molecule,	it	is	called	co-transport	system.	The	active	transport	may	be	coupled	with	energy	indirectly.	Here,	movement	of	the	substance	Clinical	Applications	In	Hartnup's	disease,	transport	mechanisms	for	amino	acids	are
defective	in	intestine	and	renal	tubules	(Chapter	17).	In	cystinuria,	renal	reabsorption	of	cysteine	is	abnormal	(Chapter	16).	Renal	reabsorption	of	phosphate	is	decreased	in	vitamin	D	resistant	rickets	(Chapter	33).	Diseases	due	to	abnormalities	of	transport	systems	include	familial	hypercholesterolemia,	cystic	fibrosis,	congenital	long	QT	syndrome,
Wilson	disease,	I-cell	disease,	hereditary	spherocytosis	and	paroxysmal	nocturnal	hemoglobinuria,	etc.	Fig.	2.14.	Different	types	of	endocytosis.	Left	side,	phagocytosis;	middle,	pinocytosis;	right	side,	receptor	mediated	endocytosis	.	18		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	Secretory	Vesicles	and	Exocytosis	Under	appropriate
stimuli,	the	secretory	vesicles	or	vacuoles	move	towards	and	fuse	with	the	plasma	membrane.	This	movement	is	created	by	cytoplasmic	contractile	elements;	the	microtubule	system.	The	inner	membrane	of	the	vesicle	fuses	with	outer	plasma	membrane,	while	cytoplasmic	side	of	vesicle	fuses	with	cytoplasmic	side	of	plasma	membrane.	Thus	the
contents	of	vesicles	are	externalized.	This	process	is	called	exocytosis	or	reverse	pinocytosis.	Release	of	trypsinogen	by	pancreatic	acinar	cells;	release	of	insulin	by	beta	cells	of	Langerhans	and	release	of	acetyl	choline	by	presynaptic	cholinergic	nerves	are	examples	of	exocytosis	(Fig.	2.13).	Often,	hormones	are	the	signal	for	exocytosis,	which	leads
to	calcium	ion	changes,	triggerring	the	exocytosis.	Endocytosis	Endocytosis	is	the	mechanism	by	which	cells	internalize	extracellular	macromolecules,	to	form	an	endocytic	vesicle.	This	requires	energy	in	the	form	of	ATP	as	well	as	calcium	ions	in	the	extracellular	fluid.	Cytoplasmic	contractile	elements	take	part	in	this	movement.	In	general,	plasma
membrane	is	invaginated,	enclosing	the	matter.	This	forms	the	endocytic	vesicle.	The	endocytosis	may	be	pinocytosis	or	phagocytosis	or	receptor	mediated	endocytosis	(Fig.	2.14).	Pinocytosis	Pinocytosis	literally	means	‘drinking	by	the	cell'.	Cells	take	up	fluid	by	this	method	(Fig.	2.14).	The	fluid	phase	pinocytosis	is	a	nonselective	process.	Receptor
Mediated	Endocytosis	The	selective	or	adsorptive	pinocytosis	is	receptor	mediated;	also	called	as	absorptive	pinocytosis.	Low	Density	Lipoprotein	(LDL)	is	a	good	example.	LDL	binds	to	the	LDL	receptor	and	the	complex	is	later	internalized.	The	cytoplasmic	side	of	these	vesicles	are	coated	with	filaments;	mainly	composed	of	Clathrin.	These	are	called
Clathrin	coated	pits	(Fig.	2.14).	Absorption	of	cholesterol	by	clathrin	coated	pit	is	shown	in	Figure	12.13.	After	the	LDL-receptor	complex	is	internalized,	the	receptor	molecules	are	released	back	to	cell	surface;	but	the	LDL	is	degraded	by	lysosomal	enzymes.	Several	hormones	are	also	taken	up	by	the	cells	by	receptor-mediated	mechanism.	The
protein,	Dynamin	which	has	GTPase	activity,	is	necessary	for	the	internalisation	of	clathrin	coated	pits.	Many	viruses	get	attached	to	their	specific	receptors	on	the	cell	membranes.	Examples	are	Influenza	virus,	Hepatitis	B	virus,	polio	virus	and	HIV.	They	are	taken	up	by	caveolae	mediated	processes.	Caveolae	mediated	endocytosis	is	also	known	as
potocytosis.	Phagocytosis	The	term	is	derived	from	the	Greek	word	"phagein"	which	means	to	eat.	It	is	the	engulfment	of	large	particles	such	as	bacteria	by	macrophages	and	granulocytes.	They	extend	pseudopodia	and	surround	the	particles	to	form	phagosomes	(Fig.	2.14).	Phagosomes	later	fuse	with	lysosomes	to	form	phagolysosomes,	inside	which
the	particles	are	digested.	An	active	macrophage	can	ingest	25%	of	their	volume	per	hour.	In	this	process,	3%	of	plasma	membrane	is	internalized	per	minute.	The	biochemical	events	accompanying	phagocytosis	is	described	as	respiratory	burst	(Chapter	20).	CHAPTER	3	Amino	Acids:	Structure	and	Properties	CHAPTER	AT	A	GLANCE	The	reader	will
be	able	to	answer	questions	on	the	following	topics:	1.	Classification	of	amino	acids	based	on	structure	2.	Based	on	side	chain	character	3.	Based	on	metabolic	fate	4.	Based	on	nutritional	requirements	5.	Iso	electric	point	6.	Reactions	due	to	carboxyl	group	7.	Reactions	due	to	amino	group	8.	Reactions	of	SH	group	9.	Peptide	bond	formation	Proteins
are	of	paramount	importance	for	biological	systems.	All	the	major	structural	and	functional	aspects	of	the	body	are	carried	out	by	protein	molecules.	All	proteins	are	polymers	of	amino	acids.	Proteins	are	composed	of	a	number	of	amino	acids	linked	by	peptide	bonds.	Although	about	300	amino	acids	occur	in	nature,	only	20	of	them	are	seen	in	human
body.	Most	of	the	amino	acids	(except	proline)	are	alpha	amino	acids,	which	means	that	the	amino	group	is	attached	to	the	same	carbon	atom	to	which	the	carboxyl	group	is	attached	(Fig.	3.1).	CLASSIFICATION	OF	AMINO	ACIDS	1.	Based	on	Structure	1-A.	Aliphatic	amino	acids	a.	Mono	amino	mono	carboxylic	acids:	•	Simple	amino	acids:	Glycine,
Alanine	(Fig.	3.2)	•	Branched	chain	amino	acids:	Valine,	Leucine,	Isoleucine	(Fig.	3.3)	•	Hydroxy	amino	acids:	Serine,	Threonine	(Fig.	3.4.)	•	Sulphur	containing	amino	acids:	Cysteine,	Methionine	(Fig.	3.5)	•	Amino	acids	with	amide	group:	Asparagine,	Glutamine	(Fig.	3.6)	b.	Mono	amino	dicarboxylic	acids:	Aspartic	acid,	Glutamic	acid	(Fig.	3.7)	Fig.
3.1.	General	structure	Fig.	3.2	Simple	amino	acids	Fig.	3.3.	Branched	chain	amino	acids	Fig.	3.4.	Hydroxy	amino	acids	Fig.	3.5.	Sulphur	containing	amino	acids	Fig.	3.6.	Amino	acids	with	amide	groups	Fig.	3.7.	Dicarboxylic	amino	acids	20		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	Table	3.1.	Common	amino	acids	Name	of	amino	acid
Special	group	present	3letter	abbre	viation	Glycine	Gly	Alanine	Ala	Valine	Val	Leucine	Leu	Isoleucine	Ile	Serine	Hydroxyl	Ser	Threonine	Hydroxyl	Thr	Cysteine	Sulfhydryl	Cys	Methionine	Thioether	Met	Asparagine	Amide	Asn	Glutamine	Amide	Gln	Aspartic	acid	Beta-carboxyl	Asp	γ	-carboxyl	Glutamic	acid	Glu	ε-amino	Lysine	Lys	Arginine	Guanidinium
Arg	Phenylalanine	Benzene	Phe	Tyrosine	Phenol	Tyr	Tryptophan	Indole	Trp	Histidine	Imidazole	His	Proline	(imino	acid)	Pyrrolidine	Pro	1letter	abbre	viation	G	A	V	L	I	S	T	C	M	N	Q	D	E	K	R	F	Y	W	H	P	Molecular	weight	(D)	77	89	117	131	131	105	119	121	149	132	146	133	147	146	174	165	181	204	155	115	c.	Di	basic	mono	carboxylic	acids:	Lysine,
Arginine	(Fig.	3.8)	1-B.	Aromatic	amino	acids:	Phenylalanine,	Tyrosine	(Fig.	3.9)	1-C.	Heterocyclic	amino	acids:	Tryptophan	(Fig.	3.10),	Histidine	(Fig.	3.11)	1-D.	Imino	acid:	Proline	(Fig.	3.11)	1-E.	Derived	amino	acids:	1-E-i.	Derived	amino	acids	found	in	proteins:	After	the	synthesis	of	proteins,	some	of	the	amino	acids	are	modified,	e.g.	hydroxy
proline	(Fig.	3.12)	and	hydroxy	lysine	are	important	components	of	collagen.	Gamma	carboxylation	of	glutamic	acid	residues	of	proteins	is	important	for	clotting	process	(Fig.	3.12).	In	ribosomal	proteins	and	in	histones,	amino	acids	are	extensively	methylated	and	acetylated.	1-E-ii.	Derived	amino	acids	not	seen	in	proteins	(Non-protein	amino	acids):
Some	derived	amino	acids	are	seen	free	in	cells,	e.g.	Ornithine	(Fig.	3.12),	Citrulline,	Homocysteine.	These	are	produced	during	the	metabolism	of	amino	acids.	Thyroxine	may	be	considered	as	derived	from	tyrosine.	1-E-iii.	Non-alpha	amino	acids:	Gamma	amino	butyric	acid	(GABA)	is	derived	from	glutamic	acid.	Beta	alanine,	where	amino	group	is	in
beta	position,	is	a	constituent	of	pantothenic	acid	(vitamin)	and	co-enzyme	A.	Each	amino	acid	will	have	three-letter	and	oneletter	abbreviations	which	are	shown	in	Table	3.1	as	well	as	in	Figs	3.2	to	3.11.	Sometimes	asparagine/aspartic	acid	may	not	be	separately	identified,	for	which	3-letter	abbreviation	is	Asx	and	1-letter	abbreviation	is	B.	Similarly
Glx	or	Z	stands	for	glutamine/glutamic	acid.	Fig.	3.8.	Dibasic	amino	acids	Fig.	3.9.	Aromatic	amino	acids	Special	Groups	in	Amino	Acids	In	the	figures,	special	groups	are	shaded.	Arginine	contains	guanidinium	group;	Phenyl	alanine	(benzene);	Tyrosine	(phenol);	Tryptophan	(Indole);	Histidine	(imidazole);	and	Proline	(pyrrolidine)	(Table	3.1).	Proline
has	a	secondary	amino	group,	and	hence	it	is	an	imino	acid.	2.	CLASSIFICATION	BASED	ON	SIDE	CHAIN	2-A.	Amino	acids	having	nonpolar	side	chains:	These	include	Alanine,	Valine,	Leucine,	Isoleucine,	Methionine,	Proline,	Phenylalanine	and	Tryptophan.	Chapter	3;	Amino	Acids:	Structure	and	Properties		21	Box	3.1.	Memory	Aid	for	Essential
Amino	Acids	Fig.	3.10.	Tryptophan	(Trp)	(W)	with	indole	group	"Any	Help	In	Learning	These	Little	Molecules	Proves	Truely	Valuable"	This	stands	for	Arginine,	Histidine,	Isoleucine,	Leucine,	Threonine,	Lysine,	Methionine,	Phenylalanine,	Tryptophan	and	Valine	in	that	order.	Arginine	and	Histidine	are	semi-essential	amino	acids;	while	others	are
essential	3.	CLASSIFICATION	BASED	ON	METABOLISM	3-A.	Purely	Ketogenic	Leucine	is	purely	ketogenic	because	it	is	converted	to	ketone	bodies	(Fig.17.14).	Fig.	3.11.	Histidine	and	proline	These	groups	are	hydrophobic	(water	repellant)	and	lipophilic.	Therefore,	the	parts	of	proteins	made	up	of	these	amino	acids	will	be	hydrophobic	in	nature.	2-
B.	Amino	acids	having	uncharged	or	nonionic	polar	side	chains:	Glycine,	Serine,	Threonine,	Cysteine,	Tyrosine,	Glutamine	and	Asparagine	belong	to	this	group.	These	amino	acids	are	hydrophilic	in	nature.	(Tyrosine	and	Cysteine	may	show	hydrophobic	character	when	present	in	the	interior	of	the	protein).	2-C.	Amino	acids	having	charged	or	ionic
polar	side	chains	(hydrophilic):	C-a.	Acidic	amino	acids:	They	have	a	negative	charge	on	the	R	group:	Aspartic	acid	and	Glutamic	acid	(Tyrosine	is	mildly	acidic).	C-b.	Basic	amino	acids:	They	have	a	positive	charge	on	the	R	group:	Lysine,	Arginine	and	Histidine.	3-B.	Ketogenic	and	Glucogenic	Lysine,	Isoleucine,	Phenylalanine,	Tyrosine	and	Tryptophan
are	partially	ketogenic	and	partially	glucogenic.	How	ever	in	humans	lysine	is	predominantly	ketogenic.	During	metabolism,	part	of	the	carbon	skeleton	of	these	amino	acids	will	enter	the	ketogenic	pathway	and	the	other	part	to	glucogenic	pathway	(see	Fig.17.14).	3-C.	Purely	Glucogenic	All	the	remaining	14	amino	acids	are	purely	glucogenic	as	they
enter	only	into	the	glucogenic	pathway	(See	Chapter	17).	4.	CLASSIFICATION	BASED	ON	NUTRITIONAL	REQUIREMENTS	4-A.	Essential	or	Indispensable	The	amino	acids	may	further	be	classified	according	to	their	essentiality	for	growth.	Thus	Isoleucine,	Leucine,	Threonine,	Lysine,	Methionine,	Phenylalanine,	Tryptophan,	and	Valine	are	essential
amino	acids.	Their	carbon	skeleton	cannot	be	synthesized	by	human	beings	and	so	preformed	amino	acids	are	to	be	taken	in	food	for	normal	growth.	See	memory	aid	in	Box	3.1.	4-B.	Partially	essential	or	Semi-essential	Histidine	and	arginine	are	semi-indispensable	amino	acids.	Growing	children	require	them	in	food.	But	they	are	not	essential	for	the
adult	individual.	Fig.	3.12.	Some	derived	amino	acids	4-C.	Non-essential	or	Dispensable	The	remaining	10	amino	acids	are	non-essential,	because	their	carbon	skeleton	can	be	synthesized	22		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	Table	3.2.	pK	values	of	amino	acids	Box	3.2.	Selenocysteine	as	the	21st	amino	acid	21st	century
witnesses	the	addition	of	selenocysteine	as	the	21st	amino	acid	present	in	human	proteins.	An	amino	acid	is	given	the	individual	status,	when	it	is	incorporated	as	such	into	proteins	during	protein	biosynthesis,	and	having	a	separate	codon.	Selenocysteine	is	present	in	some	enzymes.	Instead	of	SH	(sulfhydryl)	group	in	cysteine,	SeH	(selenium)	is
present	in	selenocysteine.	It	is	abbreviated	as	SeCys	or	SeC.	Details	are	given	in	Chapter	15,	under	serine.	Similarly	pyrrolysine	(Pyl)	is	known	as	the	22nd	amino	acid.	Pyrrolysine	is	a	lysine	in	an	amide	linkage	to	substituted-pyrroline-5-carboxylate.	It	is	present	in	methyl	transferase	enzymes	of	certain	bacteria.	Both	SeC	and	Pyl	are	encoded	by
codons	that	normally	function	as	stop	signals.	by	the	body.	However,	they	are	also	required	for	normal	protein	synthesis.	All	body	proteins	do	contain	all	the	non-essential	amino	acids.	Naming	(Numbering)	of	Carbon	Atoms	Carbon	atoms	in	amino	acids	in	sequence	are	named	with	letters	of	Greek	alphabets,	starting	from	the	carbon	atom	to	which
carboxyl	group	is	attached.	As	examples,	naming	of	glutamic	acid	is	shown	in	figure	3.7	and	that	of	lysine	is	shown	in	Figure	3.8.	PROPERTIES	OF	AMINO	ACIDS	Glycine,	alanine,	valine,	serine,	tryptophan,	histidine	and	proline	are	sweet	in	taste;	leucine	is	tasteless;	while	isoleucine	and	arginine	are	bitter.	Sodium	glutamate	is	a	flavoring	agent.
Aspartame,	an	artificial	sweetener	contains	aspartic	acid	and	phenyl	alanine.	All	amino	acids	have	high	melting	points	(more	than	200°C).	All	amino	acids	are	soluble	in	water	and	alcohol	(polar	solvents);	but	insoluble	in	nonpolar	solvents	(benzene).	Name	of	amino	acid	pK2	of	alpha	amino	group	Glycine	2.4	Valine	2.3	Serine	2.2	9.2	Cysteine	1.9	10.3
Glutamine	2.2	9.1	Aspartic	acid	2.1	Glutamic	acid	Lysine	3.9	Beta	carboxyl	3.0	2.2	9.6	4.3	γ	-carboxyl	3.2	2.2	8.9	10.5	ε	-amino	9.7	12.5	Guanidinium	10.8	10.1	Phenol	5.7	Tyrosine	2.2	9.1	Tryptophan	2.4	9.4	Histidine	1.8	9.2	7.	5.7	9.8	9.0	6.	6.0	5.1	9.2	5.	6.1	Sulfhydryl	2.0	4.	pl	8.2	2.6	3.	Extra	ionizable	group	present	9.8	Phenylalanine	2.	pK3	of	extra
ioniza	able	group	9.6	Arginine	A.	Ampholyte	and	Iso-electric	Point	1.	Amino	acids	can	exist	as	ampholytes	or	zwitterions	(German	word	"zwitter"	=	hybrid)	Fig.	3.13.	Ionic	forms	of	amino	acids	pK1	of	alpha	carboxy	group	5.6	5.9	5.9	6.1	Imidazole	7.6	in	solution,	depending	on	the	pH	of	the	medium.	The	pH	at	which	the	molecule	carries	no	net	charge
is	known	as	iso-electric	point	or	isoelectric	pH	(pI).	In	acidic	solution	they	are	cationic	in	form	and	in	alkaline	solution	they	behave	as	anions	(Fig.	3.13).	At	iso-electric	point	the	amino	acid	will	carry	no	net	charge;	all	the	groups	are	ionized	but	the	charges	will	cancel	each	other.	Therefore	at	isoelectric	point,	there	is	no	mobility	in	an	electrical	field.
Solubility	and	buffering	capacity	will	be	minimum	at	iso-electric	pH.	To	such	a	solution	if	we	add	hydrochloric	acid	drop	by	drop,	at	a	particular	pH,	50%	of	the	molecules	are	in	cation	form	and	50%	in	zwitterion	form.	This	pH	is	pK1	(with	regard	to	COOH).	If	more	HCl	is	added,	more	molecules	become	cationic	in	nature	and	solubility	increases.	On
the	other	hand,	if	we	titrate	the	solution	from	iso-electric	point	with	NaOH,	molecules	acquire	the	anionic	form.	When	50%	of	molecules	are	anions,	that	pH	is	called	pK2	(with	respect	to	NH2).	The	iso-electric	pH	(pI)	for	mono	amino	mono	carboxylic	amino	acids	can	be	calculated:	Chapter	3;	Amino	Acids:	Structure	and	Properties		23	Fig.	3.16.	L	and
D	amino	acids	Fig.	3.14.	Titration	curve	of	glycine;	pH	in	Y-axis	pl	=	pK1+pK2	2	2.4	+	9.8	=	6.1.	2	8.	From	the	graph	it	is	evident	that	the	buffering	action	is	maximum	in	and	around	pK1	or	at	pK2	and	minimum	at	pI	(Fig.	3.14)	9.	In	the	case	of	amino	acids	having	more	than	two	ionizable	groups,	correspondingly	there	will	be	more	pK	values,	e.g.
Aspartic	acid	(Fig.	3.15).	The	pK	values	of	amino	acids	are	given	in	Table	3.2.	From	these	values,	it	can	be	seen	that	at	physiological	pH	of	7.4,	both	carboxyl	and	amino	groups	of	amino	acids	are	completely	ionized.	Thus	to	be	very	correct,	zwitterion	forms	are	to	be	shown	as	the	structures	of	amino	acids.	10.The	pK	value	of	imidazolium	group	of
histidine	is	6.1,	and	therefore	effective	as	a	buffer	at	the	physiological	pH	of	7.4.	The	buffering	capacity	of	plasma	proteins	and	hemoglobin	is	mainly	due	to	histidine	residue.	e.g.	pI	of	glycine	=	B.	Optical	Activity	1.	Amino	acids	having	an	asymmetric	carbon	atom	exhibit	optical	activity.	Asymmetry	arises	when	4	different	groups	are	attached	to	the
same	carbon	atom	(Fig.	3.16).	2.	Glycine	is	the	simplest	amino	acid	and	has	no	asymmetric	carbon	atom	and	therefore	shows	no	optical	activity.	All	others	are	optically	active.	3.	The	mirror	image	forms	produced	with	reference	to	the	alpha	carbon	atom,	are	called	D	and	L	isomers.	4.	The	L-amino	acids	occur	in	nature	and	are	therefore	called	natural
amino	acids.	D-amino	acids	are	seen	in	small	amounts	in	microorganisms	and	as	constituents	of	certain	antibiotics	such	as	Gramicidin-S,	Polymyxin,	Actinomycin-D	and	Valinomycin,	as	well	as	bacterial	cell	wall	peptidoglycans.	5.	Isoleucine	and	threonine	have	2	optically	active	centers	and	therefore	each	has	4	diastereo	isomers.	Sorensen's	Formal
Titration	Amino	acids	cannot	be	exactly	titrated.	If,	for	example,	1	ml	of	1N	solution	of	glycine	is	titrated	against	1N	sodium	hydroxide,	the	alkali	requirement	will	be	less	than	1	ml.	This	is	because	hydrogen	ions	released	by	ionization	of	carboxyl	group	are	partly	taken	up	by	the	amino	group.	To	circumvent	this	problem,	excess	formaldehyde	is	added
to	the	solution,	which	converts	amino	group	into	neutral	dimethylol	derivative.	Thereafter,	titration	can	be	completed	to	the	end	point.	In	the	above	example,	after	addition	of	formaldehyde,	exactly	1	ml	of	1N	sodium	hydroxide	is	utilized	in	the	titration.	Fig.	3.15.	Ionization	of	aspartic	acid	24		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of
Life	GENERAL	REACTIONS	OF	AMINO	ACIDS	A.	Due	to	Carboxyl	Group	1.	Decarboxylation:	The	amino	acids	will	undergo	alpha	decarboxylation	to	form	the	corresponding	amine	(Fig.3.17).	Thus	some	important	amines	are	produced	from	amino	acids.	For	example,	Histidine	→	Tyrosine	→	Tryptophan	→	Lysine	→	Glutamic	acid	→	Histamine	+	CO2
Tyramine	+	CO2	Tryptamine	+	CO2	Cadaverine	+	CO2	Gamma	amino	butyric	acid	(GABA)	+	CO2	2.	Amide	Formation:	The	-COOH	group	of	dicarboxylic	amino	acids	(other	than	alpha	carboxyl)	can	combine	with	ammonia	to	form	the	corresponding	amide.	For	example,	Aspartic	acid	+	NH3	→	Glutamic	acid	+	NH3	→	Asparagine	Glutamine	(Fig.3.19)
These	amides	are	also	components	of	protein	structure.	The	amide	group	of	glutamine	serves	as	the	source	of	nitrogen	for	nucleic	acid	synthesis.	B.	Reactions	Due	to	Amino	Group	3.	Transamination:	The	alpha	amino	group	of	amino	acid	can	be	transferred	to	alpha	keto	acid	to	form	the	corresponding	new	amino	acid	and	alpha	keto	acid	(Fig.	3.18).
This	is	an	important	reaction	in	the	body	for	the	inter-conversion	of	amino	acids	and	for	synthesis	of	non-essential	amino	acids.	4.	Oxidative	Deamination:	The	alpha	amino	group	is	removed	from	the	amino	acid	to	form	the	corresponding	keto	acid	and	ammonia	(Fig.	14.9).	Fig.	3.17.	Decarboxylation	of	amino	acid	Fig.	3.18.	Transamination	reaction	In
the	body,	Glutamic	acid	is	the	most	common	amino	acid	to	undergo	oxidative	deamination.	5.	Formation	of	carbamino	compound:	Carbon	dioxide	adds	to	the	alpha	amino	group	of	amino	acids	to	form	carbamino	compounds.	The	reaction	occurs	at	alkaline	pH	and	serves	as	a	mechanism	for	the	transport	of	carbon	dioxide	from	tissues	to	the	lungs	by
hemoglobin	(Chapter	22).	Hb—NH2	+	CO2	→	Hb—NH—COOH	(Carbamino-Hb)	C.	Reactions	Due	to	Side	Chains	6.	Transmethylation:	The	methyl	group	of	Methionine,	after	activation,	may	be	transferred	to	an	acceptor	which	becomes	methylated	(Chapter	15).	Methionine	+	Acceptor	→	Methylated	Acceptor	+	Homocysteine	Fig.	3.19.	Formation	of
glutamine	Chapter	3;	Amino	Acids:	Structure	and	Properties		25	Table	3.3.	Color	reactions	of	amino	acids	Reaction	Fig.	3.20.	Formation	of	disulphide	bridges	1.	Ninhydrin	2.	Biuret	reaction	3.	Xanthoproteic	test	4.	Millon's	test	5.	Aldehyde	test	6.	Sakaguchi's	test	7.	Sulphur	test	8.	Nitroprusside	test	9.	Pauly's	test	ii.	Fig.	3.21.	Peptide	bond	formation
iii.	7.	Ester	formation	by	the	OH	group:	The	hydroxy	amino	acids	can	form	esters	with	phosphoric	acid.	In	this	manner	the	Serine	and	Threonine	residues	of	proteins	are	involved	in	the	formation	of	phosphoproteins.	Similarly	these	hydroxyl	groups	can	form	O-glycosidic	bonds	with	carbohydrate	residues	to	form	glycoproteins.	iv.	8.	Reaction	of	the
amide	group:	The	amide	groups	of	Glutamine	and	Asparagine	can	form	Nglycosidic	bonds	with	carbohydrate	residues	to	form	glycoproteins.	9.	Reactions	of	SH	group:	Cysteine	has	a	sulfhydryl	(SH)	group	and	it	can	form	a	disulphide	(S-S)	bond	with	another	cysteine	residue.	The	two	cysteine	residues	can	connect	two	polypeptide	chains	by	the
formation	of	interchain	disulphide	bonds	or	links	(Fig.	3.20).	The	dimer	formed	by	two	cysteine	residues	is	sometimes	called	Cystine	or	Dicysteine.	Amino	Acid	Derivatives	of	Importance	i.	Gamma	amino	butyric	acid	(GABA,	a	derivative	of	glutamic	acid)	and	dopamine	(derived	from	v.	vi.	Answered	by	specific	group	Alpha	amino	group	Peptide	bonds
Benzene	ring	(Phe,Tyr,	Trp)	Phenol	(Tyrosine)	Indole	(Tryptophan)	Guanidinium	(Arginine)	Sulfhydryl	(Cysteine)	Sulfhydryl	(Cysteine)	Imidazole	(Histidine)	tyrosine)	are	neurotransmitters.	Gabapentin	(an	analog	of	GABA)	can	pass	blood	brain	barrier	and	can	form	GABA	in	brain.	Gabapentin	is	clinically	used	to	relieve	pain.	Histamine	(synthesized
from	histidine)	is	the	mediator	of	allergic	reactions.	Thyroxine	(from	tyrosine)	is	an	important	thyroid	hormone.	Cycloserine,	a	derivative	of	serine	is	an	antituberculous	drug.	Azaserine	inhibits	reactions	where	amide	groups	are	added,	and	so	acts	as	an	anticancer	drug.	Histidine	residues	are	important	in	the	buffering	activity	of	proteins.	Ornithine
and	citrulline	are	derivatives	of	arginine,	and	are	essential	for	urea	synthesis.	PEPTIDE	BOND	FORMATION	Alpha	carboxyl	group	of	one	amino	acid	reacts	with	alpha	amino	group	of	another	amino	acid	to	form	a	peptide	bond	or	CO-NH	bridge	(Fig.	3.21).	Proteins	are	made	by	polymerization	of	amino	acids	through	peptide	bonds.	Details	of	protein
structures	are	given	in	Chapter	4.	Color	Reactions	of	Amino	Acids	and	Proteins	1.	Ninhydrin	Reaction	(Ruhemann,	1910)	heat	→	Amino	acid	+	2	molecules	of	ninhydrin	––—————	Aldehyde	with	one	carbon	atom	less	+	CO2	+	purple	complex.	All	amino	acids	when	heated	with	ninhydrin	can	form	complexes;	pink,	purple	or	blue	in	color.	The	color
complex	is	called	Ruhemann's	purple.	Proline	and	26		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	2.	3.	4.	5.	hydroxy	proline	will	give	yellow	color	with	ninhydrin.	Amino	acids	with	amide	group	(glutamine,	asparagine)	produce	a	brown	color.	The	ninhydrin	reaction	may	be	adopted	for	qualitative	as	well	as	quantitative	estimation	of
amino	acids.	It	is	often	used	for	detection	of	amino	acids	in	chromatography.	Proteins	do	not	give	a	true	color	reaction;	but	N-terminal	end	amino	group	of	protein	will	also	react	with	ninhydrin,	to	produce	a	blue	color.	Biuret	Reaction:	Cupric	ions	in	an	alkaline	medium	form	a	violet	color	with	peptide	bond	nitrogen	(Schiff,	1896).	This	needs	a
minimum	of	two	peptide	bonds,	and	so	individual	amino	acids	and	di-peptides	will	not	answer	this	test.	This	reaction	can	be	used	for	quantitative	estimation	also.	The	name	is	derived	from	the	compound	biuret	(NH2	—CO—NH—CO—NH	2	),	a	condensation	product	of	two	urea	molecules,	which	also	gives	a	positive	color	test.	Magnesium	and
ammonium	sulphates	interfere	with	this	reaction.	Xanthoproteic	test:	The	ring	systems	in	phenyl	alanine,	tyrosine	and	tryptophan	undergo	nitration	on	treatment	with	concentrated	nitric	acid	when	heated	(Salkowski,	1888).	The	end	product	is	yellow	in	color	which	is	intensified	in	strong	alkaline	medium.	This	reaction	causes	the	yellow	stain	in	skin
by	nitric	acid.	Millon’s	Test:	The	phenol	group	of	phenylalanine	and	tyrosine	containing	proteins,	when	heated	with	mercuric	sulphate	in	sulphuric	acid	and	sodium	nitrite	(or,	mercurous	and	mercuric	nitrates	in	nitric	acid)	form	red	colored	mercury	phenolate	(Millon,	1849).	Chloride	interferes	with	this	reaction	and	so	it	is	not	suitable	to	test	for
tyrosine	in	urine	samples.	Both	xanthoproteic	and	Millon's	tests	are	negative	for	tapioca	(casava)	which	is	deficient	in	phenylalanine	and	tyrosine.	Aldehyde	tests	for	tryptophan:	In	the	Hopkins-Cole	test,	tryptophan	containing	protein	is	mixed	with	glyoxylic	6.	7.	8.	9.	acid,	and	the	mixture	is	layered	over	concentrated	sulphuric	acid.	A	violet	ring	at	the
interface	of	liquids	shows	the	presence	of	the	indole	ring.	Formaldehyde	and	mercuric	sulphate	is	used	similarly	in	Acree-Rosenheim	reaction	to	get	a	violet	color.	Para-dimethyl-amino-benzaldehyde	and	strong	hydrochloric	acid	give	dark	blue	color	(Ehrlich's	reaction).	Gelatin	with	limited	tryptophan	content	will	not	answer	these	tests.	Sakaguchi’s
test	for	arginine:	Free	arginine	or	arginyl	residues	in	proteins	react	with	alpha-naphthol	and	alkaline	hypobromite	to	give	bright	red	color.	This	is	due	to	the	guanidinium	group.	Sulphur	test	for	cysteine:	When	cysteine	or	cysteine	containing	proteins	are	boiled	with	strong	alkali,	organic	sulphur	splits	and	forms	sodium	sulphide,	which	on	addition	of
lead	acetate	produces	lead	sulphide	as	a	black	precipitate.	Methionine	does	not	answer	this	test	because	sulphur	in	methionine	is	in	the	thio-ether	linkage	which	is	difficult	to	break.	Albumin	and	keratin	will	answer	sulphur	test	positively;	but	casein	will	give	a	negative	test.	Nitroprusside	reaction	for	SH	groups:	Proteins	with	free	sulfhydryl	groups
give	a	reddish	color	with	sodium	nitroprusside,	in	ammoniacal	solution.	Many	proteins	give	a	negative,	reaction	in	the	native	state,	but	when	denatured,	reaction	will	be	positive,	showing	the	emergence	of	free	SH	groups.	Pauly's	test	for	histidine	or	tyrosine:	Diazo	benzene	sulfonic	acid	reacts	with	imidazole	group	of	Histidine	to	form	a	cherry-red
colored	diazotised	product	under	alkaline	conditions.	The	same	reagent	will	give	an	orange	red	colored	product	with	phenol	group	of	Tyrosine.	Color	reactions	of	amino	acids	are	shown	as	summary	in	Table	3.3	The	amino	acid	Selenocysteine	is	described	in	Box	3.2.	Quantitative	estimation	procedures	of	proteins	are	given	in	Chapter	4.	CHAPTER
Proteins:	4	Structure	and	Function	Trypsin	CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Peptide	bonds	2.	Primary	structure	of	proteins	3.	Secondary	structure	4.	Tertiary	structure	5.	Quaternary	structure	6.	Sequence	analysis	(study	of	primary	structure)	7.	Iso-electric	pH	of	proteins	8.	Precipitation
reactions	of	proteins	9.	Classification	of	proteins	10.	Quantitative	estimation	of	proteins	The	word	protein	is	derived	from	Greek	word,	“proteios”	which	means	primary.	As	the	name	shows,	the	proteins	are	of	paramount	importance	for	biological	systems.	Out	of	the	total	dry	body	weight,	3/4ths	are	made	up	of	proteins.	Proteins	are	used	for	body
building;	all	the	major	structural	and	functional	aspects	of	the	body	are	carried	out	by	protein	molecules.	Abnormality	in	protein	structure	will	lead	to	molecular	diseases	with	profound	alterations	in	metabolic	functions.	Proteins	contain	Carbon,	Hydrogen,	Oxygen	and	Nitrogen	as	the	major	components	while	Sulphur	and	Phosphorus	are	minor
constituents.	Nitrogen	is	characteristic	of	proteins.	On	an	average,	the	nitrogen	content	of	ordinary	proteins	is	16%	by	weight.	All	proteins	are	polymers	of	amino	acids.	Fig.	4.1A.	Peptide	bond	formation	Amino	Acids	are	Linked	by	Peptide	Bonds	Alpha	carboxyl	group	of	one	amino	acid	reacts	with	alpha	amino	group	of	another	amino	acid	to	form	a
peptide	bond	or	CO-NH	bridge	(Fig.	4.1A).	Proteins	are	made	by	polymerisation	of	amino	acids	through	peptide	bonds.	Two	amino	acids	are	combined	to	form	a	dipeptide;	three	amino	acids	form	a	tripeptide;	four	will	make	a	tetrapeptide;	a	few	amino	acids	together	will	make	an	oligopeptide;	and	combination	of	10	to	50	amino	acids	is	called	as	a
polypeptide.	By	convention,	big	polypeptide	chains	containing	more	than	50	amino	acids	are	called	proteins.	In	a	tripeptide,	there	are	3	amino	acids,	but	these	3	can	be	any	of	the	total	20	amino	acids.	Thus	20	3	=	8000	different	permutations	and	combinations	are	possible	in	a	tripeptide.	An	ordinary	protein	having	about	100	amino	acids,	will	have
20100	different	possibilities.	This	number	is	more	than	the	total	number	of	atoms	present	in	the	whole	universe.	Thus,	even	though	there	are	only	20	amino	acids,	by	changing	the	sequence	of	combination	of	these	amino	acids,	nature	produces	enormous	number	of	markedly	different	proteins.	STRUCTURE	OF	PROTEINS	(Organisation	of	Proteins)
Proteins	have	different	levels	of	structural	organisation;	primary,	secondary,	tertiary	and	quaternary.	Fig.	4.1B.	Peptide	bond	is	a	partial	double	bond	28		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	1.	Primary	Structure	1-A.	Sequence	of	amino	acids	in	proteins	Protein	structure	is	studied	as	the	primary,	secondary,	tertiary	and
quaternary	levels	(Box	4.1).	Primary	structure	denotes	the	number	and	sequence	of	amino	acids	in	the	protein.	The	higher	levels	of	organisation	are	decided	by	the	primary	structure.	Each	polypeptide	chain	has	a	unique	amino	acid	sequence	decided	by	the	genes.	The	primary	structure	is	maintained	by	the	covalent	peptide	bonds	(Fig.	4.1A).	Students
should	have	a	clear	concept	of	the	term	"sequence".	See	the	following	example:	Gly	-	Ala	-	Val	(1)	Gly	-	Val	-	Ala	(2)	Both	the	tripeptides	shown	above	contain	the	same	amino	acids;	but	their	sequence	is	altered.	When	the	sequence	is	changed,	the	peptide	is	also	different.	1-B.	Characteristics	of	a	Peptide	Bond	i.	The	peptide	bond	is	a	partial	double
bond.	ii.	The	C–N	bond	is	‘trans'	in	nature	and	there	is	no	freedom	of	rotation	because	of	the	partial	double	bond	character.	(Fig.	4.1B)	iii.	The	distance	is	1.32Å	which	is	midway	between	single	bond	(1.49	Å)	and	double	bond	(1.27Å).	iv.	The	side	chains	are	free	to	rotate	on	either	side	of	the	peptide	bond.	v.	The	angles	of	rotation	known	as
Ramachandran	angles,	therefore	determine	the	spatial	orientation	of	the	peptide	chain	(Fig.	4.2).	(Dr	GN	Ramachandran	did	pioneering	work	on	the	structural	aspects	of	proteins	during	1950s	and	1960s).	Fig.	4.2.	Angles	of	rotation	in	a	peptide	bond	Fig.	4.3.	End	groups	of	polypeptide	chain	1-C.	Numbering	of	Amino	Acids	in	Proteins	i.	In	a
polypeptide	chain,	at	one	end	there	will	be	one	free	alpha	amino	group.	This	end	is	called	the	amino	terminal	(N-terminal)	end	and	the	amino	acid	contributing	the	alphaamino	group	is	named	as	the	first	amino	acid.	(Fig.	4.3).	ii.	Usually	the	N-terminal	amino	acid	is	written	on	the	left	hand	side	when	the	sequence	of	the	protein	is	denoted.	Incidentally,
the	biosynthesis	of	the	protein	also	starts	from	the	amino	terminal	end.	iii.	The	other	end	of	the	polypeptide	chain	is	the	carboxy	terminal	end	(C-terminal),	where	there	is	a	free	alpha	carboxyl	group	which	is	contributed	by	the	last	amino	acid	(Fig.	4.3).	All	other	alpha	amino	and	alpha	carboxyl	groups	are	involved	in	peptide	bond	formation.	iv.	Amino
acid	residues	in	polypeptides	are	named	by	changing	the	suffix	"-ine"	to	"-yl",	for	example,	Glycine	to	Glycyl.	Thus,	peptide	bonds	formed	by	carboxyl	group	of	glycine	with	amino	group	of	Alanine,	and	then	carboxyl	group	of	Alanine	with	amino	group	of	Valine	and	is	called	glycylalanyl-valine	and	abbreviated	as	NH2-Gly-Ala-Val-COOH	or	Gly-Ala-Val	or
simply	as	GAV	Box	4.1.	Definitions	of	Levels	of	Organization	1.	Primary	structure	of	protein	means	the	order	of	amino	acids	in	the	polypeptide	chain	and	the	location	of	disulfide	bonds,	if	any.	2.	Secondary	structure	is	the	steric	relationship	of	amino	acids,	close	to	each	other.	3.	Tertiary	structure	denotes	the	overall	arrangement	and	interrelationship
of	the	various	regions,	or	domains	of	a	single	polypeptide	chain.	4.	Quaternary	structure	results	when	the	proteins	consist	of	two	or	more	polypeptide	chains	held	together	by	non-covalent	forces.	Chapter	4;	Proteins:	Structure	and	Function		29	Fig.	4.4.	Primary	structure	of	human	insulin	1-D.	Branched	and	Circular	Proteins	i.	Generally,	the
polypeptide	chains	are	linear.	However,	branching	points	in	the	chains	may	be	produced	by	interchain	disulphide	bridges.	The	covalent	disulphide	bonds	between	different	polypeptide	chains	in	the	same	protein	(interchain)	or	portions	of	the	same	polypeptide	chain	(intrachain)	are	also	part	of	the	primary	structure.	ii.	Rarely,	instead	of	the	alpha
COOH	group	the	gamma	carboxyl	group	of	glutamic	acid	may	enter	into	peptide	bond	formation,	e.g.	Glutathione	(gamma-glutamyl-cysteinyl-glycine)	(Fig.15.19).	The	term	pseudopeptide	(or	isopeptide)	is	used	to	denote	such	a	peptide	bond	formed	by	carboxyl	group,	other	than	that	present	in	alpha	position.	iii.	Very	rarely,	protein	may	be	in	a
circular	form,	e.g.	Gramicidin.	1-E.	Primary	Structure	of	Insulin	As	an	example	of	the	primary	structure	of	a	protein,	that	of	insulin	is	shown	in	Fig.	4.4.	This	was	originally	described	by	Sanger	in	1955	who	received	the	Nobel	prize	in	1958.	i.	Insulin	has	two	polypeptide	chains.	The	A	chain	(Glycine	chain)	has	21	amino	acids	and	B	(Phenyl	alanine)
chain	has	30	amino	acids.	ii.	They	are	held	together	by	two	interchain	disulphide	bonds	(Fig.	4.4).	A	chain	7th	cysteine	and	B	chain	7th	cysteine	are	connected.	Similarly	A	chain	20th	cysteine	and	B	chain	19th	cysteine	are	connected.	There	is	another	intrachain	disulphide	bond	between	6th	and	11th	cysteine	residues	of	A	chain.	iii.	The	species
variation	is	restricted	to	amino	acids	in	position	8,	9	and	10	in	A	chain	and	in	C-terminal	of	B	chain	(Fig.	4.4).	The	amino	acid	sequence	has	been	conserved	to	a	great	extent	during	evolution.	iv.	The	porcine	insulin	and	human	insulin	are	structurally	similar,	except	the	terminal	amino	acid	in	B	chain	(Thr	→	Ala)	(Fig.	4.4).	Bovine	Insulin	may	produce
antibodies	in	humans	by	repeated	injections.	But	de-alaninated	porcine	Fig.	4.5.	Conversion	of	Pro-insulin	to	active	insulin.	Arrows	=	site	of	action	of	proteolytic	enzymes	30		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	Fig.	4.7.	Structure	of	beta-pleated	sheet	effects	on	the	function.	For	example,	in	HbA	(normal	hemoglobin)	the	6th
amino	acid	in	the	beta	chain	is	glutamic	acid;	it	is	changed	to	valine	in	HbS	(sickle	cell	anemia).	Fig.	4.6.	Structure	of	alpha	helix	Insulin,	bearing	no	antigenic	difference	from	human	Insulin	will	not	produce	antibodies	in	diabetic	patients	even	after	a	long-term	use.	Nowadays	human	Insulin	is	being	produced	by	recombinant	DNA	technology.	1-F.	Pro-
insulin	Beta	cells	of	pancreas	synthesize	insulin	as	a	prohormone.	Proinsulin	is	a	single	polypeptide	chain	with	86	amino	acids.	Biologically	active	insulin	(2	chains)	is	formed	by	removal	of	the	central	portion	of	the	pro-insulin	before	release.	The	C-peptide	(connecting	peptide)	is	also	released	into	the	circulation	(Fig.	4.5).	1-G.	Primary	Structure
Determines	Biological	Activity	A	protein	with	a	specific	primary	structure,	when	put	in	solution,	will	automatically	form	its	natural	three	dimensional	shape.	So	the	higher	levels	of	organization	are	dependent	on	the	primary	structure.	Even	a	single	amino	acid	change	(mutation)	in	the	linear	sequence	may	have	profound	biological	Box	4.2.
Configuration	and	Conformation	Configuration	of	a	protein	denotes	the	spatial	relationship	between	particular	atoms,	e.g.	L	and	D	amino	acids.	Conformation	means	the	spatial	relationship	of	every	atom	in	a	molecule,	e.g.	rotation	of	a	portion	of	the	molecule	2.	Secondary	Structure	of	Proteins	The	term	"secondary	structure"	denotes	the
configurational	relationship	between	residues	which	are	about	3–4	amino	acids	apart	in	the	linear	sequence	(Box	4.2).	Secondary	and	tertiary	levels	of	protein	structure	are	preserved	by	noncovalent	forces	or	bonds	like	hydrogen	bonds,	electrostatic	bonds,	hydrophobic	interactions	and	van	der	Waals	forces.	These	forces	are	described	in	Chapter	1.	i.
A	hydrogen	bond	is	a	weak	electrostatic	attraction	between	one	electronegative	atom	like	O	or	N	and	a	hydrogen	atom	covalently	linked	to	a	second	electronegative	atom.	Hydrogen	atoms	can	be	donated	by	-NH	(imidazole,	indole,	peptide);	-OH	(serine,	threonine)	and	-NH2	(arginine,	lysine).	Hydrogen	accepting	groups	are	COO—	(aspartic,	glutamic)
C=O	(peptide);	and	S–S	(disulphide).	ii.	Electrostatic	bonds	(ionic	bonds):	Positive	charges	are	donated	by	epsilon	amino	group	of	lysine,	guanidinium	group	of	arginine	and	imidazolium	group	of	histidine.	Negative	charges	are	provided	by	beta	and	gamma	carboxyl	groups	of	aspartic	and	glutamic	acids.	iii.	Hydrophobic	bonds	are	formed	by
interactions	between	nonpolar	hydrophobic	side	chains	by	eliminating	water	molecules.	This	serves	to	hold	lipophilic	side	chains	together.	iv.	The	van	der	Waals	forces	are	very	weak,	but	collectively	contribute	maximum	towards	the	stability	of	protein	structure.	Chapter	4;	Proteins:	Structure	and	Function		31	2-A.	Alpha	helix	Pauling	(Nobel	prize,
1954)	and	Corey	described	the	alpha-helix	and	beta-pleated	sheet	structures	of	polypeptide	chains	in	1951.	i.	The	alpha-helix	is	the	most	common	and	stable	conformation	for	a	polypeptide	chain.	In	proteins	like	hemoglobin	and	myoglobin,	the	alpha-helix	is	abundant,	whereas	it	is	virtually	absent	in	chymotrypsin.	ii.	The	alpha	helix	is	a	spiral	structure
(Fig.	4.6).	The	polypeptide	bonds	form	the	back-bone	and	the	side	chains	of	amino	acids	extend	outward.	iii.	The	structure	is	stabilized	by	hydrogen	bonds	between	NH	and	C=O	groups	of	the	main	chain.	iv.	Each	turn	is	formed	by	3.6	residues.	The	distance	between	each	amino	acid	residue	(translation)	is	1.5	Å.	v.	The	alpha-helix	is	generally	right
handed.	Left	handed	alpha	helix	is	rare,	because	amino	acids	found	in	proteins	are	of	L-variety,	which	exclude	left	handedness.	Proline	and	hydroxy	proline	will	not	allow	the	formation	of	alpha-helix.	2-B.	Beta-pleated	sheet	i.	The	polypeptide	chains	in	beta-pleated	sheet	is	almost	fully	extended.	The	distance	between	adjacent	amino	acids	is	3.5Å.	ii.	It
is	stabilized	by	hydrogen	bonds	between	NH	and	C=O	groups	of	neighboring	polypeptide	segments.	Fig.	4.8.	Levels	of	organizations	of	proteins	iii.	Adjacent	strands	in	a	sheet	can	run	in	the	same	direction	with	regard	to	the	amino	and	carboxy	terminal	ends	of	the	polypeptide	chain	(parallel)	or	in	opposite	direction	(anti	parallel	beta	sheet)	(Fig.	4.7).
Beta-pleated	sheet	is	the	major	structural	motif	in	proteins	like	silk	Fibroin	(anti	parallel),	Flavodoxin	(parallel)	and	Carbonic	anhydrase	(both).	iv.	Beta	bends	may	be	formed	in	many	proteins	by	the	abrupt	U-turn	folding	of	the	chain.	Intrachain	disulfide	bridges	stabilize	these	bends.	2-C.	Collagen	helix	It	is	a	triple	helical	structure	found	in	collagen
(details	in	Chapter	52).	3.	Tertiary	Structure	i.	Secondary	structure	denotes	the	configurational	relationship	between	residues	which	are	about	3-4	amino	acids	apart;	or	secondary	level	defines	the	organization	at	immediate	vicinity	of	amino	acids.	The	tertiary	structure	denotes	three	dimensional	structure	of	the	whole	protein	(Box	4.1	and	Fig.	4.8).
The	tertiary	structure	defines	the	steric	relationship	of	amino	acids	which	are	far	apart	from	each	other	in	the	linear	sequence,	but	are	close	in	the	three-dimensional	aspect.	ii.	The	tertiary	structure	is	maintained	by	noncovalent	interactions	such	as	hydrophobic	bonds,	electrostatic	bonds	and	van	der	Waals	forces.	The	tertiary	structure	acquired	by
native	protein	is	always	thermodynamically	most	stable.	iii.	Domain	is	the	term	used	to	denote	a	compact	globular	functional	unit	of	a	protein.	A	domain	is	a	relatively	independent	region	of	the	protein,	and	may	represent	a	functional	unit.	The	domains	are	usually	connected	with	relatively	flexible	areas	of	protein	(see	immunoglobulins,	Chapter	49).
Phenyl	alanine	hydroxylase	enzyme	contains	3	domains,	one	regulatory,	one	catalytic	and	one	protein-protein	interaction	domains.	4.	Quaternary	Structure	i.	Certain	polypeptides	will	aggregate	to	form	one	functional	protein	(Box	4.1	and	Fig.	4.8).	This	is	referred	to	as	the	quaternary	structure.	ii.	The	protein	will	lose	its	function	when	the	subunits
are	dissociated.	32		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	iii.	The	forces	that	keep	the	quaternary	structure	are	hydrogen	bonds,	electrostatic	bonds,	hydrophobic	bonds	and	van	der	Waals	forces.	iv.	Depending	on	the	number	of	polypeptide	chain,	the	protein	may	be	termed	as	monomer	(1	chain),	dimer	(2	chains),	tetramer	(4
chains)	and	so	on.	Each	polypeptide	chain	is	termed	as	subunit	or	monomer.	Homodimer	contains	two	copies	of	the	same	polypeptide	chain.	Heterodimer	contains	two	different	types	of	polypeptides	as	a	functional	unit.	v.	For	example,	2	alpha-chains	and	2	beta-chains	form	the	Hemoglobin	molecule.	Similarly,	2	heavy	chains	and	2	light	chains	form
one	molecule	of	immunoglobulin	G.	Creatine	kinase	(CK)	is	a	dimer.	Lactate	dehydrogenase	(LDH)	is	a	tetramer.	Structure-Function	Relationship	The	functions	of	proteins	are	maintained	because	of	their	ability	to	recognize	and	interact	with	a	variety	of	molecules.	The	three	dimensional	structural	conformation	provides	and	maintains	the	functional
characteristics.	The	three	dimensional	structure,	in	turn,	is	dependent	on	the	primary	structure.	So,	any	difference	in	the	primary	structure	may	produce	a	protein	which	cannot	serve	its	function.	To	illustrate	the	structure-function	relationship,	the	following	three	proteins	are	considered;	each	belongs	to	a	different	class	in	the	functional	classification.
Enzymes:	The	first	step	in	enzymatic	catalysis	is	the	binding	of	the	enzyme	to	the	substrate.	This,	in	turn,	depends	on	the	structural	conformation	of	the	active	site	of	the	enzyme,	which	is	precisely	oriented	for	substrate	binding	(see	Chapter	5).	Carbonic	anhydrase	catalyses	the	reversible	hydration	of	carbon	dioxide.	This	enzyme	makes	it	possible	for
the	precise	positioning	of	the	CO2	molecule	and	the	hydroxyl	(OH	–)	ion	for	the	formation	of	bicarbonate	ion.	The	zinc	ion	is	located	at	a	deep	cleft	coordinated	to	histidine	residues.	The	CO2	binding	residues	are	very	near	to	the	zinc	ion.	Water	binds	to	zinc	ion,	gets	ionized	to	hydroxyl	ion	and	it	binds	to	the	CO2	which	is	proximally	located.	The
substrates	are	brought	in	close	proximity	for	the	reaction	to	proceed.	Transport	proteins:	Hemoglobin,	the	transporter	of	oxygen	is	a	tetrameric	protein	(alpha2,	beta2),	with	each	monomer	having	a	heme	unit	(see	Chapter	22).	Binding	of	oxygen	to	one	heme	facilitates	oxygen	binding	by	other	subunits.	Binding	of	H	+	and	CO	2	promotes	release	of	O
2	from	hemoglobin.	This	allosteric	interaction	is	physiologically	important,	and	is	termed	as	Bohr	effect.	Even	a	single	amino	acid	substitution	alters	the	structure	and	thereby	the	function.	For	example,	in	sickle	cell	anemia	(HbS),	the	6th	amino	acid	in	the	beta	chain	is	altered,	leading	to	profound	clinical	manifestations.	Structural	proteins:	Collagen
is	the	most	abundant	protein	in	mammals	and	is	the	main	fibrous	component	of	skin,	bone,	tendon,	cartilage	and	teeth.	Collagen	forms	a	superhelical	cable	where	the	3	polypeptide	chains	are	wound	around	itself	(Chapter	52).	In	collagen,	every	3rd	residue	is	a	glycine.	The	only	amino	acid	that	can	fit	into	the	triple	stranded	helix	is	glycine.	The	triple
helix	of	collagen	is	stabilized	by	the	steric	repulsion	of	the	rings	of	hydroxyproline	and	also	by	the	hydrogen	bonds	between	them.	In	vitamin	C	deficiency,	failure	of	hydroxylation	of	proline/lysine	leads	to	reduced	hydrogen	bonding	and	consequent	weakness	of	collagen	(Chapter	52).	The	quarter	staggered	triple	helical	structure	of	collagen	is



responsible	for	its	tensile	strength.	STUDY	OF	PROTEIN	STRUCTURE	The	first	protein	to	be	sequenced	was	insulin	by	Sanger	in	1955	(Nobel	prize	in	1958).	Before	studying	the	structure,	first	a	pure	sample	of	the	protein	has	to	be	available.	The	proteins	are	extracted	and	purified	by	various	chromatography	techniques	(ion	exchange,	adsorption,
partition,	size	exclusion,	affinity,	HPLC).	The	purity	of	the	protein	thus	isolated	is	studied	by	electrophoresis	(agar,	PAGE,	iso	electric	focussing).	Further,	molecular	weight	is	determined	by	mass	spectroscopy	or	by	MALDI.	Principles	of	all	the	above-said	techniques	are	discussed	in	Chapter	54.	A.	Steps	for	Determining	the	Primary	Structure	1.
Determination	of	the	number	of	polypeptide	chains	in	a	protein.	This	is	ascertained	by	treating	them	with	Dansyl	chloride,	which	combines	with	the	N-terminal	amino	acid	(Fig.	4.10).	The	tagged	polypeptide	chains	are	subjected	to	complete	hydrolysis	by	boiling	with	6	N	HCI	at	110°C	for	18–36	hours	under	anerobic	conditions	to	give	a	mixture	of
amino	acids.	The	number	and	nature	of	the	dansyl	amino	acids	can	be	determined	and	will	indicate	the	number	of	polypeptide	chains	in	the	protein.	Chapter	4;	Proteins:	Structure	and	Function		33	Fig.	4.9	FDNB	2.	3.	4.	5.	Fig.	4.10.	Dansyl	chloride	For	example,	if	there	are	two	different	polypeptide	chains	in	a	protein,	two	different	dansyl	amino	acids
can	be	identified.	Determination	of	the	amino	acid	composition	by	complete	hydrolysis	of	the	polypeptide	chains,	by	chromatographic	separation	and	quantitation.	Identification	of	N-terminal	and	C-terminal	amino	acids	(Fig.	4.11).	Site	specific	hydrolysis	of	the	polypeptide	chain	using	specific	enzymes	to	get	a	mixture	of	overlapping	peptides.
Separation	and	purification	of	each	of	these	peptides,	and	then	analysing	the	amino	acid	sequence	of	each	of	the	small	peptides,	and	then	deciphering	the	sequence	of	the	whole	protein.	1-B.	End	Group	Analysis	i.	The	N-terminal	amino	acid	has	already	been	identified	by	treatment	with	dansyl	chloride	(Fig.	4.10).	Originally	Sanger	used	fluorodinitro
benzene	(FDNB,	Sanger's	reagent)	for	identification	of	N-terminal	amino	acid	(Fig.	4.9).	Fig.	4.11.	Steps	in	Edman's	degradation	process.	The	numbers	show	the	amino	acid	sequence.	Amino	terminal	amino	acid	reacts	with	Edman's	reagent;	then	it	is	hydrolyzed.	This	cycle	repeats	ii.	The	C-terminal	amino	acid	may	be	identified	by	Carboxypeptidase	A
and	B.	These	enzymes	specifically	hydrolyse	and	release	the	C-terminal	amino	acid	from	the	polypeptide	chain.	Continued	action	of	the	enzyme	would	release	amino	acids	sequentially	from	the	C-terminal	end.	Carboxypeptidase	A	will	not	act	if	the	C-terminal	residue	is	Arginine,	Proline	or	Lysine.	Carboxypeptidase	B	will	act	only	if	the	penultimate
residue	is	proline.	1-C.	Sequencing	The	purified	individual	polypeptide	chains	are	then	sequenced	using	Edman's	degradation	technique.	Edman's	reagent	is	phenyl-isothiocyanate.	It	forms	a	covalent	bond	to	the	N-terminal	amino	acid	of	any	peptide	chain	(Fig.	4.11).	This	can	be	identified.	The	Edman's	reagent	would	then	react	with	the	second	amino
acid	which	now	has	the	alpha	amino	group.	The	degradation	is	useful	in	sequencing	first	10-30	amino	acids.	1-D.	Partial	Hydrolysis	For	very	long	chain	proteins,	the	chain	is	broken	into	many	small	peptides	of	overlapping	sequences.	This	is	done	by	subjecting	the	polypeptide	chain	to	hydrolysis	by	two	or	more	different	site	specific	enzymes.	Each	of
these	small	peptides	can	be	purified	and	subjected	to	Edman's	degradation	and	sequenced.	Trypsin	hydrolyses	peptide	bonds	formed	by	alpha	carboxyl	group	of	Lysine	and	Arginine.	Chymotrypsin	preferentially	acts	on	peptide	bonds	formed	by	carboxyl	group	of	amino	acids	Phe,	Tyr,	Trp,	or	Leu.	Cyanogen	bromide	(CNBr)	attacks	C-side	of
methionine	residue	and	breaks	the	peptide	bond.	34		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	Box	4.3.	Significance	of	Iso-electric	pH	(pI)	1.	The	amino	acid	composition	will	determine	the	isoelectric	pH	(pI)	of	protein.	The	alpha	amino	group	and	carboxyl	group	are	utilized	for	peptide	bond	formation,	and	hence	are	not	ionisable.	All
other	ionisable	groups	present	in	the	protein	will	influence	the	pI	of	the	protein.	2.	At	the	iso-electric	point,	the	number	of	anions	and	cations	present	on	the	protein	molecule	will	be	equal	and	the	net	charge	is	zero.	3.	At	the	pI	value,	the	proteins	will	not	migrate	in	an	electrical	field.	At	the	pI,	solubility,	buffering	capacity	and	viscosity	will	be
minimum;	and	precipitation	will	be	maximum.	4.	On	the	acidic	side	of	pI,	the	proteins	are	cations	and	on	alkaline	side,	they	are	anions	in	nature.	5.	The	pI	of	pepsin	is	1.1;	casein	4.6;	human	albumin	4.7;	human	insulin	5.4;	human	globulins	6.4;	human	hemoglobin	6.7;	myoglobin	7;	and	lysozyme	11.	6.	Acidic	dyes	such	as	eosin	will	dissociate	into	H+	+
dye–	,	which	will	then	attach	with	protein–NH3+	(protein	cations).	Basic	dyes	such	as	hematoxylin	and	methylene	blue	are	dissociated	to	OH–	+	dye+,	which	will	then	stain	Protein-COO–	(anions).	Thus	the	staining	characteristic	of	a	protein	is	determined	by	the	pI	of	that	protein.	Each	peptide	is	then	analyzed	and	the	whole	sequence	of	the
polypeptide	is	determined	as	if	fitting	in	the	parts	of	a	jigsaw	puzzle.	The	position	of	disulphide	bonds	can	be	determined	by	cleaving	the	native	protein	sample	to	get	fragments	with	intact	S–S	bonds.	These	fragments	are	then	identified.	Finger	Printing	Method	(Ingram's	technique)	This	method	was	developed	by	Vernon	Ingram	in	1956.	It	helps	to
easily	identify	any	qualitative	abnormalities	in	protein	structure.	Here	the	protein	is	digested	into	many	small	peptides	by	trypsin.	The	mixtures	of	peptides	are	separated	by	chromatography	(peptide	mapping).	The	position	of	the	peptide	containing	the	altered	amino	acid	is	found	to	be	different	when	compared	with	the	peptide	map	of	the	normal
polypeptide,	e.g.	beta	chain	of	hemoglobin	in	HbA	and	HbS.	Automated	Sequencing	Using	the	Edman's	degradation	technique,	sequencing	can	be	completed	within	a	few	hours	by	automatic	sequencers.	Study	of	Higher	Levels	of	Protein	Structure	The	higher	levels	of	protein	structure	may	be	studied	by	techniques	using	X-ray	diffraction,	ultraviolet
light	spectroscopy,	optical	rotatory	dispersion,	circular	dichroism,	nuclear	magnetic	resonance	(NMR),	etc.	NMR	spectroscopy	measures	the	absorbance	of	radio	frequency	of	atomic	nuclei.	By	studying	the	frequency	at	which	a	particular	nucleus	absorbs	energy,	we	could	get	an	idea	of	the	functional	group	available	in	the	molecule.	Two	dimensional
NMR	permits	a	three	dimensional	representation	of	the	protein	in	solution.	It	also	helps	to	study	the	alterations	in	conformation	of	a	protein	during	binding	with	another	ligand.	A	beam	of	X-ray	is	diffracted	by	the	electrons	around	each	atom	and	the	intensity	of	diffracted	beam	is	detected	by	a	photographic	plate	or	collected	by	an	electronic	device.
This	X-ray	diffraction	study	is	possible	only	on	crystallized	proteins.	Nowadays,	DNA	sequencing	is	used	to	determine	the	amino	acid	sequence.	In	this	method,	at	first,	a	rough	sequencing	of	protein	is	done	by	Edman's	method.	Based	on	this	knowledge,	small	length	oligonucleotide	primers	are	made.	These	are	used	to	amplify	the	appropriate	gene	by
polymerase	chain	(PCR)	reaction	(See	Chapter	55)	and	correct	DNA	clone	is	obtained.	The	sequence	of	that	part	of	DNA	is	done.	Using	the	knowledge	of	the	genetic	code	(Chapter	41),	the	sequence	of	the	encoded	protein	is	identified.	Chemical	Synthesis	of	Peptides	Peptides	are	artificially	synthesized	for	the	following	purposes:	1.	To	check	whether
the	sequence	analysis	is	correct	or	not.	2.	The	primary	structure	of	a	peptide	is	altered	by	one	or	two	amino	acids,	so	as	to	determine	the	biologically	important	area	or	the	active	center.	3.	To	get	pure	preparations	for	medical	or	diagnostic	purpose.	For	example,	HIV	antibody	in	the	blood	of	AIDS	patients	is	detected	by	ELISA	method	.	For	this,	pure
antigen	from	HIV	is	to	be	coated	in	the	test	tubes.	Preparation	of	enough	quantity	of	antigen	from	the	virus	is	tedious	and	hazardous.	The	best	way	is	to	synthesize	the	antigenic	part	of	the	protein.	Commercially	it	is	cheaper	to	synthesize	small	peptides,	than	isolating	them	from	biological	sources.	Emil	Fischer	in	1890	developed	the	basic	mechanism
to	protect	or	activate	reactive	groups	of	amino	acids.	Robert	Merrifield	in	1961	introduced	the	solid	phase	peptide	synthesis	(Nobel	prize,	1984).	He	simplified	the	process	by	adding	the	carboxy	terminal	end	amino	acid	to	insoluble	polystyrene	beads,	so	that	washing	and	purification	processes	become	rapid	.	In	principle,	the	carboxyl	group	of	the	last
amino	acid	is	fixed	on	the	resin;	and	other	amino	acids	are	added	sequentially.	Insulin	was	the	first	major	protein	chemically	synthesized.	In	1964,	Panayotis	Katsoyannis	in	USA	and	Helmut	Zahn	from	Germany,	indpendently	synthesized	insulin.	PHYSICAL	PROPERTIES	OF	PROTEINS	1.	Protein	solutions	exhibit	colloidal	properties	and	therefore
scatter	light	and	exert	osmotic	pressure.	Osmotic	pressure	exerted	by	plasma	proteins	is	clinically	important	(Chapter	28).	2.	Molecular	weights	of	some	of	the	proteins	are:	Insulin	(5,700);	Hemoglobin	(68,000);	Albumin	(69,000);	Immunoglobulins	(1,50,000);	Rabbit	Papilloma	Virus	Protein	(4,70,00,000).	3.	Shape	of	the	proteins	also	vary.	Thus,
Insulin	is	globular,	Albumin	is	oval	in	shape,	while	Chapter	4;	Proteins:	Structure	and	Function		35	Box	4.4.	Denaturation	of	Proteins	Fig.	4.12.	Denaturation	of	protein	Fibrinogen	molecule	is	elongated.	Bigger	and	elongated	molecules	will	increase	the	viscosity	of	the	solution.	4.	Iso-electric	pH	of	amino	acids	has	been	described	in	Chapter	3.	Since
proteins	are	made	of	amino	acids,	the	pI	of	all	the	constituent	amino	acids	will	influence	the	pI	of	the	protein.	Application	of	pI	is	shown	in	Box	4.3.	PRECIPITATION	REACTIONS	OF	PROTEINS	Purification	of	enzymes	and	other	proteins	usually	start	with	precipitating	them	from	solution.	The	stability	of	proteins	in	solution	will	depend	mainly	on	the
charge	and	hydration.	Polar	groups	of	the	proteins	(-NH2,	COOH,	OH	groups)	tend	to	attract	water	molecules	around	them	to	produce	a	shell	of	hydration.	Any	factor	which	neutralises	the	charge	or	removes	water	of	hydration	will	therefore	cause	precipitation	of	proteins.	The	following	procedures	are	used	for	protein	precipitation:	1.	Salting	Out
When	a	neutral	salt	such	as	ammonium	sulphate	or	sodium	sulphate	is	added	to	protein	solution,	the	shell	of	hydration	is	removed	and	the	protein	is	1.	Mild	heating,	treating	with	urea,	salicylate,	X-ray,	ultraviolet	rays,	high	pressure,	vigorous	shaking	and	similar	physico-chemical	agents	produce	denaturation.	2.	There	will	be	non-specific	alterations
in	secondary,	tertiary	and	quaternary	structures	of	protein	molecules.	Primary	structure	is	not	altered	during	denaturation	(Fig.	4.12).	3.	In	general,	during	the	process	the	solubility	is	decreased	while	precipitability	of	the	protein	is	increased.	It	often	causes	loss	of	biological	activity.	4.	Native	proteins	are	often	resistant	to	proteolytic	enzymes,	but
denatured	proteins	will	have	more	exposed	sites	for	enzyme	action.	Since	cooking	leads	to	denaturation	of	proteins,	cooked	foods	are	more	easily	digested.	5.	Denatured	proteins	are	sometimes	re-natured	when	the	physical	agent	is	removed.	Ribonuclease	is	a	good	example	for	such	reversible	denaturation.	Immunoglobulin	chains	are	dissociated
when	treated	with	urea.	When	the	urea	is	removed	by	dialysis,	the	subunits	are	reassociated	and	biological	activity	of	immunoglobulin	is	regained.	6.	But	many	proteins	undergo	irreversible	denaturation.	For	example,	albumin	once	heated,	cannot	be	renatured	by	cooling.	precipitated.	This	is	called	salting	out.	As	a	general	rule,	higher	the	molecular
weight	of	a	protein,	the	salt	required	for	precipitation	is	lesser.	Thus	globulins	are	precipitated	with	half	saturation	of	ammonium	sulphate;	but	albumin	will	need	full	saturation	with	ammonium	sulphate	for	complete	precipitation.	2.	Iso-electric	Precipitation	Proteins	are	least	soluble	at	their	iso-electric	pH.	Some	proteins	are	precipitated	immediately
when	adjusted	to	their	iso-electric	pH.	The	best	example	is	Casein	which	forms	a	flocculent	Box	4.5.	Significance	of	Heat	Coagulation	Fig.	4.13.	Heat	coagulation	On	heating,	liquid	white	portion	of	egg	becomes	solid	white	coagulum	When	heated	at	iso-electric	point,	some	proteins	will	denature	irreversibly	to	produce	thick	floating	conglomerates
called	coagulum.	This	process	is	called	heat	coagulation.	Albumin	is	easily	coagulated,	and	globulins	to	a	lesser	extent.	(See	Fig.	4.13).	This	is	the	basis	of	‘Heat	and	Acetic	Acid	test',	very	commonly	employed	to	detect	the	presence	of	albumin	in	urine	(See	Chapter	27).	36		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	precipitate	at	pH
4.6	and	redissolves	in	highly	acidic	or	alkaline	solutions.	When	milk	is	curdled,	the	casein	forms	the	white	curd,	because	lactic	acid	produced	by	the	fermentation	process	lowers	the	pH	to	the	iso-electric	point	of	casein.	3.	Precipitation	by	Organic	Solvents	When	an	organic	solvent	is	added	to	the	protein	solution,	water	molecules	available	for	proteins
are	reduced,	and	precipitation	occurs.	Organic	solvents	reduce	the	dielectric	constant	of	the	medium	which	also	favors	protein	precipitation.	Hence,	alcohol	is	a	powerful	protein	precipitating	agent.	This	may	explain	the	disinfectant	effect	of	alcohol.	4.	Precipitation	by	Heavy	Metal	Ions	In	alkaline	medium,	proteins	have	net	negative	charge,	or	are
anions.	To	such	a	solution,	if	salts	of	heavy	metals	are	added,	positively	charged	metal	ions	can	complex	with	protein	molecules	and	metal	proteinates	are	precipitated.	Salts	of	Copper,	Zinc,	Lead,	Cadmium	and	Mercury	are	toxic,	because	they	tend	to	precipitate	normal	proteins	of	the	gastro-intestinal	wall.	Based	on	this	principle,	raw	egg	is
sometimes	used	as	an	antidote	for	mercury	poisoning.	5.	Precipitation	by	Alkaloidal	Reagents	Tungstic	acid,	Phosphotungstic	acid,	Trichloro	acetic	acid,	Picric	acid,	Sulphosalicylic	acid	and	Tannic	acid	are	powerful	protein	precipitating	agents.	These	acids	lower	the	pH	of	medium,	when	proteins	carry	net	positive	charges.	These	protein	cations	are
complexed	with	negatively	charged	ions	to	form	protein-tungstate,	protein-picrate,	etc.	and	thick	flocculent	precipitate	is	formed.	In	clinical	laboratory	phospho-tungstic	or	trichloro	acetic	acid	are	usually	used	for	precipitating	proteins.	Tanning	in	leather	processing	is	based	on	the	protein	precipitating	effect	of	tannic	acid.	Under	certain	conditions,
proteins	undergo	denaturation,	which	is	a	mild	form	of	precipitation	reaction	(Box	4.4).	Heat	coagulation	is	an	irreversible	precipitation	process	(Box	4.5	and	Fig.	4.3).	CLASSIFICATION	OF	PROTEINS	It	is	almost	impossible	to	correctly	classify	all	proteins.	The	following	classifications	are	given	only	to	introduce	a	broader	idea	to	the	students.	Table
4.1.	Examples	of	conjugated	proteins	Conjugated	Protein	Protein	part	Prosthetic	group	Hemoglobin	Globin	Heme	Nucleoprotein	Histones	DNA	Rhodopsin	Opsin	11-cis-retinal	Succinate	dehydrogenase	Protein	Riboflavin	as	FAD	Ferritin	Apoferritin	Iron	Ceruloplasmin	Apoceruloplasmin	Copper	A.	Classification	based	on	functions	1.	Catalytic	proteins,
e.g.	enzymes	2.	Structural	proteins,	e.g.	collagen,	elastin	3.	Contractile	proteins,	e.g.	myosin,	actin.	4.	Transport	proteins,	e.g.	hemoglobin,	myoglobin,	albumin,	transferrin	5.	Regulatory	proteins	or	hormones,	e.g.	ACTH,	insulin,	growth	hormone	6.	Genetic	proteins,	e.g.	histones	7.	Protective	proteins,	e.g.	immunoglobulins,	interferons,	clotting	factors.
B.	Classification	based	on	Composition	and	Solubility	B-1.	Simple	Proteins	According	to	definition,	they	contain	only	amino	acids.	i.	Albumins:	They	are	soluble	in	water	and	coagulated	by	heat.	Human	serum	albumin	has	a	molecular	weight	of	69,000.	Other	examples	are	lactalbumin	of	milk	and	egg	albumin.	ii.	Globulins:	These	are	insoluble	in	pure
water,	but	soluble	in	dilute	salt	solutions.	They	are	also	coagulated	by	heat.	Examples	are	egg	globulin,	serum	globulins,	legumin	of	peas.	iii.	Protamines:	These	are	soluble	in	water,	dilute	acids	and	alkalies.	They	are	not	coagulated	by	heating.	They	contain	large	number	of	arginine	and	lysine	residues,	and	so	are	strongly	basic.	Hence,	they	can
combine	with	other	acidic	proteins.	Protamine	zinc	insulinate	is	a	common	commercial	preparation	of	insulin.	iv.	Prolamines:	They	are	soluble	in	70-80%	alcohol,	but	insoluble	in	pure	water.	They	are	rich	in	proline	but	lack	in	lysine.	Examples	are	zein	from	corn,	gliadin	of	wheat,	hordein	of	barley.	v.	Lectins:	Lectins	are	precipitated	by	30–60%
ammonium	sulphate.	They	are	proteins	Chapter	4;	Proteins:	Structure	and	Function		37	having	high	affinity	to	sugar	groups.	Lectin	from	Dolichos	biflorus	will	agglutinate	human	blood	group	A1	RBCs.	Phytohemagglutinin	(PHA),	a	lectin	from	Phaseolus	vulgaris	(red	kidney	bean)	agglutinates	all	RBCs	and	WBCs.	Concanavalin-A	(ConA)	from	legumes
will	specifically	attach	to	mannose	and	glucose.	vi.	Scleroproteins:	They	are	insoluble	in	water,	salt	solutions	and	organic	solvents	and	soluble	only	in	hot	strong	acids.	They	form	supporting	tissues.	Examples	are	collagen	of	bone,	cartilage	and	tendon;	keratin	of	hair,	horn,	nail	and	hoof.	B-2.	Conjugated	Proteins	They	are	combinations	of	protein	with	a
non-protein	part,	called	prosthetic	group	(Table	4.1).	Conjugated	proteins	may	be	classified	as	follows:	i.	Glycoproteins:	These	are	proteins	combined	with	carbohydrates.	Hydroxyl	groups	of	serine	or	threonine	and	amide	groups	of	asparagine	and	glutamine	form	linkages	with	carbohydrate	residues.	Blood	group	antigens	and	many	serum	proteins	are
glycoproteins.	When	the	carbohydrate	content	is	more	than	10%	of	the	molecule,	the	viscosity	is	correspondingly	increased;	they	are	sometimes	known	as	mucoproteins	or	proteoglycans.	ii.	Lipoproteins:	These	are	proteins	loosely	combined	with	lipid	components.	They	occur	in	blood	and	on	cell	membranes.	Serum	lipoproteins	are	described	in
Chapter	12.	iii.	Nucleoproteins:	These	are	proteins	attached	to	nucleic	acids,	e.g.	Histones.	The	DNA	carries	negative	charges,	which	combines	with	positively	charged	proteins.	iv.	Chromoproteins:	These	are	proteins	with	colored	prosthetic	groups.	Hemoglobin	(Heme,	red);	Flavoproteins	(Riboflavin,	yellow),	Visual	purple	(Vitamin	A,	purple)	are	some
examples	of	chromoproteins.	v.	Phosphoproteins:	These	contain	phosphorus.	Casein	of	milk	and	vitellin	of	egg	yolk	are	examples.	The	phosphoric	acid	is	esterified	to	the	hydroxyl	groups	of	serine	and	threonine	residues	of	proteins.	vi.	Metalloproteins:	They	contain	metal	ions.	Examples	are	Hemoglobin	(Iron),	Cytochrome	(Iron),	Tyrosinase	(Copper)
and	Carbonic	anhydrase	(Zinc).	B-3.	Derived	Proteins	They	are	degradation	products	of	native	proteins.	Progressive	hydrolysis	of	protein	results	in	smaller	and	smaller	chains:	Protein	→	peptones	→	peptides	→	amino	acids.	C.	Classification	Based	on	the	Shape	C-1.	Globular	Proteins	They	are	spherical	or	oval	in	shape.	They	are	easily	soluble.	Examples
are	albumins,	globulins	and	protamines.	C-2.	Fibrous	Proteins	The	molecules	are	elongated	or	needle	shaped.	Their	solubility	is	minimum.	They	resist	digestion.	Collagen,	elastin	and	keratins	are	examples.	D.	Classification	Based	on	Nutritional	Value	D-1.	Nutritionally	Rich	Proteins	They	are	also	called	as	complete	proteins	or	first	class	proteins.	They
contain	all	the	essential	amino	acids	in	the	required	proportion.	On	supplying	these	proteins	in	the	diet,	children	will	grow	satisfactorily.	A	good	example	is	casein	of	milk.	D-2.	Incomplete	Proteins	They	lack	one	essential	amino	acid.	They	cannot	promote	body	growth	in	children;	but	may	be	able	to	sustain	the	body	weight	in	adults.	Proteins	from
pulses	are	deficient	in	methionine,	while	proteins	of	cereals	lack	in	lysine.	If	both	of	them	are	combined	in	the	diet,	adequate	growth	may	be	obtained.	(See	mutual	supplementation,	Chapter	36).	D-3.	Poor	Proteins	They	lack	in	many	essential	amino	acids	and	a	diet	based	on	these	proteins	will	not	even	sustain	the	original	body	weight.	Zein	from	corn
lacks	tryptophan	and	lysine.	Biologically	Important	Peptides	When	10	or	less	number	of	amino	acids	are	joined	together,	it	is	called	an	oligopeptide.	Some	of	them	are	biologically	active.	A	few	examples	are	given	below:	i.	Thyrotropin	releasing	hormone	(TRH)	is	a	tripeptide	with	the	sequence	of	Glu-His-Pro;	but	the	Glu	is	modified	to	form
pyroglutamic	acid.	38		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	Fig.	4.14.	Radial	immuno	diffusion	ii.	Glutathione	is	a	tripeptide.	It	is	gamma	glutamyl	cysteinyl	glycine	(See	Fig.15.19).	It	is	involved	in	erythrocyte	membrane	integrity	and	is	important	in	keeping	enzymes	in	active	state.	iii.	Oxytocin	and	Vasopressin	(ADH)	are
nanopeptides;	with	9	amino	acids.	They	are	secreted	by	posterior	pituitary.	iv.	Angiotensin	I	has	10	amino	acids	and	Angiotensin	II	has	8	amino	acids.	They	cause	hypertension	(Chapter	30)	v.	Gramicidin	S,	an	antibiotic	produced	by	Bacillus	brevis,	contains	10	amino	acids.	It	is	circular	and	contains	D-phenyl	alanine	(usual	proteins	contain	only	L-
amino	acids).	Polypeptide	hormones	(more	than	10	amino	acids)	are	described	in	Chapters	24	and	45.	QUANTITATIVE	ESTIMATION	1.	Kjeldahl’s	Procedure	i.	The	protein	sample	is	digested	by	boiling	(360°C)	with	concentrated	sulphuric	acid	in	presence	of	copper	sulphate	and	sodium	sulphate	as	catalysts.	ii.	The	nitrogen	present	in	the	protein	is
reduced	to	ammonia	which	is	absorbed	by	acid	medium	to	become	ammonium	sulphate.	After	cooling,	the	digest	is	made	alkaline	by	adding	excess	alkali.	Now	ammonia	(NH3	)	is	liberated,	which	is	absorbed	by	a	known	quantity	of	standard	acid	kept	in	a	vessel.	The	excess	acid	present	in	the	vessel	is	back-titrated	with	a	standard	base,	from	which
the	liberated	ammonia	can	be	calculated.	iii.	Then	the	quantity	of	nitrogen	originally	present	in	the	protein	is	assessed.	Since	proteins,	on	an	average	contain	16%	nitrogen,	the	weight	of	nitrogen	x	100/16,	or	nitrogen	x	6.25	will	give	the	value	of	proteins	present	in	the	original	sample.	iv.	Advantage:	This	is	the	most	accurate	and	precise	method.	It	is
generally	used	for	standardising	a	particular	protein;	that	protein	is	then	used	for	calibrating	other	proteins	employing	other	easier	methods.	v.	Disadvantage:	It	takes	many	days	to	get	the	result,	and	is	unsuitable	for	routine	clinical	work.	2.	Biuret	Method	i.	Cupric	ions	chelate	with	peptide	bonds	of	proteins	in	alkaline	medium	to	produce	a	pink	or
violet	color.	The	intensity	of	the	color	is	proportional	to	the	number	of	peptide	bonds.	The	color	is	then	compared	with	a	standard	protein	solution	treated	with	the	biuret	reagent,	and	estimated	colorimetrically.	The	principle	of	colorimetry	is	discussed	in	Chapter	54.	ii.	Advantage:	The	biuret	method	is	a	simple	one	step	process,	and	is	the	most	widely
used	method	for	plasma	protein	estimations.	iii.	Disadvantage:	The	sensitivity	of	the	method	is	less	and	is	unsuitable	for	estimation	of	proteins	in	milligram	or	microgram	quantities.	3.	Lowry’s	Method	i.	This	is	based	on	the	reduction	of	FolinCiocalteau	phenol	reagent	(phosphomolybdic	acid	and	phosphotungstic	acid)	by	the	tyrosine	and	tryptophan
residues	of	protein.	A	blue	color	is	developed	which	is	compared	with	that	produced	by	a	known	standard.	ii.	Advantage:	This	method	is	very	sensitive	and	protein	content	in	microgram	range	can	be	measured.	If	the	tyrosine	and	tryptophan	content	of	the	proteins	of	test	and	standard	vary	widely,	then	the	accuracy	is	lost;	this	is	a	minor	disadvantage
of	this	method.	OH	Lowry	published	the	paper	on	protein	estimation	in	1951.	This	is	the	most	cited	article	in	the	scientific	literature.	Chapter	4;	Proteins:	Structure	and	Function		39	4.	Spectrophotometric	Estimation	i.	Proteins	will	absorb	ultraviolet	light	at	280	nm.	This	is	due	to	the	tyrosine	and	tryptophan	residues	in	the	protein.	Quantitation	is
done	by	comparing	the	absorbance	of	the	test	solution	with	a	known	standard.	ii.	Advantage	and	disadvantage:	The	method	is	accurate,	simple	and	highly	sensitive	upto	microgram	quantities.	Since	color	reaction	using	other	chemicals	is	not	employed,	the	protein	is	not	wasted	in	this	method.	However,	the	instrument	is	costly.	Please	see	discussion	in
Chapter	54.	5.	Radial	Immuno	Diffusion	(Mancini’s	technique)	Please	note	that	the	name	is	"radial"	and	not	"radio".	There	is	no	radiation	applied	in	this	process.	As	the	precipitation	arc	is	moving	radially	outward	from	the	point	of	application,	the	name	"radial"	is	given.	Here	specific	antiserum	is	incorporated	in	the	liquid	agar,	and	then	allowed	to
solidify	on	a	glass	plate.	Then	small	wells	(1	mm	dia)	are	cut	in	the	agar,	and	antigen	(protein	solution,	patient's	sera,	etc.)	is	added	in	the	well.	The	plate	is	incubated	at	4°C	for	1	to	3	days.	The	antigen	molecules	diffuse	radially	around	the	wells	and	react	with	the	specific	antibody	molecules	present	all	over	the	agar.	A	white	ring	of	precipitate	is	seen,
where	equimolecular	concentration	(1:1	ratio)	of	antigen	and	antibody	is	attained.	The	diameter	of	the	precipitation	ring	will	be	proportional	to	the	log	of	antigen	concentration.	If	known	standards	of	different	concentration	is	included	along	with	the	test,	a	standard	graph	is	plotted,	from	which	quantity	of	test	substance	can	be	obtained	(Fig.	4.14).
Advantage:	The	procedure	is	simple	and	sensitive	enough	to	quantitate	mg	or	microgram	quantities	of	proteins.	Since	the	method	is	based	on	antibodies,	the	test	is	exquisitely	specific.	Serum	levels	of	immunoglobulins,	complement	components,	etc.	are	routinely	assayed	by	this	method.	6.	Nephelometry	It	is	based	on	the	measurement	of	scattering	of
light	by	colloids,	originally	studied	by	Richard	Zsigmondy	(Nobel	prize,	1925).	Scattering	of	light	by	antigen-antibody	complexes	was	used	as	a	quantitation	method	by	Libby	in	1938.	Nephelometry	is	defined	as	the	detection	of	light	scattered	by	turbid	particles	in	solution.	If	albumin	is	to	be	estimated,	specific	antibody	against	albumin	is	added.	The
resultant	antigen-antibody	complex	will	form	turbidity	of	the	solution.	A	beam	of	light	(preferably	laser	beam)	is	passed	through	the	solution.	The	particles	in	the	solution	will	scatter	light.	The	light	turning	at	30°	to	90°	angle	(generally	60°	)is	collected	and	passed	into	a	detector	system.	The	emergent	scattered	light	will	be	proportional	to	the
turbidity	of	the	solution,	which	in	turn	will	be	proportional	to	the	antigen.	Advantage	and	disadvantage:	This	is	a	very	rapid	method	and	suitable	for	automated	programs.	Microgram	quantities	can	be	accurately	estimated.	The	instrument	and	reagents	are	costly	and	needs	careful	standardization.	7.	Turbidimetry	Proteins	in	biological	fluids	like	urine
and	CSF	can	be	estimated	by	adding	protein	precipitating	agents	(sulphosalicylic	acid	or	specific	antibody);	the	turbidity	thus	produced	is	measured.	The	method	is	simple,	but	less	accurate.	Nephelometry	and	turbidimetry	are	based	on	the	same	principle	of	scattering	of	light	by	colloidal	particles.	In	nephelometry,	emergent	light	scattered	at	60°
angle	is	observed;	while	in	turbidimetry,	light	emerging	at	180°	angle	is	detected.	Turbidimetry	is	comparatively	cheaper.	Newer	techniques	are	based	on	immunoturbidimetry.	8.	RIA	and	ELISA	Tests	If	proteins	of	nanogram	and	picogram	quantities	are	to	be	estimated,	radioimmunoassay	(RIA)	or	enzyme	linked	immuno	sorbent	assay	(ELISA)
techniques	are	to	be	employed.	These	are	described	in	detail	in	Chapter	54.	Proteomics	Proteomics	is	the	study	of	the	entire	galaxy	of	proteins	produced	by	a	cell	under	different	conditions.	At	a	particular	time,	a	gene	is	"on"	in	a	particular	cell;	but	it	will	be	"off"	in	another	cell.	Expression	of	proteins	during	growth	and	development	will	be	different
from	the	resting	cell.	Proteins	produced	by	a	gastrointestinal	cell	and	a	neuronal	cell	will	be	entirely	different.	Many	proteins	are	getting	post-translational	modification,	that	too,	at	different	levels	at	various	organs.	But	genes	are	the	same	in	all	cells	at	all	times.	Therefore,	study	of	genes	(genomics)	will	give	only	a	partial	picture	of	what	is	going	on	in
nature.	Human	body	contains	hundreds	of	different	cells,	which	express	thousands	of	proteins,	at	different	times	and	under	the	influence	of	different	stimuli.	Proteomics	attempt	to	study	all	these	multifaceted	picture	in	toto.	40		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	CHAPTER	5	CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to
answer	questions	on	the	following	topics:	1.	Classification	of	enzymes	2.	Co-enzymes	3.	Mode	of	action	of	enzymes	4.	Michaelis-Menten	theory	5.	Fischer's	template	theory	6.	Koshland's	induced	fit	theory	7.	Michaelis	constant,	Km	value,	Vmax	8.	Factors	influencing	enzyme	activity	9.	Enzyme	activation	10.	Inhibition,	competitive,	non-competitive	11.
Allosteric	inhibition,	suicide	inhibition	12.	Covalent	modification	13.	Iso-enzymes	Once	upon	a	time	there	was	a	rich	merchant.	In	his	last	will	and	testament,	he	put	aside	his	17	white	horses	to	his	3	sons	to	be	shared	thus;	1/2	for	the	1st	son,	1/3	for	the	2nd	son	and	1/9	for	the	3rd	son.	After	his	death,	the	sons	started	to	quarrel,	as	the	division	could
not	produce	whole	number.	Then	their	brother-in-law	told	them	that	they	should	include	his	black	horse	also	for	the	sharing	purpose.	Thus	now	they	had	17	+	1	=	18	horses,	and	so	division	was	possible;	1st	son	got	onehalf	or	9	horses;	2nd	son	got	6	and	3rd	son	2	horses.	Now	all	the	17	white	horses	were	correctly	divided	among	the	sons.	The
remaining	black	horse	was	taken	back	by	the	brother-inlaw.	Catalysts	are	similar	to	this	black	horse.	The	reaction,	although	theoretically	probable,	becomes	practically	possible	only	with	the	help	of	catalysts.	They	enter	into	the	reaction,	but	come	out	of	the	reaction	without	any	change.	Catalysts	are	substances	which	accelerate	the	rate	of	chemical
reactions,	but	do	not	change	the	equilibrium.	Berzelius	in	1835	showed	hydrolysis	of	starch	by	malt	extract	and	put	forward	the	theory	of	enzyme	catalysis	(see	Table	1.1).	In	1878	Willy	Kunhe	coined	the	word	enzyme,	which	in	Greek	means	"in	yeast".	Edward	Buchner	(Nobel	prize	1907)	showed	that	cell-free	extract	of	yeast	could	catalyse	the
fermentation	of	sucrose	to	ethanol.	He	named	this	active	principle	as	Zymase.	Sir	Arthur	Harden	in	1897	(Nobel	prize	1929)	showed	that	Zymase	is	a	complex	mixture	of	enzymes,	each	catalysing	a	separate	step	in	the	degradation	of	sucrose.	The	rate	of	chemical	reactions,	chemical	equilibrium	and	catalysis	were	studied	by	Ostwald	Enzymology:
General	Concepts	and	Enzyme	Kinetics	(Nobel	prize	1909).	In	1926,	James	Sumner	(Nobel	prize	1946)	was	the	first	to	crystallise	the	enzyme	urease.	In	1930,	John	Northrop	(Nobel	prize,	1946)	crystallized	a	number	of	proteolytic	enzymes	from	gastrointestinal	tract	and	proved	that	they	are	all	proteins.	Enzymes	are	biocatalysts	Life	is	possible	due	to
the	co-ordination	of	numerous	metabolic	reactions	inside	the	cells.	Proteins	can	be	hydrolyzed	with	hydrochloric	acid	by	boiling	for	a	very	long	time;	but	inside	the	body,	with	the	help	of	enzymes,	proteolysis	takes	place	within	a	short	time	at	body	temperature.	Enzyme	catalysis	is	very	rapid;	usually	1	molecule	of	an	enzyme	can	act	upon	about	1000
molecules	of	the	substrate	per	minute.	Lack	of	enzymes	will	lead	to	block	in	metabolic	pathways	causing	inborn	errors	of	metabolism.	The	substance	upon	which	an	enzyme	acts,	is	called	the	substrate.	The	enzyme	will	convert	the	substrate	into	the	product	or	products.	Characteristics	of	Enzymes	i.	Almost	all	enzymes	are	proteins.	Enzymes	follow	the
physical	and	chemical	reactions	of	proteins.	ii.	They	are	heat	labile.	iii.	They	are	water-soluble.	iv.	They	can	be	precipitated	by	protein	precipitating	reagents	(ammonium	sulfate	or	trichloroacetic	acid).	v.	They	contain	16%	weight	as	nitrogen.	CLASSIFICATION	OF	ENZYMES	When	early	workers	isolated	certain	enzymes,	whimsical	names	were	given.
Some	of	these,	such	Chapter	5;	Enzymology:	General	Concepts	and	Enzyme	Kinetics		41	as	Pepsin,	Trypsin,	Chymotrypsin,	etc.	are	still	used.	Later,	it	was	agreed	to	call	the	enzymes	by	adding	the	suffix	"-ase"	to	the	substrate.	Thus,	enzyme	Lactase	acts	on	the	substrate	lactose,	and	the	products	glucose	and	galactose	are	formed.	Enzymes	that
hydrolyse	starch	(amylose)	are	termed	as	amylases;	those	that	dehydrogenate	the	substrates	are	called	dehydrogenases.	These	are	known	as	the	trivial	names	of	the	enzymes.	IUBMB	System	of	Classification	International	Union	of	Biochemistry	and	Molecular	Biology	(IUBMB)	in	1964,	(modified	in	1972	and	1978),	suggested	the	IUBMB	system	of
nomenclature	of	enzymes.	It	is	complex	and	cumbersome;	but	unambiguous.	As	per	this	system,	the	name	starts	with	EC	(enzyme	class)	followed	by	4	digits.	First	digit	represents	the	class	Second	digit	stands	for	the	subclass	Third	digit	is	the	sub-subclass	or	subgroup	Fourth	digit	gives	the	number	of	the	particular	enzyme	in	the	list.	The	enzymes	are
grouped	into	following	six	major	classes	(Box	5.1).	•	•	•	Class	1:	Oxidoreductases	This	group	of	enzymes	will	catalyse	oxidation	of	one	substrate	with	simultaneous	reduction	of	Box	5.1.	Classification	of	Enzymes	Class	1.	Oxidoreductases:	Transfer	of	hydrogen	or	addition	of	oxygen;	e.g.	Lactate	dehydrogenase	(NAD);	Glucose-6-phosphate
dehydrogenase	(NADP);	Succinate	dehydrogenase	(FAD);	di-oxygenases.	Class	2.	Transferases:	Transfer	of	groups	other	than	hydrogen.	Example,	Aminotransferase.	(Subclass:	Kinase,	transfer	of	phosphoryl	group	from	ATP;	e.g.	Hexokinase)	Class	3.	Hydrolases:	Cleave	bond	and	add	water;	e.g.	Acetyl	choline	esterase;	Trypsin	Class	4.	Lyases:	Cleave
without	adding	water,	e.g.	Aldolase;	HMG	CoA	lyase;	ATP	Citrate	lyase.	(Subclass:	Hydratase;add	water	to	a	double	bond)	Class	5.	Isomerases:	Intramolecular	transfers.	They	include	racemases	and	epimerases.	Example,	Triose	phosphate	isomerase.	Class	6.	Ligases:	ATP	dependent	condensation	of	two	molecules,	e.g.	Acetyl	CoA	carboxylase;
Glutamine	synthetase;	PRPP	synthetase	•	another	substrate	or	co-enzyme.	This	may	be	represented	as	AH2	+	B	-------------→	A	+	BH2	for	example,	Alcohol	+	NAD+	----→	Aldehyde	+	NADH	+	H+	The	enzyme	is	Alcohol	dehydrogenase;	IUB	name	is	Alcohol-NAD-oxidoreductase;	Code	number	is	EC.1.1.1.1.	Oxidoreductases	may	also	oxidise	substrates	by
adding	oxygen,	e.g.	oxidases,	oxygenases	and	dehydrogenases	(Chapter	19).	Class	2:	Transferases	This	class	of	enzymes	transfers	one	group	(other	than	hydrogen)	from	the	substrate	to	another	substrate.	This	may	be	represented	as	A-R	+	B	→	A	+	B-R	,	For	example,	Hexose	+	ATP	→	Hexose-6-phosphate	+	ADP	The	name	of	enzyme	is	Hexokinase	and
systematic	name	is	ATP-Hexose--6-phosphatetransferase.	Class	3:	Hydrolases	This	class	of	enzymes	can	hydrolyse	ester,	ether,	peptide	or	glycosidic	bonds	by	adding	water	and	then	breaking	the	bond.	Acetyl	choline	+	H2O	--------→	Choline	+	acetate	The	enzyme	is	Acetyl	choline	esterase	or	Acetyl	choline	hydrolase	(systematic).	All	digestive	enzymes
are	hydrolases.	Class	4:	Lyases	These	enzymes	can	remove	groups	from	substrates	or	break	bonds	by	mechanisms	other	than	hydrolysis.	For	example,	Fructose-1,6-bisphosphate	-------→	Glyceraldehyde-3-phosphate	+dihydroxy	acetone	phosphate	Box	5.2.	Synthetase	and	Synthase	are	Different	Synthetases	are	ATP-dependent	enzymes	catalysing
biosynthetic	reactions;	they	belong	to	Ligases	(class	6).Examples	are	Carbamoyl	phosphate	synthetase;	Arginino	succinate	synthetase;	PRPP	synthetase	and	Glutamine	synthetase	Synthases	are	enzymes	catalysing	biosynthetic	reactions;	but	they	do	not	require	ATP	directly;	they	belong	to	classes	other	than	Ligases.	Examples	are	Glycogen	synthase
and	ALA	synthase	42		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	Box	5.3.	Salient	Features	of	Co-enzymes	1.	The	protein	part	of	the	enzyme	gives	the	necessary	three	dimensional	infrastructure	for	chemical	reaction;	but	the	group	is	transferred	from	or	accepted	by	the	co-enzyme.	2.	The	co-enzyme	is	essential	for	the	biological
activity	of	the	enzyme.	3.	Co-enzyme	is	a	low	molecular	weight	organic	substance.	It	is	heat	stable.	4.	Generally,	the	co-enzymes	combine	loosely	with	the	enzyme	molecules.	The	enzyme	and	coenzyme	can	be	separated	easily	by	dialysis.	5.	Inside	the	body,	when	the	reaction	is	completed,	the	co-enzyme	is	released	from	the	apo-enzyme,	and	can	bind
to	another	enzyme	molecule.	In	the	example	shown	in	Figure	5.1,	the	reduced	coenzyme,	generated	in	the	first	reaction	can	take	part	in	the	second	reaction.	The	coupling	of	these	two	reactions	becomes	essential	in	anerobic	glycolysis	(see	Chapter	9)	for	regeneration	of	NAD+.	6.	One	molecule	of	the	co-enzyme	is	able	to	convert	a	large	number	of
substrate	molecules	with	the	help	of	enzyme.	7.	Most	of	the	co-enzymes	are	derivatives	of	vitamin	B	complex	group	of	substances.	The	enzyme	is	Aldolase	(see	Chapter	9	for	details).	•	Class	5:	Isomerases	These	enzymes	can	produce	optical,	geometric	or	positional	isomers	of	substrates.	Racemases,	epimerases,	cis-trans	isomerases	are	examples.
Glyceraldehyde-3-phosphate	-----→	Di-hydroxy-acetone-phosphate	Enzyme	is	Triose	phosphate	isomerase.	CO-ENZYMES	i.	Enzymes	may	be	simple	proteins,	or	complex	enzymes,	containing	a	non-protein	part,	called	the	prosthetic	group.	The	prosthetic	group	is	called	the	co-enzyme.	It	is	heat	stable.	Salient	features	of	co-enzymes	are	shown	in	Box	5.3.
ii.	The	protein	part	of	the	enzyme	is	then	named	the	apo-enzyme.	It	is	heat	labile.	iii.	These	two	portions	combined	together	is	called	the	holo-enzyme.	v.	Co-enzymes	may	be	divided	into	two	groups	v-a.	Those	taking	part	in	reactions	catalyzed	by	oxidoreductases	by	donating	or	accepting	hydrogen	atoms	or	electrons.	v-b.	Those	co-enzymes	taking	part
in	reactions	transferring	groups	other	than	hydrogen.	First	Group	of	Co-enzymes	In	the	first	group,	the	change	occurring	in	the	substrate	is	counter-balanced	by	the	co-enzymes.	Therefore,	such	co-enzymes	may	be	considered	as	co-substrates	or	secondary	substrates.	In	the	example	shown	in	Fig.	5.1,	the	substrate	lactate	is	oxidized,	and
simultaneously	the	co-enzyme	(cosubstrate)	is	reduced.	If	the	reaction	is	reversed,	the	opposite	effect	will	take	place.	Other	such	examples	are	NADP–NADPH;	FADFADH2	and	FMN–FMNH2.	Nicotinamide	Adenine	Dinucleotide	(NAD+)	i.	This	is	a	co-enzyme	synthesized	from	Nicotinamide,	a	member	of	vitamin	B	complex.	The	structure	of	NAD+	is
Nicotinamide-RiboseP-P-Ribose-Adenine	(Fig.	34.6).	Warburg	(Nobel	prize,	1931)	elucidated	the	structure	of	NAD+	•	Class	6:	Ligases	These	enzymes	link	two	substrates	together,	usually	with	the	simultaneous	hydrolysis	of	ATP,	(Latin,	Ligare	=	to	bind).	For	example,	Acetyl	CoA	+	CO2	+	ATP	→	Malonyl	CoA	+	ADP	+	Pi	Enzyme	is	Acetyl	CoA
carboxylase.	A	summary	of	classification	is	given	in	Box	5.1.	The	differences	between	synthetase	and	synthase	are	shown	in	Box	5.2.	Fig.	5.1.	One	co-enzyme	molecule	can	work	with	different	enzymes	Chapter	5;	Enzymology:	General	Concepts	and	Enzyme	Kinetics		43	Table	5.1.	Examples	of	co-enzymes	Co-enzyme	Group	transferred	Thiamine
pyrophosphate	(TPP)	Hydroxy	ethyl	Pyridoxal	phosphate	(PLP)	Amino	group	Biotin	Carbon	dioxide	Coenzyme-A	(Co-A)	Acyl	groups	Tetra	hydrofolate	(FH4)	One	carbon	groups	Adenosine	triphosphate	(ATP)	Phosphate	ii.	The	reversible	reaction	of	lactate	to	pyruvate	is	catalyzed	by	the	enzyme	lactate	dehydrogenase,	but	the	actual	transfer	of	hydrogen
is	taking	place	on	the	co-enzyme,	NAD+	(Fig.	5.2A).	iii.	In	this	case,	two	hydrogen	atoms	are	removed	from	lactate,	out	of	which	one	hydrogen	and	two	electrons	are	accepted	by	the	NAD+	to	form	NADH,	and	the	remaining	H+	is	released	into	the	surrounding	medium.	The	hydrogen	is	accepted	by	the	nicotinamide	group	as	shown	in	Figure	5.2B
Second	Group	of	Co-enzymes	These	co-enzymes	take	part	in	reactions	transferring	groups	other	than	hydrogen.	A	particular	group	or	radical	is	transferred	from	the	substrate	to	another	substrate.	Most	of	them	belong	to	vitamin	B	complex	group.	A	few	such	examples	are	given	in	Table	5.1.	Fig.	5.2A.	Reaction	of	lactate	dehydrogenase	Fig.	5.2B.
NAD+	accepts	hydrogen	Fig.	5.3.	Structure	of	ATP	Adenosine	Triphosphate	(ATP)	i.	ATP	is	considered	to	be	the	energy	currency	in	the	body.	Fiske	and	Subba	Row	first	isolated	ATP	in	1926	and	Lohmann	in	1929	showed	the	importance	of	ATP	in	muscle	contraction.	ii.	In	the	ATP	molecule,	the	second	and	third	phosphate	bonds	are	‘high	energy'
bonds	(as	shown	with	squiggle	bonds	in	Fig.	5.3).	iii.	During	the	oxidation	of	food	stuffs,	energy	is	released,	a	part	of	which	is	stored	as	chemical	energy	in	the	form	of	ATP.	iv.	The	endergonic	reactions	are	carried	out	with	the	help	of	energy	released	from	hydrolysis	of	ATP.	Hexokinase	Glucose	Glucose-6phosphate	ATP	ADP	Metallo-enzymes	i.	These
are	enzymes	which	require	certain	metal	ions	for	their	activity.	Some	examples	are	given	in	Table	5.2.	ii.	In	certain	cases,	e.g.	copper	in	Tyrosinase,	the	metal	is	tightly	bound	with	the	enzyme.	iii.	In	other	cases,	even	without	the	metal	ion,	enzyme	may	be	active;	but	when	the	metal	ion	is	added,	the	activity	is	enhanced.	They	are	called	ion-activated
enzymes,	e.g.	calcium	ions	will	activate	pancreatic	lipase.	Co-factors	The	term	co-factor	is	used	as	a	collective	term	to	include	co-enzymes	and	metal	ions.	Co-enzyme	is	an	organic	co-factor.	44		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	Table	5.2.	Metallo-enzymes	Metal	Enzyme	containing	the	metal	Zinc	Carbonic	anhydrase,	carboxy
peptidase,	alcohol	dehydrogenase	Magnesium	Hexokinase,	phospho	fructo	kinase,	enolase,	glucose-6-phosphatase	Manganese	Phospho	gluco	mutase,	hexokinase,	enolase,	glycosyl	transferases	Copper	Tyrosinase,	cytochrome	oxidase,	lysyl	oxidase,	superoxide	dismutase	Iron	Cytochrome	oxidase,	catalase,	peroxidase,	xanthine	oxidase	Calcium
Lecithinase,	lipase	Molybdenum	Xanthine	oxidase	MODE	OF	ACTION	OF	ENZYMES	There	are	a	few	theories	explaining	the	mechanism	of	action	of	enzymes.	Perhaps	each	of	them	tries	to	view	the	fact	from	different	perspectives	to	explain	a	particular	aspect	of	the	action.	1.	Lowering	of	Activation	Energy	i.	Enzymes	lower	the	energy	of	activation.	ii.
Activation	energy	is	defined	as	the	energy	required	to	convert	all	molecules	of	a	reacting	substance	from	the	ground	state	to	the	transition	state.	iii.	Substrates	are	remaining	in	an	energy	trough,	and	are	to	be	placed	at	a	higher	energy	level,	whereupon	spontaneous	degradation	can	occur.	Suppose,	we	want	to	make	a	fire;	even	if	we	keep	a	flame,	the
wood	will	not	burn	Fig.	5.4.	Lowering	of	activation	energy	by	enzymes	initially;	we	have	to	add	kerosene	or	paper	for	initial	burning.	Similarly,	the	activation	energy	is	to	be	initially	supplied.	iv.	During	enzyme	substrate	binding,	weak	interactions	between	enzyme	and	substrate	are	optimized.	This	weak	binding	interaction	between	enzyme	and
substrate	provides	the	major	driving	force	for	the	enzymatic	catalysis.	v.	Enzymes	reduce	the	magnitude	of	this	activation	energy.	This	can	be	compared	to	making	a	tunnel	in	a	mountain,	so	that	the	barrier	could	be	lowered	(Fig.	5.4).	For	example,	activation	energy	for	acid	hydrolysis	of	sucrose	is	26,000	cal/mol,	while	the	activation	energy	is	only
9,000	cal/mol	when	hydrolyzed	by	sucrase.	2.	Acid	Base	Catalysis	Protonated	form	of	histidine	is	an	example	of	a	general	acid	and	its	conjugate	base,	the	general	base	(Fig.	5.5).	The	action	of	ribonuclease	is	an	example	of	acid-base	catalysis.	Histidine	residues	12	and	119	at	the	active	site	of	ribonuclease	function	as	acid	and	base	in	catalysis.	Histidine
12	acts	as	an	acid	and	donates	a	proton	to	form	the	basic	form.	Then	the	2’-3’	cyclic	phosphate	is	formed.	Histidine	112	accepts	a	proton	from	the	cyclic	phosphate	and	product	is	released.	In	the	enzymes	of	aspartyl	protease	family,	catalysis	involves	two	aspartyl	residues,	which	act	as	acid-base	catalysts.	Catalysis	by	pepsin,	cathepsin	and	protease	of
HIV	(human	immunodeficiency	virus)	belong	to	this	group	of	enzymes.	3-A.	Substrate	Strain	Binding	of	substrate	to	a	preformed	site	on	the	enzyme	can	induce	strain	in	the	substrate.	The	energy	level	of	the	substrate	is	raised.	A	combination	of	substrate	strain	and	acid	base	catalysis	is	seen	in	the	action	of	lysozyme.	The	lysozyme	substrate	has	a
repeating	hexasaccharide	unit.	Binding	of	the	substrate	to	the	enzyme	generates	a	strained	conformation	in	the	enzyme	substrate	complex	(D	in	Fig.	5.6).	In	the	transition	state,	acid	catalyzed	hydrolysis	of	the	glycosidic	linkage	by	a	glutamic	acid	residue	at	the	active	site	generates	a	carbonium	ion	on	the	D	residue.	This	relieves	the	strain	generated
in	the	initial	enzyme-substrate	complex.	This	results	in	the	change	from	transition	state	to	products.	The	glycosidic	bond	between	N-acetyl	glucosamine	and	Nacetyl	muramic	acid	on	the	bacterial	cell	wall	is	thus	hydrolyzed.	This	accounts	for	bactericidal	action	of	lysozyme.	Lysozyme	was	purified	and	studied	by	Howard	Florey	(Nobel	prize,	1945).	3-B.
Serine	proteases	They	are	enzymes	with	a	serine	residue	at	the	active	site	and	most	of	the	proteolytic	enzymes	belong	to	this	group,	e.g.	trypsin,	chymotrypsin,	clotting	factors	(Table	5.3).	Chapter	5;	Enzymology:	General	Concepts	and	Enzyme	Kinetics		45	Fig.	5.5.	Acid	base	catalysis	with	the	help	of	histidine	3-C.	Action	of	chymotrypsin	It	is	a
combination	of	covalent	and	acid	base	catalysis.	The	peptide	bond	is	hydrolyzed	through	acid	catalyzed	nucleophilic	attack,	utilising	the	serine	195	residue	of	the	enzyme.	The	enzyme	substrate	complex	is	formed	by	the	binding	of	the	aromatic	amino	acid	residue	with	the	hydrophilic	pocket	on	the	active	site	on	the	enzyme.	A	covalent	acyl	enzyme
intermediate	is	formed.	Cleavage	of	the	peptide	bond	occurs.	Serine	195,	Histidine	57	and	Aspartate	102	are	the	catalytic	groups.	4.	Covalent	catalysis	In	covalent	catalysis,	a	nucleophilic	(negatively	charged)	or	electrophilic	(positively	charged)	group	of	the	enzyme	attacks	the	substrate.	This	results	in	covalent	binding	of	the	substrate	to	the	enzyme.
Similarly,	co-enzymes	often	form	covalent	bonds	with	the	substrates.	5.	Entropy	effect	Enzymes	enhance	reaction	rates	by	decreasing	entropy.	When	correctly	positioned	and	bound	on	the	enzyme	surface,	the	substrates	are	strained	to	the	transition	state.	This	is	referred	to	as	the	proximity	effect.	Chemical	reactions	need	physical	apposition	of	two
reactants.	The	occurrence	of	collision	between	two	substrate	molecules	is	determined	by	statistical	probability.	Since	substrates	usually	are	present	in	low	concentrations,	the	collision	probability	is	less	and	hence	the	reaction	velocity	is	low.	But	a	complex	formation	between	the	Fig.	5.6.	Active	center	of	Lysozyme.	A,B,C,D,E,F	are	carbohydrate	units
(substrate).	D	=	N-acetyl	muramic	acid;	E=	N-acetyl	glucosamine.	Bond	is	broken	between	D	and	E,	with	the	help	of	Glu	and	Asp	residues	in	the	enzyme,	which	are	opposite	to	each	other	Fig.	5.7.	Enzyme	substrate	complex	enzyme	and	the	two	substrate	molecules	can	improve	the	collision	probabilities	many	fold,	causing	the	rapid	rate	of	reaction.	6.
Product	Substrate	Orientation	Theory	Enzyme	has	appropriate	three	dimensional	structure	to	keep	the	substrates	in	a	specific	orientation,	such	that	the	reactive	groups	come	in	to	physical	apposition,	leading	to	speedy	reactions	(Fig.	5.8).	It	has	been	shown	that	the	hydroxyl	group	of	the	6th	carbon	atom	of	glucose	and	the	terminal	phosphate	group
of	ATP	are	juxtaposed	with	the	help	of	hexokinase.	MICHAELIS–MENTEN	THEORY	i.	In	1913,	Michaelis	and	Menten	put	forward	the	Enzyme–Substrate	complex	theory.	Accordingly,	the	enzyme	(E)	combines	with	the	substrate	(S),	to	form	an	enzyme-substrate	(ES)	complex,	which	immediately	breaks	down	to	the	enzyme	and	the	product	(P)	(Fig.
5.7).	E	+	S		E–S	Complex	→	E	+	P	ii.	Alkaline	phosphatase	hydrolyses	a	number	of	phosphate	esters	including	glucose-6-	Fig.	5.8.	Correct	alignment	of	amino	acids	in	the	active	center	of	the	enzyme	46		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	Fig.	5.9.	Fischer’s	template	theory	phosphate.	The	active	center	of	this	enzyme	contains	a
serine	residue,	and	the	reaction	is	taking	place	in	the	following	two	steps:	a.	E-Serine-OH+Glucose-6-P→	E-Serine-O-P+Glucose	b.	E-Serine-O-P	→	E-Serine-OH+Pi	Thus	the	overall	reaction	is	Glucose-6-P	→	Glucose	+	Pi	In	this	reaction	mixture,	the	enzyme	substrate	complex,	E-Serine-O-P,	has	been	isolated.	FISCHER'S	TEMPLATE	THEORY	i.	It	states
that	the	three	dimensional	structure	of	the	active	site	of	the	enzyme	is	complementary	to	the	substrate.	ii.	Thus	enzyme	and	substrate	fit	each	other.	Substrate	fits	on	the	enzyme,	similar	to	lock	and	key.	The	lock	can	be	opened	by	its	own	key	only	(Figs	5.9	and	5.10).	iii.	However,	Fischer	envisaged	a	rigid	structure	for	enzymes,	which	could	not
explain	the	flexibility	shown	by	enzymes.	Fig.	5.10.	Enzyme	and	substrate	are	specific	to	each	other.	This	is	similar	to	key	and	lock	(Fischer's	theory)	KOSHLAND'S	INDUCED	FIT	THEORY	i.	Conformational	changes	are	occurring	at	the	active	site	of	enzymes	concomitant	with	the	combination	of	enzyme	with	the	substrate.	At	first,	substrate	binds	to	a
specific	part	of	the	enzyme.	ii.	This	leads	to	more	secondary	binding	and	conformational	changes.	The	substrate	induces	conformational	changes	in	the	enzyme,	such	that	precise	orientation	of	catalytic	groups	is	effected	(Fig.	5.8).	A	simplified	explanation	is	that	a	glove	is	put	on	a	hand.	At	first,	the	glove	is	in	a	partially	folded	position,	but	hand	can
enter	into	it.	When	the	hand	is	introduced,	the	glove	is	further	opened.	Similarly,	conformational	changes	occur	in	the	enzyme	when	the	substrate	is	fixed.	iii.	When	substrate	analog	is	fixed	to	the	enzyme,	some	structural	alteration	may	occur;	but	reaction	does	not	take	place	due	to	lack	of	proper	alignment	(Fig.	5.8).	Allosteric	regulation	can	also	be
explained	by	the	hypothesis	of	Koshland.	ACTIVE	SITE	OR	ACTIVE	CENTER	OF	ENZYME	Catalysis	occurs	at	the	active	center	or	active	site..	Salient	features	are	shown	in	Box	5.4.	See	Tables	5.3,	5.4	and	Fig.	5.8	also.	Fig.	5.11.	Koshland’s	induced	fit	theory	Chapter	5;	Enzymology:	General	Concepts	and	Enzyme	Kinetics		47	Table	5.4.	Active	center
of	enzymes	Active	Site	of	Ribonuclease	The	catalytic	site	of	ribonuclease	also	lies	within	a	hydrophobic	cleft,	where	7th	Lysine	and	41st	Lysine	lie	on	one	side	and	12th	Histidine	and	119th	Histidine	on	the	opposite	side	of	the	binding	site	for	uridylic	acid.	These	active	groups	are	brought	to	the	specific	orientation	by	the	tertiary	structure	of	the
protein.	The	amino	acid	sequence	and	active	conformation	of	ribonuclease	were	studied	by	Christian	Anfinsen,	Stanford	Moore	and	William	Stein,	all	three	were	awarded	Nobel	prize	in	1972.	Proteolytic	enzymes	having	a	serine	residue	at	the	active	center	are	called	serine	proteases,	e.g.	pancreatic	proteases	(Table	5.3),	and	coagulation	factors.
Other	examples	are	given	in	Table	5.4.	THERMODYNAMIC	CONSIDERATIONS	From	the	standpoint	of	energy,	the	enzymatic	reactions	are	divided	into	3	types:	1.	Exergonic	or	Exothermic	Reaction	Here	energy	is	released	from	the	reaction,	and	therefore	reaction	essentially	goes	to	completion,	e.g.	urease	enzyme:	Urea	-----------→	ammonia	+	CO2	+
energy	At	equilibrium	of	this	reaction,	the	substrate	will	be	only	0.5%	and	product	will	be	99.5%.	Such	reactions	are	generally	irreversible.	2.	Isothermic	Reaction	When	energy	exchange	is	negligible,	and	the	reaction	is	easily	reversible,	e.g.	Pyruvate	+	2H		Lactate	3.	Endergonic	or	endothermic	Energy	is	consumed	and	external	energy	is	to	be
supplied	for	these	reactions.	In	the	body	this	is	usually	accomplished	Table	5.3.	Proteases	Type	Example	Serine	proteases	Trypsin,	Chymotrypsin,	Clotting	factors	Cysteine	proteases	Papain	Aspartyl	proteases	Renin,	retroviral	proteases	Carboxyl	proteases	Pepsin	Metalloproteases	Carboxy	peptidases	Protease	inhibitors	used	as	drugs:	ACE	inhibitor
(Captopril),	HIV	protease	inhibitor	(Retonavir)	Name	of	enzyme	Important	amino	acid	at	the	catalytic	site	Chymotrypsin	His	(57),	Asp	(102),	Ser	(195)	Trypsin	Serine,	Histidine	Thrombin	Serine,	Histidine	Phosphoglucomutase	Serine	Alkaline	phosphatase	Serine	Acetyl	cholinesterase	Serine	Carbonic	anhydrase	Cysteine	Hexokinase	Histidine
Carboxypeptidase	Histidine,	Arginine,	Tyrosine	Aldolase	Lysine	by	coupling	the	endergonic	reaction	with	an	exergonic	reaction,	e.g.	Hexokinase	catalyses	the	following	reaction:	Glucose	+	ATP	→	Glucose-6-phosphate	+	ADP	ENZYME	KINETICS	Velocity	or	rate	of	enzyme	reaction	is	assessed	by	the	rate	of	change	of	substrate	to	product	per	unit	time.
In	practice,	initial	velocity	is	Box	5.4.	Active	Center	of	Enzyme	1.	The	region	of	the	enzyme	where	substrate	binding	and	catalysis	occurs	is	referred	to	as	active	site	or	active	center	(Tables	5.3	and	5.4).	2.	Although	all	parts	are	required	for	keeping	the	exact	three	dimensional	structure	of	the	enzyme,	the	reaction	is	taking	place	at	the	active	site.	The
active	site	occupies	only	a	small	portion	of	the	whole	enzyme.	3.	Generally	active	site	is	situated	in	a	crevice	or	cleft	of	the	enzyme	molecule	(Fig.	5.8).	To	the	active	site,	the	specific	substrate	is	bound.	The	binding	of	substrate	to	active	site	depends	on	the	alignment	of	specific	groups	or	atoms	at	active	site.	4.	During	the	binding,	these	groups	may
realign	themselves	to	provide	the	unique	conformational	orientation	so	as	to	promote	exact	fitting	of	substrate	to	the	active	site	(Fig.	5.8).	5.	The	substrate	binds	to	the	enzyme	at	the	active	site	by	non-covalent	bonds.	These	forces	are	hydrophobic	in	nature.	6.	The	amino	acids	or	groups	that	directly	participate	in	making	or	breaking	the	bonds
(present	at	the	active	site)	are	called	catalytic	residues	or	catalytic	groups.	7.	The	active	site	contains	substrate	binding	site	and	catalytic	site;	sometimes	these	two	may	be	separate.	48		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	Box	5.5.	Derivation	of	Equilibrium	Constant	V	α	[A]	[B]	At	equilibrium,	forward	reaction	and	backward
reaction	are	equal,	so	that	K1	A+B	C+D	K2	Forward	reaction	R1	and	backward	reaction	R2	At	equilibrium,	R1	Or,	K1	[A]	[B]	=	=	=	=	Or,	K1	=	[C]	[D]	K2	[A]	[B]	=	K1	[A]	[B]	K2	[C]	[D]	R2	K2	[C]	[D]	Keq	or	Equilibrium	constant.	determined.	If	much	time	is	allowed	to	lapse,	the	velocity	may	tend	to	fall	due	to	decrease	in	substrate	concentration	below
a	critical	level.	The	velocity	is	proportional	to	the	concentration	of	reacting	molecules.	A	+	B	-------------------------→	C	+	D	If	concentration	of	A	or	B	is	doubled,	the	rate	of	reaction	is	also	doubled.	If	concentrations	of	A	and	B	are	doubled	together,	the	velocity	becomes	4fold.	(Box	5.5).	The	following	facts	can	be	derived	from	the	equations	given	in	the	Box:
1.	The	equilibrium	constant	of	the	reaction	is	the	ratio	of	reaction	rate	constants	of	forward	and	backward	reactions.	2.	At	equilibrium,	forward	and	backward	reactions	are	equal.	Equilibrium	is	a	dynamic	state.	Even	though	no	net	change	in	concentrations	of	substrate	and	product	occurs,	molecules	are	always	interconverted.	3.	Numerical	value	of
the	constant	can	be	calculated	by	finding	the	concentrations	of	substrates	and	products.	4.	If	Keq	is	more	than	1,	the	forward	reaction	is	favored.	In	such	instances,	the	reaction	is	spontaneous	and	exothermic.	5.	Concentration	of	enzyme	does	not	affect	the	Keq.	Concentration	of	enzyme	certainly	increases	the	rate	of	reaction;	but	not	the	Keq	or	the
ultimate	state.	In	other	words,	enzyme	makes	it	quicker	to	reach	the	equilibrium.	Catalysts	increase	the	rate	of	reaction,	but	do	not	alter	the	equilibrium.	Box	5.6.	Derivation	of	Michaelis	Constant	(Km)	K1	K3	E	+	S←	-------------->	E--S	--------------->	E	+	P	K2	If	concentration	of	substrate	is	increased,	the	forward	reaction	K1	is	increased,	and	so	K3	as	well
as	total	velocity	is	correspondingly	enhanced.	The	three	different	constants	may	be	made	into	one	equation,	Km	=	K2	+	K3	K1	Km	is	called	as	Michaelis	Constant.	It	is	further	shown	that	Velocity	(v)	=	Vmax	[S]	Km	+	[S]	When	concentration	of	substrate	is	made	equal	to	Km,	i.e.	When	[S]	=	Km	Velocity	(v)	=	Vmax	[S]	=	Vmax	[S]	=	Vmax	[S]	+	[S]	2
[S]	2	or	v	=	½	Vmax	FACTORS	INFLUENCING	ENZYME	ACTIVITY	The	various	factors	which	affect	enzyme	activity	are	enumerated	in	Box	5.7.	These	are	explained	below.	1.	Enzyme	Concentration	i.	Rate	of	a	reaction	or	velocity	(V)	is	directly	proportional	to	the	enzyme	concentration,	when	sufficient	substrate	is	present.	Velocity	of	reaction	is
increased	proportionately	with	the	concentration	of	enzyme,	provided	substrate	concentration	is	unlimited	(Fig.	5.12).	ii.	Hence,	this	property	is	made	use	of	in	determining	the	level	of	particular	enzyme	in	plasma,	serum	or	tissues.	iii.	Known	volume	of	serum	is	incubated	with	substrate	for	a	fixed	time,	then	reaction	is	Box	5.7.	Factors	Affecting
Enzyme	Activity	1.	2.	3.	4.	5.	6.	7.	8.	9.	Enzyme	concentration	Substrate	concentration	Product	concentration	Temperature	Hydrogen	ion	concentration	(pH)	Presence	of	activators	Presence	of	inhibitors	Presence	of	repressor	or	derepressor.	Covalent	modification	Chapter	5;	Enzymology:	General	Concepts	and	Enzyme	Kinetics		49	Fig.	5.12.	Effect	of
enzyme	concentration	stopped	and	product	is	quantitated	(end	point	method).	Since	the	product	formed	will	be	proportional	to	the	enzyme	concentration,	the	latter	could	be	assayed.	2.	Effect	of	Substrate	Concentration	In	a	series	of	test	tubes,	equal	volume	of	enzyme	solution	is	taken,	but	increasing	quantity	of	substrate	is	added	and	the	rate	of
reaction	is	assayed	in	each	tube.	The	velocity	(v)	is	expressed	in	micromoles	of	substrate	converted	per	minute.	If	the	velocity	is	plotted	against	the	substrate	concentration,	a	typical	curve	(Fig.	5.13A)	will	be	obtained.	As	substrate	concentration	is	increased,	the	velocity	is	also	correspondingly	increased	in	the	initial	phases;	but	the	curve	flattens
afterwards.	This	is	explained	in	the	Figure	5.13B.	At	lower	concentrations	of	substrate	(point	A	in	the	curve),	some	enzyme	molecules	are	remaining	idle.	As	substrate	is	increased,	more	and	more	enzyme	molecules	are	working.	At	half-maximal	velocity,	50%	enzymes	are	attached	with	substrate	(point	B	in	the	curve).	As	more	substrate	is	added,	all
enzyme	molecules	are	saturated	(point	C).	Further	increase	in	substrate	cannot	make	any	effect	in	Fig.	5.13A.	Effect	of	substrate	concentration	(substrate	saturation	curve)	Fig.	5.13B.	Effect	of	substrate	concentration	on	enzyme	activity	the	reaction	velocity	(point	D).	The	maximum	velocity	obtained	is	called	Vmax	(Fig.	5.13B).	It	represents	the
maximum	reaction	rate	attainable	in	presence	of	excess	substrate	(at	substrate	saturation	level).	2-A.	Michaelis	Constant	According	to	Michaelis	theory,	the	formation	of	enzyme–	substrate	complex	is	a	reversible	reaction,	while	the	breakdown	of	the	complex	to	enzyme	+	product	is	irreversible.	(See	the	derivation	of	the	Michaelis	constant	in	Box	5.6).
In	the	Fig.	5.14,	50%	velocity	in	Y	axis	is	extrapolated	to	the	corresponding	point	on	X-axis,	Fig.	5.14.	Effect	of	enzyme	concentration	on	Km	50		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	Box	5.8.	Salient	Features	of	Km	1.	Km	value	is	substrate	concentration	(expressed	in	moles/L)	at	half-maximal	velocity.	2.	It	denotes	that	50%	of
enzyme	molecules	are	bound	with	substrate	molecules	at	that	particular	substrate	concentration	(Fig.	5.13B).	3.	Km	is	independent	of	enzyme	concentration.	If	enzyme	concentration	is	doubled,	the	Vmax	will	be	double	(Fig.	5.14).	But	the	Km	will	remain	exactly	same.	In	other	words,	irrespective	of	enzyme	concentration,	50%	molecules	are	bound	to
substrate	at	that	particular	substrate	concentration.	4.	Km	is	the	Signature	of	the	Enzyme.	Km	value	is	thus	a	constant	for	an	enzyme.	It	is	the	characteristic	feature	of	a	particular	enzyme	for	a	specific	substrate.	5.	The	affinity	of	an	enzyme	towards	its	substrate	is	inversely	related	to	the	dissociation	constant,	Kd	for	the	enzyme–substrate	complex.	K1
K3	E	+	S	-----→	E–S	complex	---------→	E	+	P	K2	K2	K2	+	K3	Kd	=	and	Km	=	K1	K1	Therefore,	the	smaller	the	tendency	for	the	dissociation	of	the	complex,	the	greater	is	the	affinity	of	the	enzyme	for	the	substrate.	6.	Km	denotes	the	affinity	of	enzyme	for	substrate.	The	lesser	the	numerical	value	of	Km,	the	affinity	of	the	enzyme	for	the	substrate	is
more.	which	gives	the	numerical	value	of	Km.	Salient	features	of	Km	value	are	shown	in	Box	5.8.	The	lesser	the	numerical	value	of	Km,	the	affinity	of	the	enzyme	for	the	substrate	is	more.	To	cite	an	example,	Km	of	glucokinase	is	10	mmol/	L	and	that	of	hexokinase	is	0.05	mmol/L.	Therefore,	50%	molecules	of	hexokinase	are	saturated	even	at	a	lower
concentration	of	glucose.	In	other	words,	hexokinase	has	more	affinity	for	glucose	than	glucokinase.	2-B.	Double	Reciprocal	Plot	Sometimes	it	is	impractical	to	achieve	high	substrate	concentrations	to	reach	the	maximal	velocity	conditions.	So,	½Vmax	or	Km	may	be	difficult	to	determine.	Then,	the	experimental	data	at	lower	concentrations	is	plotted
as	reciprocals.	The	straight	line	thus	obtained	is	extrapolated	to	get	the	reciprocal	of	Km.	This	is	called	Lineweaver–Burk	Plot	or	Double	Reciprocal	Plot	which	can	be	derived	from	the	MichaelisMenten	equation	(For	Lineweaver-Burk	equation,	Box	5.9).	If	we	plot	1/v	against	1/	[S],	it	will	give	a	straight	line	graph	as	shown	in	Figure	5.15.	Intercept	in	X
axis	is	minus	1/Km,	from	which	the	Km	can	be	calculated.	2-C.	Dixon	Plot	The	velocity	(V)	is	measured	at	several	concentrations	of	inhibitor	(I),	when	the	substrate	(S)	concentration	is	kept	constant.	It	is	used	for	determining	inhibition	constants.	A	plot	of	1/V	versus	[	I	]	yields	a	straight	line.	The	experiment	is	repeated	at	different	concentrations	of
substrates.	2-D.	Co-operative	binding	Some	enzymes	may	not	strictly	follow	the	Michaelis-Menten	kinetics.	When	the	enzyme	has	many	subunits,	and	binding	of	substrate	to	one	unit	enhances	the	affinity	for	binding	to	other	subunits	(co-operative	binding),	a	sigmoid	shaped	saturation	curve	is	obtained	(Fig.	5.16).	In	such	cases,	determination	of	Km
value,	as	shown	in	the	previous	paragraph,	will	be	invalid.	Instead	the	Hill	equation,	originally	described	for	explaining	the	oxygen	binding	to	Hemoglobin,	is	employed	(Hill	was	awarded	Nobel	prize	in	1922).	3.	Effect	of	Concentration	of	Products	In	a	reversible	reaction,	S		P,	when	equilibrium	is	reached,	as	per	the	law	of	mass	action,	the	reaction
Box	5.9.	Lineweaver-Burk	Equation	v	=	Vmax	[S]	Km	+	[S]	When	inverted,	the	equation	is:	1	=	Km	+	[S]	v	Vmax	[S]	Fig.	5.15.	Lineweaver-Burk	plot	=	Km	×	1	Vmax	[S]	=	Km	×	Vmax	+	[S]	Vmax	[S]	1	+	[	S]	1	Vmax	Chapter	5;	Enzymology:	General	Concepts	and	Enzyme	Kinetics		51	Fig.	5.16.	Sigmoid	substrate-saturation	kinetics	of	co-operative
binding	rate	is	slowed	down.	So,	when	product	concentration	is	increased,	the	reaction	is	slowed,	stopped	or	even	reversed.	In	inborn	errors	of	metabolism,	one	enzyme	of	a	metabolic	pathway	is	blocked.	For	example,	E1	E2	E3	A	-------→	B	----------→	C	-------||------→	D	If	E3	enzyme	is	absent,	C	will	accumulate,	which	in	turn,	will	inhibit	E2.	Consequently,
in	course	of	time,	the	whole	pathway	is	blocked.	4.	Effect	of	Temperature	The	velocity	of	enzyme	reaction	increases	when	temperature	of	the	medium	is	increased;	reaches	a	maximum	and	then	falls	(Bell	shaped	curve).	The	temperature	at	which	maximum	amount	of	the	substrate	is	converted	to	the	product	per	unit	time	is	called	the	optimum
temperature	(Fig.	5.17).	As	temperature	is	increased,	more	molecules	get	activation	energy,	or	molecules	are	at	increased	rate	of	motion.	So	their	collision	probabilities	are	increased	and	so	the	reaction	velocity	is	enhanced.	The	temperature	coefficient	(Q10)	is	the	factor	by	which	the	rate	of	catalysis	is	increased	by	a	rise	in	10°C.	Generally,	the	rate
of	reaction	of	most	enzymes	will	double	by	a	rise	in	10°C.	Fig.	5.17.	Effect	of	temperature	on	velocity	Fig.	5.18.	Effect	of	pH	on	enzyme	velocity	But	when	temperature	is	more	than	50°C,	heat	denaturation	and	consequent	loss	of	tertiary	structure	of	protein	occurs.	So	activity	of	the	enzyme	is	decreased.	Most	human	enzymes	have	the	optimum
temperature	around	37°C.	Certain	bacteria	living	in	hot	springs	will	have	enzymes	with	optimum	temperature	near	100°C.	5.	Effect	of	pH	Each	enzyme	has	an	optimum	pH,	on	both	sides	of	which	the	velocity	will	be	drastically	reduced.	The	graph	will	show	a	bell	shaped	curve	(Fig.	5.18).	The	pH	decides	the	charge	on	the	amino	acid	residues	at	the
active	site.	The	net	charge	on	the	enzyme	protein	would	influence	substrate	binding	and	catalytic	activity.	Optimum	pH	may	vary	depending	on	the	temperature,	concentration	of	substrate,	presence	of	ions	etc.	Usually	enzymes	have	the	optimum	pH	between	6	and	8.	Some	important	exceptions	are	pepsin	(with	optimum	pH	1-2);	alkaline	phosphatase
(optimum	pH	9-10)	and	acid	phosphatase	(4-5).	6.	Enzyme	Activation	6-A.	In	presence	of	certain	inorganic	ions,	some	enzymes	show	higher	activity.	Thus	chloride	ions	activate	salivary	amylase	and	calcium	activate	lipases.	6-B.	Another	type	of	activation	is	the	conversion	of	an	inactive	pro-enzyme	or	zymogen	to	the	active	enzyme.	i.	By	splitting	a
single	peptide	bond,	and	removal	of	a	small	polypeptide	from	trypsinogen,	the	active	trypsin	is	formed.	This	results	in	unmasking	of	the	active	center.	52		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	Fig.	5.19.	Malonate	inhibits	succinate	dehydrogenase	enzyme	ii.	Similarly	Trypsin	activates	chymotrypsinogen,	to	form	active
chymotrypsin	and	two	peptides	(A	and	B	peptides).	As	a	result,	three	aminoacid	residues,	his(57),	asp(102)	and	ser(195)	that	are	far	apart	in	the	primary	sequence	are	aligned	at	the	active	site	and	take	part	in	the	catalytic	process.	iii.	All	the	gastrointestinal	enzymes	are	synthesized	in	the	form	of	pro-enzymes,	and	only	after	secretion	into	the
alimentary	canal,	they	are	activated.	This	prevents	autolysis	of	cellular	structural	proteins.	iv.	Coagulation	factors	are	seen	in	blood	as	zymogen	form,	their	activation	pathways	are	described	in	Chapter	28.	v.	Similar	activation	of	precursor	protein	is	taking	place	in	the	case	of	complement	components	(Chapter	49).	These	activities	are	needed	only
occasionally;	but	when	needed,	a	large	number	of	molecules	are	to	be	produced	instantaneously.	Hence,	the	cascade	system	of	chemical	amplification	of	such	factors.	7.	Enzyme	Inhibition	7-A.	Competitive	Inhibition	i.	Here	inhibitor	molecules	are	competing	with	the	normal	substrate	molecules	for	binding	to	the	active	site	of	the	enzyme,	because	the
inhibitor	is	a	structural	analog	of	the	substrate.	E	+	S		E-S	-------→	E	+	P	E	+	I		E-I	ii.	Since	E-I	(enzyme–inhibitor	complex)	can	react	only	to	reform	the	enzyme	and	inhibitor,	the	number	of	enzyme	molecules	available	for	E-S	formation	is	reduced.	Suppose	100	molecules	of	substrate	and	100	molecules	of	inhibitor	are	competing	for	100	molecules	of
the	enzyme.	So,	half	of	enzyme	molecules	are	trapped	by	the	inhibitor	and	only	half	the	molecules	are	available	for	catalysis	to	form	the	product.	iii.	Since	effective	concentration	of	enzyme	is	reduced,	the	reaction	velocity	is	decreased.	Fig.	5.20.	Substrate	saturation	curve	in	presence	and	absence	of	competitive	inhibitor	iv.	In	competitive	inhibition,
the	inhibitor	will	be	a	structural	analog	of	the	substrate.	There	will	be	similarity	in	three	dimensional	structure	between	substrate	(S)	and	inhibitor	(I).	For	example,	the	succinate	dehydrogenase	reaction	is	inhibited	by	malonate	(Fig.	5.19).	v.	Competitive	inhibition	is	usually	reversible.	Or,	excess	substrate	abolishes	the	inhibition.	In	the	previous
example	of	100	moles	of	E	and	100	moles	of	I,	if	900	moles	of	S	are	added,	only	1/10th	of	enzyme	molecules	are	attached	to	inhibitor	and	90%	are	working	with	substrate.	Thus	50%	inhibition	in	the	first	example	is	now	decreased	to	10%	inhibition	(Fig.	5.20).	vi.	From	the	graphs,	it	is	obvious	that	in	the	case	of	competitive	inhibition,	the	Km	is
increased	in	presence	of	competitive	inhibitor.	Thus	competitive	inhibitor	apparently	increases	the	Km.	In	other	words,	the	affinity	of	the	enzyme	towards	substrate	is	apparently	decreased	in	presence	of	the	inhibitor.	vii.	But	Vmax	is	not	changed.	Clinical	significance	of	such	inhibition	is	shown	in	Box	5.10.	7-B.	Non-competitive	Inhibition
(Irreversible)	i.	A	variety	of	poisons,	such	as	iodoacetate,	heavy	metal	ions	(lead,	mercury)	and	oxidising	agents	act	as	irreversible	non-competitive	Chapter	5;	Enzymology:	General	Concepts	and	Enzyme	Kinetics		53	Box	5.10.	Clinical	Importance	of	Inhibition	1.	Pharmacological	action	of	many	drugs	may	be	explained	by	the	principle	of	competitive
inhibition.	A	few	important	examples	are	given	below:	2.	Sulphonamides:	They	are	commonly	employed	antibacterial	agents	(Fig.5.21).	Bacteria	synthesise	folic	acid	by	combining	PABA	with	pteroyl	glutamic	acid.	Bacterial	wall	is	impermeable	to	folic	acid.	Sulpha	drugs,	being	structural	analog	of	PABA,	will	inhibit	the	folic	acid	synthesis	in	bacteria,
and	they	die.	The	drug	is	nontoxic	to	human	cells,	because	human	beings	cannot	synthesize	folic	acid.	Preformed	folic	acid	is	essential	for	man.	Antibacterial	effect	of	sulpha	drug	was	studied	by	Gerhard	Domagk,	(Nobel	prize	1939).	3.	Methotrexate:	It	is	4-amino-N10	-methyl	folic	acid.	It	is	a	structural	analogue	of	folic	acid,	and	so	can	competitively
inhibit	folate	reductase	enzyme	(Chapter	34).	This	is	essential	for	DNA	synthesis	and	cell	division.	Therefore,	methotrexate	is	used	as	an	anticancer	drug.	4.	Dicoumarol:	It	is	structurally	similar	to	vitamin	K	and	can	act	as	an	anticoagulant	by	competitively	inhibiting	the	vitamin	K	activity	(Chapter	33).	5.	Isonicotinic	acid	hydrazide	(INH):	It	is	a
commonly	used	antituberculous	drug.	It	is	structurally	similar	to	pyridoxal,	and	prolonged	use	of	INH	may	cause	pyridoxal	deficiency	and	peripheral	neuropathy	(Chapter	34).	A	selected	list	of	clinically	important	drugs	working	on	the	principle	of	competitive	inhibition	is	given	in	Table	5.5.	inhibitors.	There	is	no	competition	between	substrate	and
inhibitor.	See	Fig.	5.22.	ii.	The	inhibitor	usually	binds	to	a	different	domain	on	the	enzyme,	other	than	the	substrate	binding	site.	Since	these	inhibitors	have	no	structural	resemblance	to	the	substrate,	an	increase	in	the	substrate	concentration	generally	does	not	relieve	this	inhibition.	The	saturation	curve	of	this	type	of	inhibition	is	shown	in	Fig.	5.23.
A	comparison	of	the	two	Fig.	5.21.	Competitive	inhibition	types	of	inhibitions	is	shown	in	Table	5.6.	Examples	are:	iia.	Cyanide	inhibits	cytochrome	oxidase.	iib.	Fluoride	will	remove	magnesium	and	manganese	ions	and	so	will	inhibit	the	enzyme,	enolase,	and	consequently	the	glycolysis.	iic.	Iodoacetate	would	inhibit	enzymes	having-SH	group	in	their
active	centers.	iid.	BAL	(British	Anti	Lewisite;	dimercaprol)	is	used	as	an	antidote	for	heavy	metal	poisoning.	The	heavy	metals	act	as	enzyme	poisons	by	reacting	with	the	SH	group.	BAL	has	several	SH	groups	with	which	the	heavy	metal	ions	can	react	and	thereby	their	poisonous	effects	are	reduced.	iii.	The	inhibitor	combines	with	the	enzymes	by
forming	a	covalent	bond	and	then	the	reaction	becomes	irreversible.	The	velocity	(Vmax)	is	reduced.	But	Km	value	is	not	changed,	because	the	remaining	enzyme	molecules	have	the	same	affinity	for	the	substrate.	iv.	Increasing	the	substrate	concentration	will	abolish	the	competitive	inhibition,	but	will	not	abolish	non-competitive	inhibition.	Table	5.5.
Clinically	useful	Competitive	Inhibitors	Drug	Enzyme	inhibited	Clinical	use	Refer	chapter	1.	Allopurinol	xanthine	oxidase	gout	39	2.	Dicoumarol	vit.K-epoxidereductase	anticoagulant	33	3.	Penicillin	transpeptidase	bacteria	2	4.	Sulphonamide	pteroid	synthetase	bacteria	34	5.	Trimethoprim	FH2-reductase	bacteria	34	6.	Pyrimethamine	do	malaria	34	7.
Methotrexate	do	cancer	51	8.	6-mercaptopurine	adenylosuccinate	synthetase	cancer	51	9.	5-fluorouracil	thymidylate	synthase	cancer	51	10.	Azaserine	phosphoribosylamidotransferase	cancer	51	11.	Cytosine	arabinoside	DNA	polymerase	cancer	51	12.	Acyclovir	DNAP	of	virus	antiviral	42	13.	Neostigmine	ACh-esterase	myesthenia	23	14.	Alphamethyl
dopa	dopadecarboxylase	hypertension	17	15.	Lovastatin	reductase	HMGCoAlowering	cholesterol	12	16.	Oseltamiver	(Tamiflu)	Neuraminidase	Influenza	54		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	Table	5.6.	Comparison	of	two	types	of	inhibition	Competitive	inhibition	Non-competitive	inhibition	Acting	on	Active	site	May	or	may	not
Structure	of	inhibitor	Substrate	analog	Unrelated	molecule	Inhibition	is	Reversible	Generally	irreversible	Excess	substrate	Inhibition	relieved	No	effect	Km	Increased	No	change	Vmax	No	change	Decreased	Significance	Drug	action	Toxicological	Fig.	5.22.	Non-competitive	inhibition	7-C.	Uncompetitive	Inhibition	Here	inhibitor	does	not	have	any
affinity	for	free	enzyme.	Inhibitor	binds	to	enzyme–substrate	complex;	but	not	to	the	free	enzyme.	In	such	cases	both	Vmax	and	Km	are	decreased	(Fig.	5.24).	Inhibition	of	placental	alkaline	phosphatase	(Regan	iso-enzyme)	by	phenylalanine	is	an	example	of	uncompetitive	inhibition.	7-D.	Suicide	Inhibition	i.	It	is	a	special	type	of	irreversible	inhibition
of	enzyme	activity.	It	is	also	known	as	mechanism	based	inactivation.	The	inhibitor	makes	use	of	the	enzyme's	ii.	iii.	iv.	v.	Fig.	5.23.	Non-competitive	inhibition	own	reaction	mechanism	to	inactivate	it	(mechanism	based	inactivation).	In	suicide	inhibition,	the	structural	analog	is	converted	to	a	more	effective	inhibitor	with	the	help	of	the	enzyme	to	be
inhibited.	The	substrate-like	compound	initially	binds	with	the	enzyme	and	the	first	few	steps	of	the	pathway	are	catalyzed.	This	new	product	irreversibly	binds	to	the	enzyme	and	inhibits	further	reactions.	For	example,	ornithine	decarboxylase	(ODC)	catalyses	the	conversion	of	ornithine	to	putrescine	which	is	necessary	for	polyamine	synthesis
(Chapter	16).	When	the	ODC	in	trypanosoma	is	inhibited	multiplication	of	the	parasite	is	arrested.	Therefore,	inhibitors	of	ODC	enzyme	such	as	difluro	methyl	ornithine	(DFMO)	have	been	found	to	be	effective	against	trypanosomiasis	(sleeping	sickness).	DFMO	is	initially	inert,	but	on	binding	with	the	enzyme,	forms	irreversible	covalent	complex	with
the	co-enzyme	(pyridoxal	phosphate)	and	the	amino	acid	residues	of	the	enzyme.	In	mammalian	cells,	the	turnover	rate	of	ODC	is	very	high,	and	so	the	inhibition	by	DFMO	is	only	transient.	So	DFMO	kills	the	parasites	with	no	side-effects	to	the	patient.	A	similar	mechanism	is	observed	in	the	case	of	Allopurinol	which	is	oxidised	by	xanthine	oxidase	to



alloxanthine	that	is	a	strong	inhibitor	of	xanthine	oxidase	(Chapter	39).	Fig.	5.24.	Uncompetitive	inhibition	Chapter	5;	Enzymology:	General	Concepts	and	Enzyme	Kinetics		55	Box	5.11.	Salient	Features,	Allosteric	Inhibition	1.	The	inhibitor	is	not	a	substrate	analog.	2.	It	is	partially	reversible,	when	excess	substrate	is	added.	3.	Km	is	usually	increased.
4.	Vmax	is	reduced.	5.	The	effect	of	allosteric	modifier	is	maximum	at	or	near	substrate	concentration	equivalent	to	Km	(Fig.	5.26).	When	an	inhibitor	binds	to	the	allosteric	site,	the	configuration	of	catalytic	site	is	modified	such	that	substrate	cannot	bind	properly.	6.	Most	allosteric	enzymes	possess	quaternary	structure.	They	are	made	up	of	subunits,
e.g.	Aspartate	transcarbamoylase	has	6	subunits	and	pyruvate	kinase	has	4	subunits.	Examples	of	allosteric	enzymes	are	shown	in	Table	5.7.	vi.	The	anti-inflammatory	action	of	Aspirin	is	also	based	on	the	suicide	inhibition.	Arachidonic	acid	is	converted	to	prostaglandin	by	the	enzyme	Cyclo-oxygenase	(Chapter	13).	Aspirin	acetylates	a	serine	residue
in	the	active	center	of	cyclo-oxygenase,	thus	prostaglandin	synthesis	is	inhibited,	and	so	inflammation	subsides.	7-E.	Allosteric	Regulation	i.	Allosteric	enzyme	has	one	catalytic	site	where	the	substrate	binds	and	another	separate	allosteric	site	where	the	modifier	binds	(allo	=	other)	(Fig.	5.25).	ii.	Allosteric	and	substrate	binding	sites	may	or	may	not
be	physically	adjacent.	iii.	The	binding	of	the	regulatory	molecule	can	either	enhance	the	activity	of	the	enzyme	(allosteric	activation),	or	inhibit	the	activity	of	the	enzyme	(allosteric	inhibition).	iv.	In	the	former	case,	the	regulatory	molecule	is	known	as	the	positive	modifier	and	in	the	latter	case	as	the	negative	modifier.	v.	The	binding	of	substrate	to
one	of	the	subunits	of	the	enzyme	may	enhance	substrate	binding	by	other	subunits.	This	effect	is	said	to	be	positive	co-operativity.	If	the	binding	of	substrate	to	one	of	the	subunits	decreases	the	avidity	of	substrate	binding	by	other	sites,	the	effect	is	called	negative	co-operativity.	vi.	In	most	cases,	a	combination	is	observed,	resulting	in	a	sigmoid
shaped	curve	(Fig.	5.26).	Salient	features	of	allosteric	regulation	are	enumerated	in	Box	5.11.	Fig.	5.25.	Action	of	allosteric	enzymes	7-F.	Key	enzymes	i.	Body	uses	allosteric	enzymes	for	regulating	metabolic	pathways.	Such	a	regulatory	enzyme	in	a	particular	pathway	is	called	the	key	enzyme	or	rate	limiting	enzyme.	ii.	The	flow	of	the	whole	pathway
is	constrained	as	if	there	is	a	bottle	neck	at	the	level	of	the	key	enzyme.	iii.	The	allosteric	inhibitor	is	most	effective	when	substrate	concentration	is	low.	This	is	metabolically	very	significant.	When	more	substrate	molecules	are	available,	there	is	less	necessity	for	stringent	regulation.	Two	best	examples	are	given	in	detail	below:	a.	ALA	synthase
Succinyl	CoA	+	------------>	delta-	aminolevulinic	acid	Glycine	(ALA)	This	is	the	first	step	in	heme	biosynthesis.	The	end	product,	heme	will	allosterically	inhibit	the	ALA	synthase.	This	enzyme	is	the	key	enzyme	of	heme	synthesis	(Chapter	21).	Similarly,	b.	Aspartate	transcarbamoylase	Carbamoyl	phosphate	------->	Carbamoyl	+	Aspartate	aspartate	+	Pi
This	is	the	first	step	in	the	pathway	which	finally	produces	cytidine	triphosphate	(CTP)	(Chapter	39).	56		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	Fig.	5.26.	Allosteric	inhibition	CTP,	the	end	product	will	allosterically	inhibit	aspartate	transcarbamoylase.	There	is	no	structural	resemblance	between	aspartate	and	CTP.	Other	such
allosteric	enzymes	are	listed	in	Table	5.7.	7-G.	Feedback	Inhibition	The	term	feedback	inhibition	or	end-product	inhibition	means	that	the	activity	of	the	enzyme	is	inhibited	by	the	final	product	of	the	biosynthetic	pathway.	E1	E2	E3	A	-------→	B	--------→	C	---------→	D	In	this	pathway,	if	D	inhibits	E1,	it	is	called	feedback	inhibition.	For	example,	AMP
inhibits	the	first	step	in	purine	synthesis	(Chapter	39).	Usually	such	end	product	inhibition	is	effected	allosterically.	Table	5.7.	Examples	of	allosteric	enzymes	Enzyme	allosteric	inhibitor	allosteric	chapter	activator	1.	ALA	synthase	heme	21	2.	Aspartate	transcarbamoylase	CTP	3.	HMGCoA-reductase	Cholesterol	4.	Phosphofructo	kinase	ATP,	citrate
AMP,	F-2,6-P	5.	Pyruvate	carboxylase	ADP	AcetylCoA	9	6.	Acetyl	CoAcarboxylase	AcylCoA	Citrate	7.	Citrate	synthase	ATP	18	8.	Carbamoyl	phosphate	synthetase	I	NAG	14	9.	Carbamoyl	phosphate	synthetase	II	UTP	39	ATP	39	12	8-A.	Induction	Induction	is	effected	through	the	process	of	derepression.	The	inducer	will	relieve	the	repression	on	the
operator	site	and	will	remove	the	block	on	the	biosynthesis	of	the	enzyme	molecules.	Classical	example	is	the	induction	of	lactose-utilizing	enzymes	in	the	bacteria	when	the	media	contains	lactose	in	the	absence	of	glucose	(details	in	Chapter	42).	There	will	be	a	minimal	level	of	the	enzyme	inside	the	cell,	but	in	presence	of	the	inducer,	the	level	will	go
up	to	thousand	or	million	times	within	hours.	By	this	mechanism	nutrients	are	utilized	most	efficiently;	while	the	enzyme	synthesis	is	kept	to	the	optimum.	Tryptophan	pyrrolase	and	transaminases	are	induced	by	glucocorticoids.	Glucokinase	is	induced	by	insulin.	ALA	synthase	is	induced	by	barbiturates.	8-B.	Repression	Even	though	both	inhibition
and	repression	reduce	the	enzyme	velocity,	the	mechanisms	are	different.	In	the	case	of	inhibition,	the	inhibitor	acts	on	the	enzyme	directly;	the	inhibitory	activity	is	noticed	as	soon	as	the	inhibitor	is	added;	and	the	number	of	enzyme	molecules	is	not	changed	by	the	inhibitor.	On	the	contrary,	repressor	acts	at	the	gene	level;	the	effect	is	noticeable
only	after	a	lag	period	of	hours	or	days;	and	the	number	of	enzyme	molecules	is	reduced	in	the	presence	of	repressor	molecule.	Details	of	repression	are	given	in	Chapter	42.	A	summary	of	the	mechanism	of	repression	is	given	in	Figure	5.27.	The	key	enzyme	of	heme	synthesis,	ALA	synthase	is	autoregulated	by	the	heme	by	means	of	repression.	The
structural	gene	is	transcribed	and	later	translated	to	produce	the	enzyme	molecules.	The	transcription	process	starts	at	the	operator	site	when	it	is	free.	When	heme	is	not	available,	this	operator	site	is	open,	and	therefore	the	enzyme	is	being	synthesized.	When	heme	is	produced	in	plenty,	heme	acts	as	the	co-repressor	and	in	combination	with	an
apo-repressor,	heme	will	shut	off	the	operator	site.	Now	further	production	of	ALA	synthase	is	stopped.	9	11	9.	Covalent	Modification	The	activity	of	enzymes	may	be	increased	or	decreased	by	covalent	modification.	It	means,	either	addition	of	a	group	to	the	enzyme	protein	by	a	covalent	bond;	or	removal	of	a	group	by	cleaving	a	covalent	bond.
Zymogen	activation	by	partial	proteolysis	is	an	example	of	covalent	activation.	Addition	or	removal	of	a	particular	group	brings	about	covalent	Chapter	5;	Enzymology:	General	Concepts	and	Enzyme	Kinetics		57	modification	of	enzyme	protein.	This	is	a	reversible	reaction.	Commonest	type	of	covalent	modification	is	the	reversible	protein
phosphorylation.	The	phosphate	group	may	be	attached	to	serine,	threonine	or	tyrosine	residues.	When	hormone	binds	to	the	membrane	bound	receptor,	hormonereceptor	complex	(HR)	is	formed.	The	enzyme	adenylate	cyclase	is	activated.	This	activation	is	mediated	through	a	G	protein	(Chapter	44).	The	active	adenylate	cyclase	converts	ATP	to
cyclic	AMP	(cAMP)	which	acts	as	a	second	messenger.	It	activates	protein	kinase	(serine/threonine	kinase)	by	binding	to	the	regulatory	subunit	of	the	enzyme.	The	active	catalytic	subunit	will	phosphorylate	the	enzyme.	In	some	cases,	the	receptor	itself	has	tyrosine	kinase	activity	which	is	switched	on	when	hormone	binds	to	receptor,	e.g.	insulin.
Table	5.8	gives	a	partial	list	of	examples	of	such	activation	by	phosphorylation/dephosphorylation.	ADP	ribosylation	is	another	covalent	modification,	where	an	ADP-ribose	from	NAD+	is	added	to	enzyme	/	protein.	For	example,	ADP	ribosylation	of	alpha	subunit	of	G-protein	leads	to	inhibition	of	GTPase	activity;	hence	G	protein	remains	active.	Cholera
toxin	and	pertussis	toxin	act	through	ADP	ribosylation.	ADP	ribosylation	of	glyceralde-hyde-3-phosphate	dehydrogenase	results	in	inhibition	of	glycolysis.	10.	Stabilization	Enzyme	molecules	undergo	usual	wear	and	tear	and	finally	get	degraded.	Such	degradation	if	prevented	can	lead	to	increased	overall	enzyme	activity.	This	is	called	stabilization	of
enzyme.	Degradation	of	Tryptophan	pyrrolase	is	retarded	by	tryptophan.	Phospho	fructo	kinase	is	stabilized	by	growth	hormone.	Enzymes	having	SHgroups	(Papain,	Urease,	Succinate	dehydrogenase)	are	stabilized	by	glutathione	(G-SH).	11.	Compartmentalization	The	activity	of	enzymes	catalysing	the	different	steps	in	a	metabolic	pathway	may	be
regulated	by	compartmentalization	Fig.	5.27.	Repression	of	ALA	synthase	of	enzymes.	Certain	enzymes	of	the	pathway	may	be	located	in	mitochondria	whereas	certain	other	enzymes	of	the	same	pathway	are	cytoplasmic.	For	example	heme	synthesis	(Chapter	21),	urea	cycle	(Chapter	14)	gluconeogenesis	(Chapter	9).	The	intermediates	have	to	be
shuttled	across	the	mitochondrial	membrane	for	this	purpose	which	provides	a	point	where	controls	can	be	exerted.	SPECIFICITY	OF	ENZYMES	1.	Absolute	Specificity	Some	enzymes	are	absolutely	specific.	For	example,	hydrolysis	of	urea	to	ammonia	and	carbondioxide	is	catalyzed	by	urease.	Urea	is	the	only	substrate	for	urease.	Thiourea,	though
structurally	similar	to	urea,	will	not	act	as	the	substrate	for	urease.	Similarly	glucose	oxidase	will	oxidise	only	beta-D-glucose	and	no	other	isomeric	form.	Thus,	these	enzymes	show	absolute	specificity.	2.	Bond	Specificity	Most	of	the	proteolytic	enzymes	are	showing	group	(bond)	specificity.	For	example,	trypsin	can	hydrolyse	peptide	bonds	formed	by
carboxyl	groups	of	arginine	or	lysine	residues	in	any	proteins.	3.	Group	Specificity	One	enzyme	can	catalyse	the	same	reaction	on	a	group	of	structurally	similar	compounds,	e.g.	hexokinase	can	catalyse	phosphorylation	of	glucose,	galactose	and	mannose.	4.	Stereospecificity	Human	enzymes	are	specific	for	L-amino	acids	and	D-carbohydrates.
Fumarase	will	hydrate	fumaric	Table	5.8.	Examples	of	covalent	modification	Enzyme	Phosphorylated	enzyme	Acetyl-CoA	carboxylase	Inactive	Glycogen	synthase	Inactive	Pyruvate	dehydrogenase	Inactive	HMG-CoA	reductase	Inactive	Pyruvate	kinase	Inactive	PFK2	Inactive	Glycogen	phosphorylase	Active	Citrate	lyase	Active	Phosphorylase	b	kinase
Active	HMG-CoA	reductase	kinase	Active	Fructose-2,6-bisphosphatase	Active	58		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	a	single	catalytic	site	(Vmax	divided	by	number	of	enzyme	molecules).	This	is	estimated	in	purified	preparations	of	enzymes.	The	turnover	number	of	catalase	is	40,000,000;	that	of	carbonic	anhydrase	is
400,000	and	fumarase	is	800.	Fig.	5.28.	Example	of	stereospecificity	acid	(trans	form)	to	malic	acid;	but	the	corresponding	cis	form,	maleic	acid	will	not	be	acted	upon	(Fig.	5.28).	Lactate	dehydro	genase,	acting	on	pyruvate	will	form	only	L-lactate,	but	not	the	D	variety.	Ribozymes	In	the	first	part	of	this	chapter,	it	is	stated	that	all	enzymes	are
proteins.	Invariably,	all	rules	will	have	exceptions.	Ribozymes	are	RNA	molecules	with	enzymatic	activity,	which	catalyse	cutting	of	nascent	mRNA	or	primary	transcript	(Chapter	41).	Enzyme	Assays	and	Units	Enzymes	are	assayed	by	taking	the	serum	sample	and	adding	a	suitable	substrate.	After	the	incubation	time,	the	mixture	is	assayed	for	the
product	formed.	NAD+	or	NADP+	dependent	enzymes	are	assayed	by	spectrophotometry,	as	the	reduced	form	of	these	co-enzymes	will	absorb	light	at	a	wavelength	of	340	nm;	but	their	oxidised	forms	will	not	absorb	light.	A	reaction	of	our	interest	can	be	suitably	coupled	with	another	reaction	utilising	NAD	+	or	NADP+	and	then	the	reaction	rate	can
be	assessed.	Enzyme	activity	is	expressed	as	micromoles	of	substrate	converted	to	product	per	minute	under	specified	assay	conditions.	One	standard	unit	(or	International	Unit)	of	enzyme	activity	(U)	is	the	amount	of	enzyme	that	will	convert	one	micromole	of	substrate	per	minute	per	litre	of	sample	and	is	abbreviated	as	U/L.	The	modern	method	of
expression	of	enzyme	activity	is	in	Katals	(kat).	one	Katal	(catalytic	activity)	is	defined	as	the	number	of	mol	of	substrate	transformed	per	second	per	litre	of	sample	(Kcat	=	Vmax	divided	by	the	number	of	active	sites).	(60	U	=	1	μkat	and	1	nkat	=	0.06	U)	(1	I.U	=	1	μmol/min	=	16.67	nkat).	When	expressed	in	katals,	the	activity	of	different	enzymes
can	be	compared.	Catalytic	efficiency	is	expressed	as	the	ratio	of	Kcat	divided	by	Km.	Specific	activity	is	the	number	of	enzyme	units	present	per	milligram	of	protein	(Vmax	divided	by	the	protein	concentration).	It	is	a	measure	of	the	purity	of	the	preparation.	Turnover	number	is	the	number	of	substrate	molecules	transformed	per	unit	time	by	a	single
enzyme	molecule	or	by	Body	Metabolism	is	controlled	by	enzymes	In	a	pipe,	theoretically	water	can	flow	both	ways,	but	practically	the	flow	is	unidirectional.	In	the	same	way,	although	most	of	the	individual	enzyme	activities	are	readily	reversible,	the	pathway	as	a	whole,	tends	to	lead	towards	the	final	product.	In	the	reaction	series,	A	---->	----->	B	----
-->	C,	as	soon	as	C	is	produced,	it	is	utilized	for	something	else,	so	that	the	reactions	as	a	whole,	tend	to	go	in	the	forward	direction	only.	True	equilibrium	of	chemical	reactions	in	the	cell	is	achieved	only	when	the	cell	is	dead.	In	other	words,	living	cells	avoid	the	state	of	chemical	equilibrium.	At	the	same	time,	if	we	analyse	a	particular	metabolite,
the	concentration	is	more	or	less	kept	constant	over	very	long	periods.	This	is	called	steady-state	system.	For	example,	blood	glucose	level	is	kept	within	a	narrow	range,	because	the	factors	which	tend	to	increase	the	level	are	at	dynamic	equilibrium	with	the	factors	which	try	to	decrease	the	level.	Deficiency	of	the	enzyme	or	its	activity	will	lead	to
genetic	defects,	inborn	errors	of	metabolism.	Such	deficiency	may	be	due	to	genetic	mutation	or	by	infections.	Drug	Metabolism	Drugs	act	on	enzymes	present	in	human	beings	or	in	pathogens.	Penicillin	blocks	cell	wall	synthesis	in	bacteria	by	irreversible	binding	of	the	enzyme	transpeptidase.	Many	bacteria,	however,	produce	beta-lactamases	that
hydrolyse	the	penicillin.	Another	example	is	that	the	drug	5-fluoro	uracil	is	metabolised	inside	human	body	into	deoxy	fluro	uridylic	acid,	which	inhibits	thymidylate	synthase,	and	hence	acts	as	an	anticancer	drug.	Enzyme	Engineering	Enzymes	are	widely	used	in	food,	pharmaceutical	and	chemical	industries.	Bacterial	enzymes	from	time	immemorial,
accomplish	fermentation	of	food	items.	Making	of	curd	from	milk	by	lactobacillus	acidophilus;	producing	yogurt	or	cheese	by	streptococcus	thermophilus;	and	fermenting	rice	and	black	gram	by	leucanostoc	mesenteroides	for	preparing	delicious	doshas	are	good	examples.	In	washing	powders,	enzymes	are	incorporated	to	remove	stains	from	clothes.
Drug	Designing	With	the	help	of	computer	programming,	it	is	nowadays	possible	to	get	an	idea	of	the	three-dimensional	structure	of	active	site	of	enzyme,	which	exactly	fits	the	substrate.	With	this	knowledge,	research	workers	could	make	theoretical	models	of	hundreds	of	different	inhibitors.	The	best	few	are	selected	and	then	experiments	are	done
in	vivo.	This	approach	to	drug	designing	is	getting	rapid	momentum	in	medical	field.	Processive	enzymes	They	continue	to	act	on	a	particular	substrate;	and	do	not	dissociate	between	repetitions	of	the	catalytic	event.	Examples	are	DNA	polymerase,	RNA	polymerase,	glycogen	synthase	and	fatty	acid	synthase.	Chapter	5;	Enzymology:	General
Concepts	and	Enzyme	Kinetics		59	Multi	enzyme	complexes	Generally	enzymes	are	diffusion	limited,	meaning	that	the	rate	of	reaction	is	limited	by	the	rate	at	which	substrate	molecules	diffuse	through	solution	and	reach	the	active	site	of	the	enzyme.	In	a	series	of	reactions,	the	product	of	the	first	enzyme	is	diffused	into	the	surrounding	medium,
later	reaches	to	the	second	enzyme.	This	may	act	as	a	hindrance	for	the	smooth	and	efficient	work	of	the	enzymes	in	a	metabolic	pathway.	Nature	circumvents	this	problem,	by	keeping	all	the	enzymes	of	a	reaction	sequence	into	a	multi	enzyme	complex,	so	that	the	product	of	the	first	reaction	is	immediately	transferred	to	the	second	enzyme	and	so
on.	Examples	are	fatty	acid	synthase	(Chapter	11)	pyruvate	dehydrogenase,	alpha-keto	glutarate	dehydrogenase,	acetyl	CoA	carboxylase,	glycine	cleavage	system	and	pyrimidine	nucleotide	synthesis	(Chapter	39).	Sequential	reactions	or	single	displacement	reactions	In	such	cases,	both	substrates	are	first	combined	with	the	enzyme	to	form	a	ternary
complex,	then	catalysis	is	followed.	Most	of	the	NAD+	dependent	reactions	follow	this	principle.	Ping	Pong	reactions	or	double	displacement	reactions	They	involve	a	transient	modified	form	of	the	enzyme.	The	group	undergoing	transfer	is	first	taken	from	one	substrate	A,	added	to	the	enzyme,	subsequently	the	group	is	taken	from	the	modified
enzyme,	and	added	to	another	substrate.	Examples	are	aminotransferases.	Single	Molecule	Enzymology	Recent	advancement	in	Nanotechnology	have	made	it	possible	to	observe	catalysis	by	individual	enzyme	and	substrate	molecules	by	fluorescence	microscopy.	Even	the	rate	of	single	catalytic	events	and	sometimes	individual	steps	in	catalysis	is
measured	by	this	process.	ISO-ENZYMES	They	are	physically	distinct	forms	of	the	same	enzyme	activity.	Multiple	molecular	forms	of	an	enzyme	are	described	as	iso-enzymes	or	isozymes.	If	50	paise	coins	are	examined	carefully,	there	will	be	minor	variations	of	ridges	on	the	rims	and	number	of	dots	below	the	year.	In	the	market	all	these	coins	have
the	same	face	value;	but	to	an	experienced	numismatist,	these	variations	will	explain	from	which	mint	it	was	produced.	In	the	same	way,	different	molecular	forms	of	the	same	enzyme	synthesized	from	various	tissues	are	called	iso-enzymes.	Hence	study	of	iso-enzymes	is	very	useful	to	understand	diseases	of	different	organs.	If	the	subunits	are	all	the
same,	the	protein	is	a	homomultimer	represented	by	a	single	gene.	If	the	subunits	are	different,	protein	is	said	to	be	a	heteromultimer,	produced	by	different	genes.	Iso-enzymes	may	be	Formed	in	Different	Ways	1.	They	may	be	products	of	different	genes	(more	than	one	locus)	in	which	case	they	are	known	as	true	iso-enzymes.	The	genes	may	be
located	on	different	chromosomes,	e.g.	salivary	and	pancreatic	amylase.	2.	In	certain	cases,	all	the	different	forms	are	present	in	the	same	individual,	e.g.	Lactate	dehydrogenase	(LDH)	has	5	iso-enzymes	and	all	are	seen	in	all	persons	in	the	population.	(Chapter	23).	3.	The	same	locus	of	the	gene	may	have	different	alleles	(alternate	forms).	Such
alleleic	iso-enzymes	are	called	allozymes.	In	this	case,	only	one	form	will	be	present	in	one	individual;	but	all	the	different	forms	will	be	seen	in	total	population.	For	example,	more	than	400	distinct	forms	of	glucose-6-phosphate	dehydrogenase	(GPD)	have	been	identified;	all	of	them	are	produced	by	the	same	locus	on	the	X-chromosome.	When	iso-
enzymes	due	to	variation	at	a	single	locus	occur	with	appreciable	frequency	(more	than	1%	in	population),	it	is	said	to	be	polymorphism.	4.	Molecular	heterogeneity	of	enzymes	may	also	be	produced	after	the	protein	is	synthesized	(post-translational	modification).	These	are	called	iso-forms,	e.g.	sialic	acid	content	in	alkaline	phosphatase	(ALP)	iso-
enzymes.	Different	types	of	iso-forms	may	be	seen	in	the	same	individual.	Identification	of	Iso-enzymes	1.	In	Agar	gel	or	polyacrylamide	gel	electrophoresis,	the	iso-enzymes	have	different	mobility.	LDH,	CK	and	ALP	iso-enzymes	can	be	separated	by	electrophoresis.	2.	Heat	stability:	one	of	the	iso-enzymes	may	be	easily	denatured	by	heat,	e.g.	bone
iso-enzyme	of	ALP	(BALP).	3.	Inhibitors:	one	of	the	iso-enzymes	may	be	sensitive	to	one	inhibitor,	e.g.	tartrate	labile	ACP.	4.	Km	value	or	substrate	specificity	may	be	different	for	iso-enzymes,	e.g.	glucokinase	has	high	Km	and	hexokinase	has	low	Km	for	glucose.	5.	Cofactor	requirements	may	be	different	for	isoenzymes.	Mitochondrial	isocitrate
dehydrogenase	is	NAD	+	dependent	and	the	cytoplasmic	iso-enzyme	is	NADP+	dependent.	6.	Tissue	localization	may	be	different	for	iso-enzymes.	H4	form	of	LDH	is	present	in	heart,	while	M4	variety	is	seen	in	skeletal	muscle.	7.	Specific	antibodies	may	identify	different	types	of	isoenzymes.	For	example,	CK	iso-enzymes	are	separated	by	antibodies.
Related	topics	Iso-enzymes	of	LDH,	CK,	ALP;	enzymes	used	for	therapeutic	and	diagnostic	purposes	and	Immobilized	enzymes	are	described	in	Chapter	23.	Enzyme	linked	immunosorbent	assay	as	well	as	Protein	purification	techniques	are	summarized	in	Chapter	54.	60		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	CHAPTER	6
CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Nomenclature	and	classification	of	sugars	2.	Stereoisomers	3.	Glucose,	Mannose	and	Galactose	4.	Fructose	5.	Reactions	of	monosaccharides	6.	Glycosides	7.	Amino	sugars	and	deoxy	sugars	8.	Pentoses	9.	Sucrose,	lactose	and	maltose	10.	Starch,	glycogen
and	cellulose	11.	Heteroglycans,	mucopolysaccharides	Functions	of	Carbohydrates	1.	Carbohydrates	are	the	main	sources	of	energy	in	the	body.	Brain	cells	and	RBCs	are	almost	wholly	dependent	on	carbohydrates	as	the	energy	source.	Energy	production	from	carbohydrates	will	be	4	k	calories/g	(16	k	Joules/g).	2.	Storage	form	of	energy	(starch	and
glycogen).	3.	Excess	carbohydrate	is	converted	to	fat.	4.	Glycoproteins	and	glycolipids	are	components	of	cell	membranes	and	receptors.	5.	Structural	basis	of	many	organisms:	Cellulose	of	plants;	exoskeleton	of	insects,	cell	wall	of	microorganisms,	mucopolysaccharides	as	ground	substance	in	higher	organisms.	The	general	molecular	formula	of
carbohydrate	is	Cn(H2O)n.	For	example,	glucose	has	the	molecular	Fig.	6.1.	Keto	group	and	aldehyde	group	Chemistry	of	Carbohydrates	formula	C6H12O6.	Carbohydrates	are	polyhydroxy	aldehydes	or	ketones	or	compounds	which	yield	these	on	hydrolysis	(Fig.	6.1).	NOMENCLATURE	Molecules	having	only	one	actual	or	potential	sugar	group	are
called	monosaccharides	(Greek,	mono	=	one;	saccharide	=	sugar).	They	cannot	be	further	hydrolysed	into	smaller	units.	When	two	monosaccharides	are	combined	together	with	elimination	of	a	water	molecule,	it	is	called	a	disaccharide	(e.g.	C12H22O11).	Trisaccharides	contain	three	sugar	groups.	Further	addition	of	sugar	groups	will
correspondingly	produce	tetrasaccharides,	pentasaccharides	and	so	on,	commonly	known	as	oligosaccharides	(Greek,	oligo	=	a	few).	When	more	than	10	sugar	units	are	combined,	they	are	generally	named	as	polysaccharides	(Greek,	poly	=	many).	Polysaccharides	having	only	one	type	of	monosaccharide	units	are	called	homopolysaccharides	and
those	having	different	monosaccharide	units	are	heteropolysaccharides.	Sugars	having	aldehyde	group	are	called	aldoses	and	sugars	with	keto	group	are	ketoses.	Depending	on	the	number	of	carbon	atoms,	the	monosaccharides	are	named	as	triose	(C3),	tetrose	(C4),	pentose	(C5),	hexose	(C6),	heptose	(C7)	and	so	on.	Commonly	occurring
monosaccharides	are	given	in	Table	6.1.	STEREOISOMERS	Compounds	having	same	structural	formula,	but	differing	in	spatial	configuration	are	known	as	stereoisomers.	While	writing	the	molecular	formula	of	monosaccharides,	the	spatial	arrangements	of	H	and	OH	groups	are	important,	since	they	contain	asymmetric	carbon	atoms.	Asymmetric
carbon	means	that	four	different	groups	are	attached	to	the	same	carbon.	The	reference	molecule	is	glyceraldehyde	(glycerose)	which	has	a	single	asymmetric	carbon	atom	(Fig.	6.2).	Chapter	6;	Chemistry	of	Carbohydrates	61	Table	6.1.	Common	monosaccharides	Fig.	6.2.	Stereoisomers	The	number	of	possible	stereoisomers	depends	on	the	number
of	asymmetric	carbon	atoms	by	the	formula	2n	where	n	is	the	number	of	asymmetric	carbon	atoms.	Reference	Carbon	Atom	of	Sugars	The	configuration	of	H	and	OH	groups	at	the	second	carbon	atom	of	glyceraldehyde	(Fig.	6.2)	may	be	noticed.	The	two	mirror	forms	are	denoted	as	D-	and	L-varieties.	All	monosaccharides	can	be	considered	as
molecules	derived	from	glyceraldehyde	by	successive	addition	of	carbon	atoms.	Therefore,	penultimate	carbon	atom	is	the	reference	carbon	atom	for	naming	the	mirror	images	(Fig.	6.3).	This	is	also	referred	to	as	absolute	configuration.	D	and	L	Isomerism	of	Glucose	With	reference	to	the	penultimate	carbon	atom	(i.e.	C5	in	the	case	of	glucose),	the
configuration	of	H	and	OH	groups	is	changed	and	two	mirror	images	are	produced	(Fig.	6.3).	It	may	be	noted	that	in	D	and	L	varieties,	the	groups	in	2nd,	3rd,	4th	and	5th	carbon	atoms	are	totally	reversed,	so	as	to	produce	the	mirror	images.	These	two	forms	are	also	stereoisomers.	D	sugars	are	naturally	occurring	sugars	and	body	can	metabolise
only	D	sugars.	No.	of	Generic	carbon	name	atoms	Aldoses	(with	aldehyde	group)	Ketoses	(with	keto	group)	3.	Triose	Ex:	Glyceraldehyde	Ex:	Dihydroxyacetone	4.	Tetrose	Erythrose	Erythrulose	5.	Pentose	Arabinose	Xylose	Ribose	Xylulose	Ribulose	6.	Hexose	Glucose	Galactose	Mannose	Fructose	7.	Heptose	Sedoheptulose	Optical	Activity	The	presence
of	asymmetrical	carbon	atom	causes	optical	activity.	When	a	beam	of	plane-polarized	light	is	passed	through	a	solution	of	carbohydrates,	it	will	rotate	the	light	either	to	right	or	to	left.	Please	note	that	the	D-	and	L-notation	has	no	bearing	with	the	optical	activity.	Depending	on	the	rotation,	molecules	are	called	dextrorotatory	(+)	(d)	or	levorotatory	(-)
(l).	Thus	D-glucose	is	dextrorotatory	but	D-fructose	is	levorotatory.	Equimolecular	mixture	of	optical	isomers	has	no	net	rotation	(racemic	mixture).	Heyrovsky	was	awarded	Nobel	prize	in	1924	for	polarographic	analysis	of	sugars.	1.	Diastereo-isomers	of	Glucose	Configurational	changes	with	regard	to	C2,	C3	and	C4	will	produce	eight	different
monosaccharides.	Out	of	these,	only	3	are	seen	in	human	body.	They	are	Glucose,	Galactose	and	Mannose.	See	Fig.	6.4	and	Table	6.2.	Table	6.2.	Hexoses	of	Physiological	Importance	Fig.	6.3.	Penultimate	(reference)	carbon	atom	Sugar	Importance	D-Glucose	Blood	sugar.	Main	source	of	energy	in	body.	D-Fructose	Constituent	of	sucrose,	the	common
sugar.	D-Galactose	Constituent	of	lactose,	glycolipids	and	glycoproteins.	D-Mannose	Constituent	of	globulins,	mucoproteins	and	glycoproteins.	62		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	Box	6.1.	Practical	Importance	of	Mutarotation	Fig.	6.4.	Epimers	of	D-glucose	There	are	8	diastereoisomers	for	aldohexoses.	With	reference	to
C5,	all	of	them	will	have	D	and	L	forms.	Hence,	the	molecular	formula	of	hexose	(C6H12O6)	represents	16	different	monosaccharides,	due	to	spatial	arrangement	of	constituent	groups.	Glucose	is	the	most	predominant	sugar	in	human	body.	It	is	the	major	source	of	energy.	It	is	present	in	blood	(Table	6.2).	D-glucose	is	dextrorotatory.	In	clinical
practice,	it	is	often	called	as	dextrose	(Box	6.5).	Galactose	is	a	constituent	of	lactose	(milk	sugar)	and	glycoproteins.	Galactose	is	epimerised	to	glucose	in	liver	and	then	utilized	as	a	fuel.	The	term	galactose	is	derived	from	Greek	word	gala,	meaning	milk.	Mannose	is	a	constituent	of	many	glycoproteins.	Mannose	was	isolated	from	plant	mannans;
hence	the	name.	Fig.	6.5.	Anomers	of	D-glucose	In	a	clinial	laboratory,	once	a	technician	freshly	prepared	a	standard	solution	(100	mg/100	ml)	of	glucose.	She	compared	it	with	another	standard	solution	similarly	prepared	one	week	ago.	The	comparison	was	done	by	glucose-oxidase	method.	To	her	surprise,	the	freshly	prepared	solution	showed	only
one-tenth	strength	of	the	old	solution.	Testing	a	second	time,	she	got	the	same	results.	So	she	asked	for	the	help	of	her	boss,	an	MD	in	Biochemistry,	who	suggested	to	keep	the	new	solution,	overnight	in	fridge.	The	next	day,	both	one-week-old	solution	and	the	new	(kept	overnight)	solution	gave	identical	results.	The	technician	was	not	able	to	explain
the	reason	for	this	change.	Can	you	explain?	Answer:	When	glucose	solution	is	freshly	prepared,	most	of	the	molecules	are	in	α	form.	On	keeping	the	solution	for	18	hours,	"mutarotation"	takes	place,	and	63%	molecules	are	changed	to	β	configuration.	The	glucose-oxidase	enzyme	preferentially	acts	on	the	β	form.	Hence,	freshly	prepared	solutions	will
give	lower	values.	2.	Epimerism	of	Aldoses	When	sugars	are	different	from	one	another,	only	in	configuration	with	regard	to	a	single	carbon	atom,	other	than	the	reference	carbon	atom,	they	are	called	epimers.	For	example,	glucose	and	mannose	are	an	epimeric	pair	which	differ	only	with	respect	to	C2.	Similarly,	galactose	is	the	4th	epimer	of
glucose.	(Fig.	6.4).	Galactose	and	mannose	are	not	epimers	but	diastereo-isomers.	3.	Anomerism	of	Sugars	When	D	glucose	is	crystallized	at	room	temperature,	and	a	fresh	solution	is	prepared,	its	specific	rotation	of	polarized	light	is	+112o;	but	after	12-18	hours	it	changes	to	+52.5o.	If	initial	crystallization	is	taking	place	at	98oC	and	then	solubilized,
the	specific	rotation	is	found	to	be	+19o,	which	also	changes	to	+52.5o	within	a	few	hours.	This	change	in	rotation	with	time	is	called	mutarotation.	This	is	explained	by	the	fact	that	D-glucose	has	two	anomers,	alpha	and	beta	varieties.	These	anomers	are	produced	by	the	spatial	configuration	with	reference	to	the	first	carbon	atom	in	aldoses	and
second	carbon	atom	in	ketoses.	(Fig.	6.5).	Hence,	these	carbon	atoms	are	known	as	anomeric	carbon	atoms.	Thus	α-D-glucose	has	specific	rotation	of	+112o	and	β-D-glucose	has	+19o.	Both	Chapter	6;	Chemistry	of	Carbohydrates	63	Fig.	6.6.	Pyranose	ring	undergo	mutarotation	and	at	equilibrium	one-third	molecules	are	alpha	type	and	2/3rd	are	beta
variety	to	get	the	specific	rotation	of	+52.5	o	.	The	hemiacetal	structure	of	anomeric	forms	of	glucose	are	shown	in	Figure	6.5.	The	differences	between	α	and	β	anomeric	forms	are	dependent	on	the	1st	carbon	atom	only.	In	the	previous	section	16	stereoisomers	of	glucose	are	described.	Each	of	them	will	have	2	anomers;	and	hence	there	are	a	total	of
32	isomers	for	glucose.	Three	Representations	of	Glucose	Structure	The	1st	carbon,	aldehyde	group	is	condensed	with	the	hydroxyl	group	of	the	5th	carbon	to	form	a	ring.	Ring	structure	represents	hemi	acetal	form,	which	is	the	condensation	of	an	aldehyde	(or	keto)	with	a	hydroxyl	group.	The	open	chain	projection	formula	and	hemi	acetal	ring
structure	of	glucose	were	proposed	by	Emil	Fischer	in	1883,	and	hence	called	Fischer's	formula.	Fischer	was	awarded	Nobel	prize	in	1902.	Later	it	was	shown	that	the	glucose	exists	in	biological	systems,	not	as	a	rectangle,	but	as	a	pyranose	ring	(Fig.	6.6).	This	was	established	by	Sir	Walter	Haworth	in	1925	who	got	Nobel	prize	in	1937.	Therefore
the	structure	of	glucose	may	be	given	as	the	following	3	forms,	each	successive	form	adding	more	details	(Fig.	6.7).	In	solution	β-D-glucopyranose	is	the	predominant	form	(63%),	α-D-glucopyranose	36%	while	1%	molecules	are	in	glucofuranose	forms.	The	practical	importance	is	shown	in	Box	6.1.	Fructose	is	a	Ketohexose	In	fructose,	the	keto	group	is
on	the	2nd	carbon	atom.	Thus	second	carbon	atom	is	the	anomeric	carbon	atom.	Fructose	has	4	isomers.	Each	of	them	has	D	and	L	forms	with	regard	to	5th	carbon	atom.	Fructose	has	the	same	molecular	formula	as	glucose,	but	differs	in	structural	formula.	So	glucose	and	fructose	are	functional	group	(aldose-ketose)	isomers.	D	fructose	is
levorotatory.	Only	D	variety	is	seen	in	biological	systems.	Fructose	remains	predominantly	as	furanose	ring	structure	(Fig.	6.8).	Fructose	is	a	major	constituent	of	honey.	REACTIONS	OF	MONOSACCHARIDES	In	sugars,	the	following	3	properties	will	be	seen	together:	Fig.	6.7.	Comparison	of	different	representations	of	D-glucose	64		Textbook	of
Biochemistry;	Section	A:	Chemical	Basis	of	Life	Fig.	6.8.	Different	representations	of	D-fructose	A.	Mutarotation	B.	Reducing	property	C.	Formation	of	osazone	with	phenylhydrazine.	1.	Enediol	Formation	In	mild	alkaline	solutions,	carbohydrates	containing	a	free	sugar	group	(aldehyde	or	keto)	will	tautomerise	to	form	enediols,	where	two	hydroxyl
groups	are	attached	to	the	double-bonded	carbon	atoms.	In	mild	alkaline	conditions,	glucose	is	converted	into	fructose	and	mannose.	The	interconversion	of	sugars	through	a	common	enediol	form	is	called	Lobry	de	Bruyn-Van	Ekenstein	transformation	(Fig.	6.10).	Since	enediols	are	highly	reactive,	sugars	are	powerful	reducing	agents	in	alkaline
medium.	When	oxidising	agents	like	cupric	ions	are	present,	sugars	form	a	mixture	of	carboxylic	acids	by	breaking	at	the	double	bonds.	Fig.	6.10.	Lobry	de	Bruyn-Van	Ekenstein	transformation	sugar	is	oxidized	(Fig.	6.9).	Glucose	is	a	reducing	sugar.	(Fig.	6.19B).	Any	sugar	with	free	aldehyde/	keto	group	will	reduce	the	Benedict's	reagent.	Therefore,
this	is	not	specific	for	glucose.	Reducing	substances	in	urine	are	described	in	Chapter	24.	3.	Osazone	Formation	All	reducing	sugars	will	form	osazones	with	excess	of	phenylhydrazine	when	kept	at	boiling	temperature.	Osazones	are	insoluble.	Each	sugar	will	have	characteristic	crystal	form	of	osazones.	The	2.	Benedict's	Reaction	Benedict's	reagent	is
very	commonly	employed	to	detect	the	presence	of	glucose	in	urine	(glucosuria).	It	is	a	standard	laboratory	test	employed	to	diagnose	diabetes	mellitus.	Benedict's	reagent	contains	sodium	carbonate,	copper	sulphate	and	sodium	citrate.	In	alkaline	medium,	sugars	form	enediol,	cupric	ions	are	reduced,	correspondingly	Fig.	6.9.	Benedict's	test,
principle	Fig.	6.11.	Shape	of	osazones	under	microscope	Chapter	6;	Chemistry	of	Carbohydrates	65	differences	in	glucose,	fructose	and	mannose	are	dependent	on	the	first	and	second	carbon	atoms,	and	when	the	osazone	is	formed	these	differences	are	masked.	Hence	these	3	sugars	will	produce	the	same	needle	shaped	crystals	arranged	like
sheaves	of	corn	or	a	broom	(Fig.	6.11).	Osazones	may	be	used	to	differentiate	sugars	in	biological	fluids	like	urine.	4.	Oxidation	of	Sugars	4-a.	Under	mild	oxidation	conditions	(hypobromous	acid,	Br2/H2O),	the	aldehyde	group	is	oxidized	to	carboxyl	group	to	produce	aldonic	acid	(Fig.	6.12).	Thus,	glucose	is	oxidized	to	gluconic	acid,	mannose	to
mannonic	acid	and	galactose	to	galactonic	acid.	4-b.	When	aldehyde	group	is	protected,	and	the	molecule	is	oxidized,	the	last	carbon	becomes	COOH	group	to	produce	uronic	acid.	Thus	glucose	is	oxidized	to	glucuronic	acid,	mannose	to	mannuronic	acid	and	galactose	to	galacturonic	acid.	The	glucuronic	acid	(Fig.	6.12)	is	used	by	the	body	for
conjugation	with	insoluble	molecules	to	make	them	soluble	in	water	for	detoxification	purpose	(Chapter	37)	and	also	for	synthesis	of	heteropolysaccharides.	4-c.	Under	strong	oxidation	conditions	(nitric	acid	+	heat),	the	first	and	last	carbon	atoms	are	simultaneously	oxidized	to	form	dicarboxylic	acids,	known	as	saccharic	acids	(Fig.	6.12).	Glucose	is
thus	oxidized	to	glucosaccharic	acid,	mannose	to	mannaric	acid	and	galactose	to	mucic	acid.	The	mucic	acid	forms	insoluble	crystals,	and	is	the	basis	for	a	test	for	identification	of	galactose.	Fig.	6.12.	Oxidative	products	of	glucose	5.	Furfural	Derivatives	Monosaccharides	when	treated	with	concentrated	sulphuric	acid	undergo	dehydration	with	the
removal	of	3	molecules	of	water.	Therefore	hexoses	give	hydroxymethyl	furfural	and	pentoses	give	furfural.	The	furfural	derivative	can	condense	with	phenolic	compounds	to	give	coloured	products.	This	forms	the	basis	of	Molisch	test.	It	is	a	general	test	for	carbohydrates.	6.	Reduction	to	Form	Alcohols	i.	When	treated	with	reducing	agents	such	as
sodium	amalgam,	hydrogen	can	reduce	sugars.	Aldose	yields	corresponding	alcohol.	ii.	But	ketose	forms	two	alcohols,	because	of	appearance	of	a	new	asymmetric	carbon	atom	in	this	process	(see	Fig.	6.13).	iii.	Glucose	is	reduced	to	sorbitol;	mannose	to	mannitol;	while	fructose	becomes	sorbitol	and	mannitol	(Fig.	6.13).	Galactose	is	reduced	to
dulcitol	and	ribose	to	ribitol.	iv.	Sorbitol,	mannitol	and	dulcitol	are	used	to	identify	bacterial	colonies.	Mannitol	is	also	used	to	reduce	intracranial	tension	by	forced	diuresis.	The	osmotic	effect	of	sorbitol	and	dulcitol	produces	changes	in	tissues	when	they	Fig.	6.13.	Reduction	of	sugar	to	alcohol	66		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis
of	Life	Table	6.3.	Glycosides	Sugar	+	Aglycon	=	Glycoside	Source	Importance	Glucose	phloretin	Rose	bark	Renal	damage	Phlorhizin	Galactose,	digitogenin	Digitonin	xylose	Leaves	of	foxglove	Cardiac	stimulant	Glucose	Leaves	of	indigofera	Stain	indoxyl	Plant	indican	Fig.	6.15.	Phosphorylated	sugars	accumulate	in	abnormal	amounts,	e.g.	cataract	of
lens.	7.	Glycosides	a.	When	the	hemi-acetal	group	(hydroxyl	group	of	the	anomeric	carbon)	of	a	monosaccharide	is	condensed	with	an	alcohol	or	phenol	group,	it	is	called	a	glycoside	(Fig.	6.14).	The	non-carbohydrate	group	is	called	aglycone.	b.	Glycosides	do	not	reduce	Benedict's	reagent,	because	the	sugar	group	is	masked.	They	may	be	hydrolysed
by	boiling	with	dilute	acid,	so	that	sugar	is	free	and	can	then	reduce	copper.	c.	Alpha-glycosides	are	hydrolysed	by	maltase	from	yeast,	while	beta-glycosides	are	hydrolysed	by	Emulsin	from	almonds.	Enzyme	hydrolysis	thus	affords	a	method	of	distinguishing	between	the	two	forms.	d.	Some	glycosides	of	medical	importance	are	given	in	Table	6.3.
Digitonin	is	a	cardiac	stimulant.	Phlorhizin	is	used	to	produce	renal	damage	in	experimental	animals.	starts	with	phosphorylation.	Glucose-6-phosphate	and	glucose-1-phosphate	are	important	intermediaries	of	glucose	metabolism	(Fig.	6.15).	Amino	Sugars	i.	Amino	groups	may	be	substituted	for	hydroxyl	groups	of	sugars	to	give	rise	to	amino	sugars.
Generally,	the	amino	group	is	added	to	the	second	carbon	atom	of	hexoses	(Fig.	6.16).	ii.	Amino	sugars	will	not	show	reducing	property.	They	will	not	produce	osazones.	iii.	Glucosamine	is	seen	in	hyaluronic	acid,	heparin	and	blood	group	substances.	Galactosamine	is	present	in	chondroitin	of	cartilage,	bone	and	tendons.	Mannosamine	is	a	constituent
of	glycoproteins.	iv.	The	amino	group	in	the	sugar	may	be	further	acetylated	to	produce	N-acetylated	sugars	such	as	N-acetyl-glucosamine	(GluNac)	(Fig.	6.16),	N-acetyl-galactosamine	(GalNac),	etc.	which	are	important	constituents	of	glycoproteins,	mucopoly-saccharides	and	cell	membrane	antigens.	8.	Formation	of	Esters	Hydroxyl	groups	of	sugars
can	be	esterified	to	form	acetates,	propionates,	benzoates,	phosphates,	etc.	Sugar	phosphates	are	of	great	biological	importance.	Metabolism	of	sugars	inside	the	body	Deoxy	Sugars	i.	Oxygen	of	the	hydroxyl	group	may	be	removed	to	form	deoxy	sugars.	Some	biologically	Fig.	6.14.	Glycosides	Fig.	6.16.	Amino	sugars	Chapter	6;	Chemistry	of
Carbohydrates	67	DISACCHARIDES	When	two	monosaccharides	are	combined	together	by	glycosidic	linkage,	a	disaccharide	is	formed.	The	important	disaccharides	are	1.	Sucrose	2.	Maltose	and	isomaltose	3.	Lactose.	Fig.	6.17.	Deoxy	sugars	Sucrose	i.	It	is	the	sweetening	agent	known	as	cane	sugar.	It	is	present	in	sugarcane	and	various	fruits.	ii.
Sucrose	contains	glucose	and	fructose.	Sucrose	is	not	a	reducing	sugar;	and	it	will	not	form	osazone.	This	is	because	the	linkage	involves	first	carbon	of	glucose	and	second	carbon	of	fructose,	and	free	reducing	groups	are	not	available	(Fig.	6.19A).	v.	When	sucrose	is	hydrolysed,	the	products	have	reducing	action.	A	sugar	solution	which	is	originally
nonreducing,	but	becomes	reducing	after	hydrolysis,	is	identified	as	sucrose	(specific	sucrose	test)	(Fig.	6.19B).	Fig.	6.18.	Sugars	of	nucleic	acids	important	deoxy	sugars	are	shown	in	Figure	6.17.	ii.	Deoxy	sugars	will	not	reduce	and	will	not	form	osazones.	L-fucose	is	present	in	blood	group	antigens	and	many	other	glycoproteins.	iii.	Deoxyribose	(Fig.
6.18)	is	an	important	part	of	nucleic	acid.	Feulgen	staining	is	specific	for	2-deoxy	sugars	(and	DNA)	in	tissues;	this	is	based	on	the	reaction	of	2-deoxy	sugars	with	Schiff's	reagent	(Dye	Fuchsine	is	decolorized	by	sulfurous	acid).	Pentoses	i.	They	are	sugars	containing	5	carbon	atoms.	ii.	Ribose	(Fig.	6.18)	is	a	constituent	of	RNA.	Ribose	is	also	seen	in
co-enzymes	such	as	ATP	and	NAD.	Deoxyribose	is	seen	in	DNA	(Fig.	6.18).	iii.	Ribulose	is	an	intermediate	of	HMP	shunt	pathway.	Arabinose	is	present	in	cherries	and	seen	in	glycoproteins	of	the	body.	The	name	arabinose	is	derived	as	it	was	originally	isolated	from	gum	arabic.	iv.	Xylose	is	seen	in	proteoglycans.	Xylulose	is	an	intermediate	of	uronic
acid	pathway.	Fig.	6.19A.	Structure	of	sucrose	(1-2	linkage)	Fig.	6.19B.	Benedict's	test	is	positive	for	glucose.	Test	is	negative	for	sucrose;	but	when	sucrose	is	hydrolysed,	the	test	becomes	positive	(specific	sucrose	test)	68		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	Fig.	6.20.	Lactose	vi.	Hydrolysis	of	sucrose	(optical	rotation	+66.5°)
will	produce	one	molecule	of	glucose	(+52.5°)	and	one	molecule	of	fructose	(–92°).	Therefore	the	products	will	change	the	dextrorotation	to	levorotation,	or	the	plane	of	rotation	is	inverted.	Equimolecular	mixture	of	glucose	and	fructose	thus	formed	is	called	invert	sugar.	The	enzyme	producing	hydrolysis	of	sucrose	is	called	sucrase	or	invertase.
Honey	contains	invert	sugar.	Invert	sugar	is	sweeter	than	sucrose.	Lactose	i.	It	is	the	sugar	present	in	milk.	It	is	a	reducing	disaccharide.	On	hydrolysis	lactose	yields	glucose	and	galactose.	Beta	glycosidic	linkage	is	present	in	lactose.	ii.	The	structure	is	given	in	Figure	6.20.	The	anomeric	carbon	atom	of	beta-galactose	is	attached	to	the	4th	hydroxyl
group	of	glucose	through	beta-1,4	glycosidic	linkage.	The	lactose	may	be	alpha	or	beta	variety,	depending	on	the	configuration	of	1st	carbon	of	glucose	moiety.	Fig.	6.22.	Isomaltose	v.	Lactose	forms	osazone	which	resembles	"badminton	ball"	or	"hedgehog"	or	flower	of	"touch-me-not"	plant	(Fig.	6.11).	vi.	Lactose	and	lactate	should	not	be	confused
(Box	6.2).	Maltose	i.	Maltose	contains	two	glucose	residues.	ii.	There	is	alpha-1,4	linkage,	i.e.	the	anomeric	1st	carbon	atom	of	one	glucose	is	combined	with	4th	hydroxyl	group	of	another	glucose	through	alpha-glycosidic	linkage.	Structure	is	shown	in	Figure	6.21.	iii.	Maltose	may	be	alpha	or	beta	depending	on	the	configuration	at	the	free	anomeric
carbon	atom.	iv.	It	is	a	reducing	disaccharide.	It	forms	petal	shaped	crystals	of	maltose-osazone	(Fig.	6.11).	Isomaltose	It	is	also	a	reducing	sugar.	It	contains	2	glucose	units	combined	in	alpha	-1,	6	linkage.	Thus	first	carbon	of	one	glucose	residue	is	attached	to	the	sixth	carbon	of	another	glucose	through	a	glycosidic	linkage	(Fig.	6.22).	Partial
hydrolysis	of	glycogen	and	starch	produces	isomaltose.	The	enzyme	oligo1,6-glucosidase	present	in	intestinal	juice	can	hydrolyse	isomaltose	into	glucose	units.	Box	6.2.	Lactose	and	Lactate	are	Different	Fig.	6.21.	Maltose	Lactose	is	the	milk	sugar;	a	disaccharide	made	of	galactose	and	glucose.	Lactate	or	Lactic	acid	is	a	product	of	anerobic
metabolism	of	glucose.	Chapter	6;	Chemistry	of	Carbohydrates	69	Box	6.3.	Salient	Features	of	Important	Sugars	Monosaccharides	Glucose	aldohexose	Galactose	4th	epimer	of	glucose	Mannose	2nd	epimer	of	glucose	Fructose	Ketohexose	Disaccharides	Glucose	+	Galactose	=	Lactose	(reducing)	Glucose	+	Glucose	=	Maltose	(reducing)	Glucose	+
Fructose	=	Sucrose	(nonreducing)	The	salient	features	of	important	sugars	are	shown	in	Box	6.3.	POLYSACCHARIDES	These	are	polymerized	products	of	many	monosaccharide	units.	They	may	be	1.	Homoglycans	are	composed	of	single	kind	of	monosaccharides,	e.g.	starch,	glycogen	and	cellulose.	2.	Heteroglycans	are	composed	of	two	or	more
different	monosaccharides,	e.g.	hyaluronic	acid,	chondroitin	sulphate.	1.	Starch	A.	Structure	of	Starch	i.	It	is	the	reserve	carbohydrate	of	plant	kingdom.	ii.	Sources:	Potatoes,	tapioca,	cereals	(rice,	wheat)	and	other	food	grains.	iii.	Starch	is	composed	of	amylose	and	amylopectin.	When	starch	is	treated	with	boiling	water,	10-20%	is	solubilized;	this
part	is	called	amylose.	Amylose	is	made	up	of	glucose	units	with	alpha-1,4	glycosidic	linkages	(Fig.	6.21)	to	form	an	unbranched	long	chain	with	a	molecular	weight	400,000	D	or	more.	iv.	The	insoluble	part	absorbs	water	and	forms	paste	like	gel;	this	is	called	amylopectin.	Amylopectin	is	also	made	up	of	glucose	units,	but	is	highly	branched	with
molecular	weight	more	than	1	million.	The	branching	points	are	made	by	alpha-1,6	linkage	(similar	to	isomaltose,	Fig.	6.22).	B.	Hydrolysis	of	Starch	i.	Starch	will	form	a	blue	colored	complex	with	iodine;	this	color	disappears	on	heating	and	reappears	when	cooled.	This	is	a	sensitive	test	for	starch.	Starch	is	non	reducing	because	the	free	sugar	groups
are	negligible	in	number.	Fig.	6.23.	Branched	glycogen	molecule	ii.	When	starch	is	hydrolysed	by	mild	acid,	smaller	and	smaller	fragments	are	produced.	iii.	Thus	hydrolysis	for	a	short	time	produces	amylodextrin	which	gives	violet	color	with	iodine	and	is	nonreducing.	Further	hydrolysis	produces	erythrodextrin	which	gives	red	color	with	iodine	and
mild	reduction	of	Benedict's	solution.	Later	achrodextrins	(no	color	with	iodine,	but	reducing)	and	further	on,	maltose	(no	color	with	iodine,	but	powerfully	reducing)	are	formed	on	continued	hydrolysis.	C.	Action	of	Amylases	on	Starch	i.	Salivary	amylase	and	pancreatic	amylase	are	alpha-amylases,	which	act	at	random	on	alpha1,4	glycosidic	bonds	to
split	starch	into	smaller	units	(dextrins),	and	finally	to	alpha-maltose.	ii.	Beta-amylases	are	of	plant	origin	(almond,	germinating	seeds,	etc)	which	split	starch	to	form	beta-maltose.	They	act	on	amylose	to	split	maltose	units	consecutively.	Thus	the	enzyme	starts	its	action	from	one	end.	iii.	When	beta-amylase	acts	on	amylopectin,	maltose	units	are
liberated	from	the	ends	of	the	branches	of	amylopectin,	until	the	action	of	enzyme	is	blocked	at	the	1,6-glycosidic	linkage.	The	action	of	beta-amylase	stops	at	branching	points,	leaving	a	large	molecule,	called	limit	dextrin	or	residual	dextrin.	2.	Glycogen	i.	It	is	the	reserve	carbohydrate	in	animals.	It	is	stored	in	liver	and	muscle.	About	5%	of	weight	of
liver	is	made	up	by	glycogen.	Excess	carbohydrates	are	deposited	as	glycogen.	ii.	Glycogen	is	composed	of	glucose	units	joined	by	alpha-1,4	links	in	the	straight	chains.	It	also	70		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	has	alpha-1,6	glycosidic	linkages	at	the	branching	points	(Fig.	6.23).	Molecular	weight	of	glycogen	is	about	5
million.	Innermost	core	of	glycogen	contains	a	primer	protein,	Glycogenin.	Glycogen	is	more	branched	and	more	compact	than	amylopectin.	3.	Cellulose	i.	It	is	the	supporting	tissues	of	plants.	Cellulose	constitutes	99%	of	cotton,	50%	of	wood	and	is	the	most	abundant	organic	material	in	nature.	ii.	It	is	made	up	of	glucose	units	combined	with	beta-1,4
linkages.	It	has	a	straight	line	structure,	with	no	branching	points.	Molecular	weight	is	in	the	order	of	2	to	5	million.	iii.	Beta-1,4	bridges	are	hydrolysed	by	the	enzyme	cellobiase.	But	this	enzyme	is	absent	in	animal	and	human	digestive	system,	and	hence	cellulose	cannot	be	digested.	iv.	Herbivorous	animals	have	large	caecum,	which	harbor	bacteria.
These	bacteria	can	hydrolyse	cellulose,	and	the	glucose	produced	is	utilized	by	the	animal.	White	ants	(termites)	also	digest	cellulose	with	the	help	of	intestinal	bacteria.	v.	Cellulose	has	a	variety	of	commercial	applications,	as	it	is	the	starting	material	to	produce	fibres,	celluloids,	nitrocellulose	and	plastics.	4.	Inulin	It	is	a	long	chain	homoglycan
composed	of	D-fructose	units	with	repeating	beta-1,2	linkages.	It	is	the	reserve	carbohydrate	present	in	various	bulbs	and	tubers	such	as	chicory,	dahlia,	dandelion,	onion,	garlic.	It	is	clinically	used	to	find	renal	clearance	value	and	glomerular	filtration	rate.	Inulin	and	Insulin	are	different	(Box	6.4).	5.	Dextrans	These	are	highly	branched
homopolymers	of	glucose	units	with	1-6,	1-4	and	1-3	linkages.	They	Box.	6.4.	Inulin	and	Insulin	are	Different	Inulin	is	a	polysaccharide	(carbohydrate)	made	up	of	fructose	units.	It	is	used	for	renal	function	studies.	Insulin	is	a	polypeptide	(protein)	hormone,	with	wide	ranging	actions	on	carbohydrate	and	lipid	metabolism.	Fig.	6.24.	Sulphated
glucosamine-alpha-1,	4-iduronic	acid.	Repeating	units	in	heparin	are	produced	by	microorganisms.	They	have	molecular	weight	1	million	to	4	millions.	Since	they	will	not	easily	go	out	of	vascular	compartment,	they	are	used	for	intravenous	infusion	as	plasma	volume	expander	for	treatment	of	hypovolemic	shock.	It	may	be	noted	that	dextrans	are
different	from	previously	described	dextrins	(Box	6.5).	6.	Chitin	It	is	present	in	exoskeletons	of	crustacea	and	insects.	It	is	composed	of	units	of	N-acetylglucosamine	with	beta-1,4	glycosidic	linkages.	HETEROGLYCANS	These	are	polysaccharides	containing	more	than	one	type	of	sugar	residues.	Examples	are:	Agar	i.	It	is	prepared	from	sea	weeds.	It
contains	galactose,	glucose	and	other	sugars.	ii.	It	is	dissolved	in	water	at	100°C,	which	upon	cooling	sets	into	a	gel.	Agar	cannot	be	digested	by	bacteria	and	hence	used	widely	as	a	supporting	agent	to	culture	bacterial	colonies.	Agar	is	used	as	a	supporting	medium	for	immuno-diffusion	and	immuno-electrophoresis.	iii.	Agarose	is	made	up	of
galactose	combined	with	3,6-anhydrogalactose	units;	it	is	used	as	matrix	for	electrophoresis	(Chapter	54).	Box	6.5.	Dextrose,	Dextrin	and	Dextran	are	different	D-glucose	is	otherwise	called	Dextrose,	a	term	often	used	in	bed-side	medicine,	e.g.	dextrose	drip.	Dextrin	is	the	partially	digested	product	of	starch.	Dextran	is	high	molecular	weight
carbohydrate,	synthesized	by	bacteria.	Chapter	6;	Chemistry	of	Carbohydrates	71	Fig.	6.25.	D-glucuronic	acid-beta-1,	3-N-acetyl	galactosamine-4	sulfate	(units	of	chondroitin	sulphate)	MUCOPOLYSACCHARIDES	Mucopolysaccharides	or	glycosamino	glycans	(GAG)	are	heteropolysaccharides,	containing	uronic	acid	and	amino	sugars.	Acetylated	amino
groups,	sulfate	and	carboxyl	groups	are	also	generally	present.	Because	of	the	presence	of	these	charged	groups,	they	attract	water	molecules	and	so	they	produce	viscous	solutions.	Mucopolysaccharides	in	combination	with	proteins	form	mucoproteins.	Examples	of	mucopolysaccharides	are	hyaluronic	acid,	heparin,	chondroitin	sulfate,	dermatan
sulfate	and	keratan	sulfate.	3.	Chondroitin	Sulphate	It	is	present	in	ground	substance	of	connective	tissues	widely	distributed	in	cartilage,	bone,	tendons,	cornea	and	skin.	It	is	composed	of	repeating	units	of	glucuronic	acid	→	beta-1,3-N-acetyl	galactosamine	sulphate	→	beta-1,	4	and	so	on	(Fig.	6.25)	1.	Hyaluronic	Acid	It	is	present	in	connective
tissues,	tendons,	synovial	fluid	and	vitreous	humor.	It	serves	as	a	lubricant	in	joint	cavities.	It	is	composed	of	repeating	units	of	N-Acetyl-glucosamine	→	beta-1,	4-Glucuronic	acid	→	beta-1-3-N-Acetyl	glucosamine	and	so	on.	5.	Dermatan	Sulphate:	It	contains	L-iduronic	acid	and	N-acetyl	galactosamine	in	beta	-1,	3	linkages.	It	is	found	in	skin,	blood
vessels	and	heart	valves.	Repeating	units	in	various	polysaccharides	are	summarized	in	Box	6.6.	4.	Keratan	Sulphate	It	is	the	only	GAG	which	does	not	contain	any	uronic	acid.	The	repeating	units	are	galactose	and	N-acetyl	glucosamine	in	beta	linkage.	It	is	found	in	cornea	and	tendons.	Box	6.6.	Repeating	Units	in	Polysaccharides	2.	Heparin	i.	It	is	an
anticoagulant	widely	used	when	taking	blood	in	vitro	for	clinical	studies.	It	is	also	used	in	vivo	in	suspected	thrombo-embolic	conditions	to	prevent	intravascular	coagulation.	It	activates	antithrombin	III,	which	in	turn	inactivates	thrombin,	factor	X	and	factor	IX.	ii.	Heparin	is	present	in	liver,	lungs,	spleen	and	monocytes.	Commercial	preparation	of
heparin	is	from	animal	lung	tissues.	iii.	It	contains	repeating	units	of	sulphated	glucosamine	→	alpha-1,	4-L-iduronic	acid	→	and	so	on.	(Fig.	6.24).	Idose	is	the	5th	epimer	of	glucose.	Iduronic	acid	is	the	oxidized	form	of	idose.	Sulphated	heparin	or	heparan	sulfate	is	also	present	in	tissues.	Polysaccharide	Repeating	units	Homoglycans	Inulin	Dextran
Chitin	Heteroglycans	Agar	Agarose	Hyaluronic	acid	Heparin	Chondroitin	S	Keratan	S	Dermatan	S	D-fructose,	beta-1,2	linkages	Glucose,	1-6,	1-4,	1-3	linkages	N-acetyl	glucosamine;	beta	1-4	links	Galactose,	glucose	Galactose,	anhydrogalactose	N-acetyl	glucosamine,	glucuronic	acid	Sulphated	glucosamine,	L-iduronic	acid	Glucuronic	acid,	Nacetyl
galactosamine	Galactose,	N-acetyl	glucosamine	L-iduronic	acid,	N-acetyl	galactosamine	72		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	GLYCOPROTEINS	AND	MUCOPROTEINS	i.	When	the	carbohydrate	chains	are	attached	to	a	polypeptide	chain	it	is	called	a	proteoglycan.	If	the	carbohydrate	content	is	less	than	10%,	it	is	generally
named	as	a	glycoprotein.	If	the	carbohydrate	content	is	more	than	10%	it	is	a	mucoprotein.	(But	some	authors	use	these	words	as	synonyms).	ii.	They	are	seen	in	almost	all	tissues	and	cell	membranes.	About	5%	of	the	weight	of	the	cell	membrane	is	carbohydrates;	the	carbohydrate	groups	cover	the	entire	surface	of	the	cell	membrane,	they	are	called
glycocalyx.	Functions	include	their	role	as	enzymes,	hormones,	transport	proteins,	structural	proteins	and	receptors.	iii.	Glycophorin	is	the	major	membrane	glycoprotein	of	erythrocytes.	It	is	a	transmembrane	(spans	the	whole	thickness	of	the	membrane)	protein.	Carbohydrate	chains	are	attached	to	the	amino	terminal	portion,	outside	the	cell
surface.	iv.	The	oligosaccharide	chains	of	glycoproteins	are	composed	of	varying	numbers	of	the	following	carbohydrate	residues:	Glucose	(Glu);	mannose	(Man);	galactose	(Gal);	Nacetyl	glucosamine	(GluNAc);	N-acetyl	galactosamine	(GalNAc);	arabinose	(Ara);	Xylose	(Xyl);	L-fucose	(Fuc)	(Fig.	6.17)	and	N-acetyl	neuraminic	acid	(NANA).	Glycoprotein
metabolism	is	further	elaborated	in	Chapter	10.	Bacterial	Cell	Wall	Major	constituents	of	prokaryotic	(bacterial)	cells	are	heteropolysaccharides,	consisting	of	repeating	units	of	N-acetyl	muramic	acid	(NAM)	and	N-acetyl	glucosamine	(NAG).	This	polysaccharide	provides	mechanical	strength.	Synthesis	of	this	complex	polysaccharide	is	blocked	by
penicillin.	This	inhibition	is	responsible	for	the	bactericidal	action	of	penicillin.	Penicillin	was	discovered	by	Sir	Alexander	Fleming	in	1928.	Later,	Ernst	Chain	isolated	and	purified	penicillin.	The	first	clinical	trial	with	penicillin	was	conducted	by	Howard	Florey	in	1940.	All	the	three	were	awarded	Nobel	prize	in	1945.	Aquasomes	They	are	one	of	the
most	recently	developed	delivery	systems	that	are	making	a	niche	as	the	peptide/protein	carriers.	These	are	nanoparticulate	carrier	systems	with	three	layered	selfassembled	structures.	They	comprise	the	central	solid	nanocrystalline	core	coated	with	polyhydroxy	oligomers	onto	which	biochemically	active	molecules	are	adsorbed.	The	solid	core
provides	the	structural	stability.	The	carbohydrate	coating	acts	as	dehydroprotectant	and	stabilizes	the	biochemically	active	molecules.	As	the	conformational	integrity	of	bioactive	molecules	are	maintained,	aquasomes	are	being	proposed	as	a	carrier	system	for	delivery	of	peptide	based	pharmaceuticals.	The	delivery	system	has	been	successfully
utilized	for	the	delivery	of	insulin,	hemoglobin	and	various	antigens.	Oral	delivery	of	enzymes	like	serratiopeptidase	has	also	been	achieved.	Glycome	and	Glycomics	Glycomics	is	the	study	of	structure	and	function	of	glycome.	The	glycome	is	the	total	complement	of	all	the	carbohydrates	in	an	organism.	CHAPTER	7	CHAPTER	AT	A	GLANCE	The
reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Classification	of	lipids	2.	Classification	of	fatty	acids	3.	Saturated	and	unsaturated	fatty	acids	4.	Neutral	fats	or	triacylglycerols	5.	Phospholipids	6.	Phosphatidyl	choline	or	lecithin	7.	Sphingomyelin	8.	Non-phosphorylated	lipids	Lipids	constitute	a	heterogeneous	group	of	compounds	of
biochemical	importance.	Lipids	may	be	defined	as	compounds	which	are	relatively	insoluble	in	water,	but	freely	soluble	in	nonpolar	organic	solvents	like	benzene,	chloroform,	ether,	hot	alcohol,	acetone,	etc.	The	functions	of	lipids	are	summarized	in	Box	7.1.	The	clinical	applications	are	shown	in	Box	7.2.	CLASSIFICATION	OF	LIPIDS	Detailed
classification	is	shown	in	Table	7.1.	Based	on	the	chemical	nature,	lipids	are	classified	as	Box	7.1.	Functions	of	Lipids	1.	Storage	form	of	energy	(triglycerides)	2.	Structural	components	of	biomembranes	(phospholipids	and	cholesterol)	3.	Metabolic	regulators	(steroid	hormones	and	prostaglandins)	4.	Act	as	surfactants,	detergents	and	emulsifying
agents	(amphipathic	lipids)	5.	Act	as	electric	insulators	in	neurons	6.	Provide	insulation	against	changes	in	external	temperature	(subcutaneous	fat)	7.	Give	shape	and	contour	to	the	body	8.	Protect	internal	organs	by	providing	a	cushioning	effect	(pads	of	fat)	9.	Help	in	absorption	of	fat	soluble	vitamins	(A,	D,	E	and	K)	10.	Improve	taste	and	palatability
of	food.	Chemistry	of	Lipids	1.	Simple	lipids.	They	are	esters	of	fatty	acids	with	glycerol	or	other	higher	alcohols	(Table	7.1).	2.	Compound	lipids.	They	are	fatty	acids	esterified	with	alcohol;	but	in	addition	they	contain	other	groups.	Depending	on	these	extra	groups,	they	are	subclassified	in	Table	7.1.	a.	Phospholipids,	containing	phosphoric	acid.	b.
Non-phosphorylated	lipids	(Table	7.1).	3.	Derived	lipids.	They	are	compounds	which	are	derived	from	lipids	or	precursors	of	lipids,	e.g.	fatty	acids,	steroids.	For	details	of	cholesterol	and	steroids,	see	Chapter	12.	4.	Lipids	complexed	to	other	compounds.	FATTY	ACIDS	Fatty	acids,	are	included	in	the	group	of	derived	lipids.	It	is	the	most	common
component	of	lipids	in	the	body.	They	are	generally	found	in	ester	linkage	in	different	classes	of	lipids.	In	the	human	body	free	fatty	acids	are	formed	only	during	metabolism.	Fatty	acids	are	aliphatic	carboxylic	acids	and	have	the	general	formula,	R—CO—OH,	where	COOH	(carboxylic	group)	represents	the	functional	group.	Depending	on	the	R	group
(the	hydrocarbon	chain),	the	physical	properties	of	fatty	acids	may	vary.	Characteristics	of	common	fatty	acids	are	shown	in	Table	7.2.	Classification	of	fatty	acid	is	given	in	Table	7.3	Box	7.2.	Clinical	Applications	1.	Excessive	fat	deposits	cause	obesity.	Truncal	obesity	is	a	risk	factor	for	heart	attack.	2.	Abnormality	in	cholesterol	and	lipoprotein
metabolism	leads	to	atherosclerosis	and	cardiovascular	diseases	(Chapter	25).	3.	In	diabetes	mellitus,	the	metabolisms	of	fatty	acids	and	lipoproteins	are	deranged,	leading	to	ketosis	(Chapter	24).	74		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	Table	7.1.	Classification	of	lipids	I.	Simple	Lipids	a.	Triacyl	glycerol	or	Triglycerides	or
neutral	fat	Table	7.2.	Characteristics	of	common	fatty	acids	Common	name	No	Chemical	nature	carbon	atoms	Occurrence	b.	Waxes	II.	Compound	Lipids	A)	Phospholipids,	containing	phosphoric	acid.	1.	Nitrogen	containing	glycerophosphatides:	i.	Lecithin	(phosphatidyl	choline)	ii.	Cephalin	(phosphatidyl	ethanolamine)	iii.	Phosphatidyl	serine	A.	Even
chain,	Saturated	fatty	acids	Acetic	2	Saturated;	small	chain	Vinegar	Butyric	4	do	Butter	Caproic	6	do	Butter	Capric	10	do	Coconut	oil	Lauric	12	do	Coconut	oil	Myristic	14	do	Coconut	oil	Palmitic	16	Saturated;	long	chain	Body	fat	i.	Phosphatidyl	inositol	Stearic	18	do	do	ii.	Phosphatidyl	glycerol	Arachidic	20	do	2.	Non-nitrogen	glycerophosphatides
Peanut	oil	(Arachis	oil)	iii.	Diphosphatidyl	glycerol	(cardiolipin)	3.	Plasmalogens,	having	long	chain	alcohol	B.	Odd-chain	fatty	acids	Propionic	3	Saturated;	Odd	chain	Metabolism	C.	Even	chain,	Unsaturated	fatty	acids	Palmitoleic	16	Monounsaturated	(ω7)	Body	fat	i.	Choline	plasmalogen	ii.	Ethanolamine	plasmalogen	4.	Phospho	sphingosides,	with
sphingosine	Sphingomyelin	B)	Non-phosphorylated	lipids	1.	Glycosphingolipids	(carbohydrate)	i.	Cerebrosides	(ceramide	monohexosides)	Oleic	18	do	(ω	9)	do	Erucic	22	do	(ω	9)	Mustard	oil	Nervonic	24	do	(ω	9)	Brain	lipids	Linoleic	18	2	double	bonds	(ω	6)	Vegetable	oils	Linolenic	18	3	double	bonds	(ω	3)	do	ii.	Globosides	(ceramide	oligosaccharides)
Arachidonic	20	4	double	bonds	(ω	6)	iii.	Gangliosides	(ceramide	+	oligosaccharides	+	N-acetyl	neuraminic	acid)	Timnodonic	20	2.	Sulpholipids	or	sulfatides	i.	Sulphated	cerebrosides	ii.	Sulphated	globosides	iii.	Sulphated	gangliosides	III.	Derived	Lipids	Fatty	acids,	steroids	(chapter	12),	prostaglandins	(chapter	13),	leukotrienes,	terpenes,	dolichols,
etc.	IV.	Lipids	Complexed	to	Other	Compounds	Proteolipids	and	lipoproteins.	SATURATED	FATTY	ACIDS	Swedish	scientist	Scheele	isolated	glycerol	in	1779.	Chevreul	ME	isolated	oleic,	stearic,	butyric	and	caproic	acids	in	1823.	In	1898,	Edmed	FG	identified	the	structure	of	oleic	acid.	Linoleic	acid	was	prepared	from	linseed	oil	by	Sacc	F	in	1844.
Lauric	acid	(12:0)	was	discovered	in	Lauraceae	seeds	by	Marsson	T	in	1849.	Franz	Soxhlet,	a	German	chemist,	invented	the	Soxhlet	apparatus	in	1879.	This	apparatus	was	used	first	to	separate	fats	from	food.	eicosa	pentaenoic	(ω	3)	Vegetable	oils	Fish	oils,	brain	Clupanodonic	22	docosa	pentaenoic	(ω	3)	Fish	oils,	brain	Cervonic	22	docosa	hexaenoic
(ω	3)	D.	Branched	fatty	acids	Iso	valeric	acid	5	Branched	E.	Hydroxy	fatty	acids	Cerebronic	acid	24	Hydroxy	acid	Fish	oils,	brain	Metabolic	intermediate	Brain	lipids	i.	They	have	the	general	formula	CH3-(CH2)nCOOH.	For	example,	Acetic	acid	CH3—COOH	Butyric	acid	CH3(CH2)2—COOH	Palmitic	acid	CH3—(CH2)14—COOH	Stearic	acid	CH3—
(CH2)16—COOH	Some	of	the	common	saturated	fatty	acids	are	noted	in	Table	7.2.	ii.	They	are	named	by	adding	the	suffix	‘anoic'	after	the	hydrocarbon.	iii.	The	two	carbon	acetic	acid	and	4	carbon	butyric	acid	are	important	metabolic	intermediates.	Chapter	7;	Chemistry	of	Lipids		75	Table	7.3.	Classification	of	fatty	acids	1.	Depending	on	total
number	of	carbon	atoms	a.	Even	chain	They	have	carbon	atoms	2,4,6	and	similar	series.	Most	of	the	naturally	occurring	lipids	contain	even	chain	fatty	acids.	b.	Odd	chain	They	have	carbon	atoms	3,	5,	7,	etc.	Odd	numbered	fatty	acids	are	seen	in	microbial	cell	walls.	They	are	also	present	in	milk.	2.	Depending	on	length	of	hydrocarbon	chain	a.	Short
chain	with	2	to	6	carbon	atoms	b.	Medium	chain	with	8	to	14	carbon	atoms	c.	Long	chain	with	16	to	22	carbon	atoms.	d.	Very	long	chain	fatty	acids	(more	than	24	carbon)	3.	Depending	on	nature	of	hydrocarbon	chain	a.	Saturated	fatty	acids	(Table	7.2)	b.	Unsaturated	fatty	acids	which	may	be	subclassified	into	Mono-unsaturated	(mono-enoic)	having
single	double	bond	or	Polyunsaturated	(poly-enoic)	with	2	or	more	double	bonds	(Table	7.2).	c.	Branched	chain	fatty	acids	d.	Hydroxy	fatty	acids	iv.	The	C16	(palmitic	acid)	and	C18	(stearic	acid)	are	most	abundant	in	body	fat.	v.	Each	animal	species	will	have	characteristic	pattern	of	fatty	acid	composition.	Thus	human	body	fat	contains	50%	oleic
acid,	25%	palmitic	acid	10%	linoleic	and	5%	stearic	acid.	Fig.	7.1.	Cis	and	trans	forms	of	fatty	acid	vi.	The	carbon	atoms	of	fatty	acids	are	numbered	as	C1,	C2,	etc	starting	from	the	COOH	group.	Or,	starting	from	the	methyl	end,	the	carbon	atoms	may	be	numbered	as	omega	(ω)-1,2,3,	etc.	6	5	4	3	2	1	CH3	—	CH2	—	CH2	—	CH2—	CH2	—	COOH	ω1	ω2
ω3	ω4	ω5	UNSATURATED	FATTY	ACIDS	They	are	named	by	adding	the	suffix	‘enoic'	after	the	systematic	name.	They	are	similar	to	saturated	fatty	acids	in	the	reaction	of	the	carboxylic	group	but	also	show	properties	due	to	presence	of	the	double	bond.	Unsaturated	fatty	acids	exhibit	geometrical	isomerism	at	the	double	bonds	(Fig.7.1).	All	the
naturally	occurring	fatty	acids	have	the	cisconfiguration.	However,	in	the	body	during	metabolism	trans	fatty	acids	are	formed	(Chapter	13).	The	polyunsaturated	fatty	acids	(PUFA)	exist	in	cis-configuration	in	naturally	occurring	lipids.	Clinical	significance	of	PUFA	is	shown	in	Box	7.3.	Fig.	7.2.	Polyunsaturated	fatty	acids	(PUFA)	76		Textbook	of
Biochemistry;	Section	A:	Chemical	Basis	of	Life	Table	7.4.	Composition	of	oils	and	fats	Box	7.3.	Clinical	Significance	of	PUFA	1.	Linoleic	and	Linolenic	acids	(Fig.	7.2)	are	polyunsaturated	fatty	acids.	2.	They	are	called	essential	fatty	acids,	because	they	cannot	be	synthesized	by	the	body	and	have	to	be	supplied	in	the	diet.	3.	Unsaturated	fatty	acids	are
also	designated	ω3	(omega	3)	family—Linolenic	acids	(Fig.	7.2)	ω6	family—Linoleic	and	Arachidonic	acids	(Fig.	7.2)	ω9	family—Oleic	acid	4.	Arachidonic	acid	is	the	precursor	of	prostaglandins.	Arachidonic	acid	can	be	synthesized	in	the	body,	if	the	essential	fatty	acids	are	supplied	in	the	diet.	5.	The	pentaenoic	acid	present	in	fish	oils	is	of	ω3
unsaturated	fatty	great	nutritional	importance	(ω	acid).	6.	Eicosanoids	(eicosa	=	twenty)	are	derived	from	20	C	arachidonic	acid.	They	are	polyenoic	fatty	acids.	They	are	prostanoids	(prostaglandins,	prostacyclins,	thromboxanes)	and	leukotrienes.	See	Chapter	13.	Many	clinical	and	epidemiologic	studies	have	shown	positive	roles	for	omega-3	fatty
acids	in	infant	development;	cancer;	cardiovascular	diseases;	and	more	recently,	in	various	mental	illnesses,	including	depression,	attention-deficit	hyperactivity	disorder,	and	dementia.	These	fatty	acids	are	known	to	have	pleiotropic	effects,	including	effects	against	inflammation,	platelet	aggregation,	hypertension,	and	hyperlipidemia.	These
beneficial	effects	may	be	mediated	through	several	distinct	mechanisms,	including	alterations	in	cell	membrane	composition	and	function,	gene	expression,	or	eicosanoid	production.	Trans	Fatty	Acids	(TFA)	They	are	present	in	dairy	products	and	in	hydrogenated	edible	oils.	They	are	generally	considered	to	be	injurious	to	health.	However,	they	are
used	in	food	industry	as	they	increase	the	shelf	life	of	the	fried	food.	Oils	containing	PUFA	also	have	high	content	of	TFA.	Fast	food	preparations	have	a	high	TFA	content.	Trans	fatty	acids	adversely	affect	multiple	risk	factors,	including	plasma	lipids	and	lipoproteins,	systemic	inflammation,	endothelial	dysfunction,	insulin	resistance,	diabetes	and
adiposity.	It	is	high	in	processed	foods	and	bakery	products,	where	partially	hydrogenated	vegetable	oils	are	used	for	cooking.	Properties	of	Fatty	Acids	The	composition	of	some	of	the	common	oils	and	fats	are	given	in	Table	7.4.	Name	Saturated	Mono-unsaturated	PUFA	fatty	acids(%)	fatty	acids(%)	(%)	Coconut	oil	(*)	86	12	2	18	46	36	Groundnut	oil
Gingelly	oil	(Til	oil)	13	50	37	Palm	oil	42	52	6	Corn	oil	13	25	62	Cotton	Seed	oil	26	19	55	Seasame	oil	12	48	40	Mustard	oil	(rapeseed)	34(**)	48	18	9	12	79	Sunflower	oil	12	24	64	Butter	75	20	5	Ox	(Tallow)	53	42	5	Pig	(Lard)	42	46	12	Safflower	oil	(Kardi)	Fish	oil	30	13	57	(	*	)	these	saturated	fatty	acids	are	medium	chain	fatty	acids.	(	**	)	contains
erucic	acid,	22	C,	1	double	bond)	1.	Hydrogenation	Unsaturated	fatty	acids	may	be	converted	to	the	corresponding	saturated	fatty	acids	by	hydrogenation	of	the	double	bond.	(+)2H	(+)2H	(+)2H	Linolenic	—→	Linoleic	—→	Oleic	—→	Stearic	Hydrogenation	of	oils	can	lead	to	solidification	and	saturation,	e.g.	Vanaspathi.	2.	Halogenation	When	treated
with	halogens	under	mild	conditions,	the	unsaturated	fatty	acids	can	take	up	two	halogen	atoms,	at	each	double	bond	to	form	the	halogenated	derivative	of	the	fatty	acid.	For	example,	Oleic	acid	+	I2	→	Di-iodo	oleic	acid	The	number	of	halogen	atoms	taken	up	will	depend	on	the	number	of	double	bonds	and	is	an	index	of	the	degree	of	unsaturation.
(See	iodine	number,	under	triglycerides).	3.	Melting	Point	The	short	and	medium	chain	fatty	acids	are	liquids,	whereas	long	chain	fatty	acids	are	solids	at	25oC.	The	solubility	in	water	decreases,	while	melting	and	boiling	points	increase,	with	increase	in	chain	length.	The	unsaturated	fatty	acids	have	lower	melting	point	compared	to	saturated	fatty
acids	with	the	Chapter	7;	Chemistry	of	Lipids		77	same	chain	length.	For	example,	stearic	acid	(C18	fatty	acid,	no	double	bond)	has	the	melting	point	69oC,	oleic	acid	(C18,	1	double	bond)	has	13oC;	linoleic	acid	(C18,	2	double	bonds)	has	–5oC	and	linolenic	(C18,	3	double	bonds)	has	–10oC.	4.	Salt	Formation	Saturated	and	unsaturated	fatty	acids	form
salts	with	alkali.	CH3—COOH	+	NaOH	→	CH3—COONa	+	H2O	Sodium	and	potassium	salts	of	long	chain	fatty	acids	are	called	soaps.	Calcium	and	magnesium	soaps	are	insoluble.	Calcium	soaps	are	used	in	grease.	Alkyl	sulfate	(R—CH	2—O—SO2—ONa)	and	alkyl	sulfonate	(R—CH2—SO2—O—Na)	are	not	precipitated	by	hard	water	and	are	used	as
detergents.	5.	Ester	Formation	Both	saturated	and	unsaturated	fatty	acids	form	esters	with	alcohols,	especially	with	glycerol.	Fatty	acids	can	form	mono-,	di-	or	tri-	esters	with	alcohol	groups	of	glycerol.	Triglycerides	or	triacyl	glycerols	are	also	known	as	neutral	fat	(Fig.7.3).	Glycerol	+	fatty	acid	→	Mono	acyl	glycerol	Monoglyceride	+	fatty	acid	→	Di
acyl	glycerol	Diglyceride	+	fatty	acid	→	Triglyceride	or	tri	acyl	glycerol	6.	Oxidation	of	Fatty	Acids	All	fatty	acids	undergo	oxidation	in	the	body	to	give	energy.	Beta-oxidation	is	the	major	process	by	which	acids	are	oxidized	(Chapter	11).	However,	the	unsaturated	fatty	acids	can	undergo	auto	oxidation,	due	to	the	presence	of	the	highly	reactive	double
bonds	and	a	variety	of	products.	NEUTRAL	FATS	Neutral	fats	are	also	called	as	triacylglycerols	(TAG)	or	triglycerides	(TG).	These	are	esters	of	the	trihydric	alcohol,	glycerol	with	fatty	acids	(Fig.	7.3).	Fig.	7.3	Triacylglycerol	(TAG)	(triglyceride)	1.	Nomenclature	of	Carbon	Atoms	As	per	International	Union	of	Biochemistry	(IUB)	the	correct
designations	are	monoacyl	glycerol,	diacyl	glycerol	and	triacyl	glycerol.	But	the	old	terminology	of	monoglyceride,	diglyceride	and	triglyceride	are	still	popular,	especially	among	clinical	laboratory	workers.	The	carbon	atoms	of	glycerol	are	designated	as	α,	β	and	α'	or	as	1,	2,	3	as	shown	in	the	Figure	7.3,	where	R	represents	the	side	chain	of	fatty
acids.	Enzymes	can	distinguish	between	1st	and	3rd	carbon	atoms.	2.	Mixed	Triglycerides	i.	Naturally	occurring	fats	and	oils	are	mixtures	of	triglycerides.	ii.	If	all	the	three	hydroxyl	groups	of	the	glycerol	are	esterified	to	the	same	fatty	acid,	a	simple	triacyl	glycerol	is	formed,	e.g.	Tripalmitin,	Triolein,	etc.	iii.	A	mixed	triglyceride	is	formed,	when
different	fatty	acids	are	esterified	to	the	hydroxyl	groups	of	glycerol.	iv.	Generally	two	hydroxyl	groups	are	esterified	to	similar	fatty	acid	and	the	third	with	a	different	one,	e.g.	1,	3-dipalmitoyl-2-olein;	1-palmitoyl2,	3-distearin,	etc.	When	a	PUFA	is	present,	it	is	commonly	esterified	to	the	2nd	or	β	carbon	atom.	3.	Physical	Properties	of	Triacylglycerols
i.	They	are	hydrophobic	and	insoluble	in	water.	ii.	Oils	are	liquids	at	20oC;	they	are	triglycerides	which	contain	a	higher	proportion	of	unsaturated	fatty	acids	or	short	chain	triglycerides.	Oils	are	generally	of	plant	origin.	iii.	Fats	are	solids	at	room	temperature	and	contain	mainly	saturated	long	chain	fatty	acids.	Fats	are	mainly	of	animal	origin	(Table
7.4).	iv.	When	the	constituent	fatty	acids	have	a	higher	chain	length	and	are	predominantly	saturated,	‘hard	fat'	is	formed,	e.g.	pig	fat.	v.	Fats	containing	medium	chain	triglycerides	or	unsaturated	fatty	acids	are	soft	fats,	e.g.	butter,	coconut	oil.	Coconut	oil	contains	mainly	medium	chain	TAG,	e.g.	Lauric	and	Myristic	acids.	4.	Storage	of	Energy	as	Fat
The	triacylglycerols	are	the	storage	form	of	lipids	in	the	adipose	tissue.	In	a	70	kg	normal	person,	body	stores	contain	about	11	kg	of	triacyl	78		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	glycerol,	which	is	roughly	equivalent	to	100,000	kCal.	If	the	same	calories	were	stored	as	hydrated	glycogen,	the	total	weight	of	this	alone	would
have	been	65	kg.	When	stored	as	TAG,	water	molecules	are	repelled	and	space	requirement	is	minimal.	Excess	fat	in	the	body	leads	to	obesity.	5.	Hydrolysis	of	Triglycerides	This	occurs	in	the	body	during	digestion	of	dietary	fat	and	mobilization	of	TAG	from	adipose	tissue.	Triglycerides	in	the	body	are	hydrolysed	by	enzymes,	lipases	which	are
hydrolases	(class	3	enzymes,	Chapter	5).	Triacyl	glycerol	is	sequentially	hydrolysed	to	diacyl	glycerol	and	mono	acyl	glycerol	and	finally	glycerol	plus	3	fatty	acids	(Fig.7.4).	194-198,	butter	has	210-230	and	coconut	oil	has	253-262.	7.	Iodine	Number	Iodine	number	of	a	fat	is	defined	as	the	number	of	grams	of	iodine	taken	up	by	100	grams	of	fat.	It	is
an	index	of	the	degree	of	unsaturation	and	is	directly	proportional	to	the	content	of	unsaturated	fatty	acids.	Higher	the	iodine	number,	higher	is	the	degree	of	unsaturation,	e.g.	iodine	number	of	butter	is	28,	and	that	of	sunflower	oil	is	130.	Fig.	7.4.	Hydrolysis	of	triglycerides	8.	Rancidity	of	Fat	Fats	and	oils	have	a	tendency	to	become	rancid.	The	term
rancidity	refers	to	the	appearance	of	an	unpleasant	smell	and	taste	for	fats	and	oils.	Hydrolytic	rancidity	is	due	to	partial	hydrolysis	of	the	triacyl	glycerol	molecules	due	to	traces	of	hydrolytic	enzymes	present	in	naturally	occurring	fats	and	oils.	Oxidative	rancidity	is	the	result	of	partial	oxidation	of	unsaturated	fatty	acids	with	resultant	formation	of
epoxides	and	peroxides	of	small	molecular	weight	fatty	acids	by	peroxides	and	free	radicals.	The	same	process,	if	it	occurs	in	vivo	will	affect	the	integrity	of	biomembranes,	leading	to	cell	death.	Many	natural	fats	and	oils	may	contain	antioxidants	(e.g.	vitamin	E),	which	prevent	the	occurrence	of	oxidative	rancidity.	PUFA	are	more	easily	oxidized;	so
vegetable	oils	with	a	high	content	of	PUFA	are	usually	preserved	with	addition	of	antioxidants.	Repeated	heating	of	oils	would	lead	to	the	formation	and	polymerisation	of	cyclic	hydrocarbons.	These	will	impart	an	unpleasant	taste	and	color	to	the	oil.	Coconut	oil	having	medium	chain	saturated	fatty	acids	will	withstand	such	polymerisation.	Fig.	7.5.
Saponification	Waxes	They	form	the	secretions	of	insects,	leaves	and	fruits	of	plants,	e.g.	Lanolin	or	wool	fat,	beeswax,	whalesperm	oil,	etc.	They	are	esters	of	higher	fatty	acids	with	higher	monohydroxy	aliphatic	alcohols	and	so	have	very	long	straight	chains	of	60-100	carbon	atoms.	They	are	used	as	the	base	for	the	preparation	of	cosmetics,
ointments,	polishes,	lubricants	and	candles.	6.	Saponification	i.	When	triglycerides	are	hydrolysed	by	alkali,	the	process	is	known	as	saponification.	The	products	are	glycerol	and	soaps	(Fig.	7.5).	ii.	Saponification	number	is	defined	as	the	number	of	milligrams	of	potassium	hydroxide	required	to	saponify	one	gram	of	fat.	iii.	It	is	an	indication	of	the
molecular	weight	of	the	fat,	and	is	inversely	proportional	to	it.	Human	fat	has	a	saponification	number	of	Chapter	7;	Chemistry	of	Lipids		79	PHOSPHOLIPIDS	They	contain	glycerol,	fatty	acids	and	a	nitrogenous	base.	Lecithin,	was	discovered	in1870	by	the	German	biochemist	Ernst	Hoppe-Selyer.	Strecker	characterized	choline	in	1861.	In	1884,



Thudichum	JLW	described	sphingosine,	sphingomyelin,	cerebrosides,	cephalin	and	lecithin	in	brain	tissue.	A.	Phosphatidates	i.	These	are	derivatives	of	phosphatidic	acid	which	is	the	simplest	phospholipid.	ii.	Phosphatidic	acid	is	made	up	of	one	glycerol	to	which	two	fatty	acid	residues	are	esterified	to	carbon	atoms	1	and	2.	The	3rd	hydroxyl	group	is
esterified	to	a	phosphoric	acid	(Fig.	7.6).	iii.	The	molecule	has	an	asymmetric	carbon	atom	and	therefore,	exhibits	optical	isomerism.	L-isomer	is	found	in	nature.	B.	Amphipathic	Nature	Phospholipids	in	general	are	amphipathic,	particularly	Lecithin.	They	have	both	hydrophobic	and	hydrophilic	portion	in	their	molecule	(Figs	7.7A	and	7.8).	The
glycerol	along	with	the	phosphoric	acid	and	choline	constitute	the	polar	‘head'	of	a	phospholipid	molecule,	whereas	the	hydrocarbon	chains	of	the	fatty	acids	represent	the	nonpolar	‘tail'.	Fig.	7.6.	L-phosphatidic	acid	Fig.	7.7A.	Phospholipids	form	the	bilayer	C.	Micellar	Formation	When	phospholipids	are	distributed	in	water,	their	hydrophobic	parts
keep	away	from	water,	forming	molecular	aggregates	called	micelle	(Fig.7.7B).	These	are	involved	in	solubilization	of	lipids	in	aqueous	media	and	help	in	digestion	and	absorption	of	lipids.	D.	Liposomes	A	lipid	bilayer	will	close	on	itself	under	appropriate	conditions	to	form	liposomes.	Unilamellar	or	multilamellar	liposomes	may	be	formed.	They	may
be	prepared	by	sonication	of	mixtures	of	phospholipids	and	cholesterol	(Fig.7.7B).	Liposomes	are	microscopic	spherical	vesicles.	When	mixed	in	water	under	special	conditions,	the	phospholipids	arrange	themselves	to	form	a	bilayer	membrane	which	encloses	some	of	the	water	in	a	phospholipid	sphere.	Drugs,	proteins,	enzymes,	genes,	etc.	may	be
encapsulated	by	the	liposomes	which	could	act	as	carriers	for	these	substances	to	target	organs.	Liposome-entrapped	drugs	exhibit	superior	pharmacological	properties	than	those	observed	with	conventional	formulations.	Liposomes	have	important	applications	in	cancer	chemotherapy,	antimicrobial	therapy,	gene	therapy,	vaccines	and	diagnostic
imaging.	E.	Biomembranes	The	molecules	align	themselves	to	form	monolayers	with	the	polar	heads	pointing	in	one	direction	and	the	nonpolar	tails	in	the	opposite	direction	(Figs	7.7A	and	B).	Only	fatty	acids	with	more	than	6	carbon	atoms	form	monolayers.	This	explains	their	role	as	components	of	biomembranes	The	self-assembly	of	phospholipids
into	bilayers	is	driven	by	hydrophobic	interaction.	They	also	act	as	detergents	and	emulsifying	agents.	In	vivo,	they	act	as	pulmonary	surfactants.	Fig.	7.7B.	Phospholipids	form	micelles	and	liposomes	80		Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	1.	Phosphatidyl	choline	or	Lecithin	i.	This	is	a	nitrogen	containing	phospholipid.	The
word	lecithin	is	derived	from	the	Greek	word,	lekithos	=	egg	yolk.	It	contains	glycerol.	ii.	The	alpha	and	beta	positions	are	esterified	with	fatty	acids.	Usually	the	fatty	acid	attached	to	the	beta-carbon	is	a	PUFA	molecule	(Fig.7.8).	iii.	The	phosphoric	acid	is	added	to	the	third	position,	to	form	phosphatidic	acid.	The	phosphate	group	is	esterified	to	the
quaternary	nitrogen	base,	Choline	(Fig.7.8).	The	molecules	of	lecithin	exist	as	zwitterions	(pl	=	6.7).	Action	of	Phospholipases	Phospholipases	are	enzymes	that	hydrolyse	phospholipids.	Different	phospholipases	are	involved	in	the	hydrolysis	of	specific	bonds	in	lecithin	(Fig.	7.8).	Phospholipase	A2	acts	on	an	intact	lecithin	molecule	hydrolysing	the
fatty	acid	esterified	to	the	beta	(second)	carbon	atom.	The	products	are	Lysolecithin	and	fatty	acid.	Lysolecithin	is	a	detergent	and	hemolytic	agent.	The	enzyme	is	present	in	the	venom	of	viper	snakes.	The	hemolysis	and	consequent	renal	failure	seen	in	viper	poisoning	could	be	thus	explained.	Actions	of	other	phospholipases	are	shown	in	Figure	7.8.
The	products	formed	in	each	case	may	be	summarized	as	follows:	Phospholipase	A2	Lecithin	——————→	Lysolecithin	+	fatty	acid	Phospholipase	A1	Lecithin	——————→	Acyl	glycerophosphorylcholine	+	fatty	acid	Phospholipase	C	Lecithin	——————→	1,2	diacyl	glycerol	+	Phosphoryl	choline	Phospholipase	D	Lecithin	——————→	Phosphatidic
acid	+	choline	Lung	Surfactants	Normal	lung	function	depends	on	a	constant	supply	of	lung	surfactants.	It	is	produced	by	epithelial	cells.	It	decreases	surface	tension	of	the	aqueous	layer	of	lung	and	prevents	collapse	of	lung	alveoli.	Constituents	of	surfactants	are	dipalmitoyl	lecithin,	phosphatidyl	glycerol,	cholesterol	and	surfactant	proteins	A,	B	and
C.	During	fetal	life,	the	lung	synthesizes	sphingomyelin	before	28th	week	of	gestation.	But	as	fetus	matures,	more	lecithin	is	synthesized.	The	lecithin-sphingomyelin	(LS)	ratio	of	amniotic	fluid	is	an	index	of	fetal	maturity.	A	ratio	of	2	indicates	full	lung	maturity.	Low	levels	of	surfactant	leads	to	respiratory	distress	syndrome	(RDS),	which	is	a	common
cause	of	neonatal	morbidity.	Respiratory	Distress	Syndrome	(RDS)	It	is	due	to	a	defect	in	the	biosynthesis	of	dipalmitoyl	lecithin	(DPL),	the	main	pulmonary	surfactant.	Premature	infants	have	a	higher	incidence	of	RDS	because	the	immature	lungs	do	not	synthesize	enough	DPL.	2.	Phosphatidyl	ethanolamine	or	Cephalin	Cephalin	differs	from	lecithin
in	that	the	nitrogen	base	ethanolamine	is	present	instead	of	choline	(Fig.7.9).	Cephalin	is	also	found	in	biomembranes	and	possesses	amphipathic	properties.	3.	Phosphatidyl	inositol	Here	phosphatidic	acid	is	esterified	to	inositol	(Fig.	7.10).	Phosphatidyl	inositol	bisphosphate	or	PIP2	Fig.	7.8.	Lecithin.	R1	and	R2	are	fatty	acids.	Red	rectangle	depicts
glycerol	group.	The	blue	rectangle	is	choline	which	shows	polar	or	hydrophilic	property	Fig.	7.9.	Cephalin	(Phosphatidyl	ethanolamine)	Chapter	7;	Chemistry	of	Lipids		81	Fig.	7.12.	Sphingosine	Fig.	7.10.	Phosphatidyl	inositol	is	present	in	biomembranes.	This	compound	plays	a	vital	role	in	the	mediation	of	hormone	action	on	biomembranes	and	acts
as	a	second	messenger	(see	Chapter	44).	4.	Plasmalogens	These	are	phospholipids	which	have	an	aliphatic	long	chain	α	−	β	unsaturated	alcohol	in	ether	linkage	with	the	first	hydroxyl	group	of	glycerol	(Fig.7.11).	The	second	OH	group	is	esterified	to	a	fatty	acid.	The	phosphoric	acid	is	attached	to	choline	or	ethanolamine	(Fig.	7.11).	The	alcohols	have
about	C12	to	C18	chain	length.	Plasmalogens	are	found	in	biomembranes	in	brain	and	muscle.	5.	Phosphatidyl	Glycerol	It	is	formed	by	esterification	of	phosphatidic	acid	to	glycerol.	When	two	molecules	of	phosphatidic	acid	are	linked	with	a	molecule	of	glycerol,	diphosphatidyl	glycerol	or	cardiolipin	is	formed.	It	is	the	major	lipid	of	mitochondrial
membrane.	Commercially,	it	is	extracted	from	myocardium.	Decreased	cardiolipin	level	leads	to	mitochondrial	dysfunction,	and	is	accounted	for	heart	failure,	hypothyroidism	and	some	types	of	myopathies.	6.	Sphingolipids	The	sphingosine	containing	lipids	may	be	of	3	types;	phosphosphingosides,	glycosphingolipids	and	sulfatides.	All	sphingolipids
have	the	long	aliphatic	amino	alcohol	sphingosine	(Fig.7.12)	which	is	attached	to	a	fatty	acid	in	amide	linkage	to	form	a	Fig.	7.11.	Ethanolamine	plasmalogen	Fig.	7.13.	Ceramide	ceramide	(Fig.7.13).	The	fatty	acid	has	a	chain	length	varying	from	C18	to	C24.	7.	Phosphosphingosides	They	contain	phosphoric	acid	group.	A	common	phosphosphingoside
present	abundantly	in	bio	membranes,	especially	of	the	nervous	system,	is	sphingomyelin.	It	contains	choline	(Fig.7.14).	Sphingomyelins	Sphingomyelins	are	the	only	sphingolipid	that	contain	phosphate	and	have	no	sugar	moiety.	They	are	found	in	large	quantities	in	nervous	system.	Different	sphingomyelins	may	be	formed	depending	on	the	fatty	acid
attached.	Common	fatty	acids	found	are—lignoceric	(24	C),	nervonic	(24	C,	one	double	bond)	and	cervonic	(22	C,	6	double	bonds)	acids	(Table	7.2).	Because	of	its	amphipathic	nature	sphingomyelin	can	act	as	an	emulsifying	agent	and	detergent.	The	relative	proportion	of	lecithin	and	sphingomyelin	is	important	in	biological	fluids	like	bile,	amniotic
fluid,	etc.	Sphingomyelin	combined	with	fatty	acid	is	called	ceramide,	which	is	a	component	of	glycosphingolipids.	Non-phosphorylated	Lipids	Glycosphingolipids	(Glycolipids)	They	are	seen	widely	in	nervous	tissues.	This	group	of	lipids	do	not	contain	phosphoric	acid;	instead	they	contain	carbohydrates	and	ceramide.	Fig.	7.14.	Sphingomyelin	82	
Textbook	of	Biochemistry;	Section	A:	Chemical	Basis	of	Life	Ceramide	+	Glucose	→	Gluco	cerebroside	Ceramide	+	Galactose→	Galacto	cerebroside	rafts,	paranodal	or	nodal	structures,	and	ion	channel	clusters	in	peripheral	motor	nerves.	Globosides	(Ceramide	oligosaccharides)	They	contain	two	or	more	hexoses	or	hexosamines,	attached	to	a
ceramide	molecule.	Sulfolipids	or	Sulfatides	These	are	formed	when	sulfate	groups	are	attached	to	ceramide	oligosaccharides.	All	these	complex	lipids	are	important	components	of	membranes	of	nervous	tissue.	Failure	of	degradation	of	these	compounds	results	in	accumulation	of	these	complex	lipids	in	CNS.	This	group	of	inborn	errors	is	known	as
lipid	storage	diseases.	These	are	described	in	Chapter	13.	Ceramide	+	Galactose	+	Glucose	→	Lactosyl	ceramide	Lactosyl	ceramide	is	a	component	of	erythrocyte	membrane.	Gangliosides	They	are	formed	when	ceramide	oligo-saccharides	have	at	least	one	molecule	of	NANA	(N-acetyl	neuraminic	acid)	(sialic	acid)	attached	to	them.	Ceramide—Glucose
—galactose—NANA;	this	is	designated	as	GM3	(ganglioside	M3).	Gangliosides	contribute	to	stability	of	paranodal	junctions	and	ion	channel	clusters	in	myelinated	nerve	fibers.	Autoantibodies	to	GM1	disrupt	lipid	Lipidomics	The	lipidome	is	the	total	liplids	in	the	organism.	Lipidomics	is	the	study	of	the	structure	and	function	of	all	members	of	the
lipidome,	in	both	health	and	in	diseases.	Related	Topics	Cholesterol,	steroids,	bile	acids	and	lipoproteins	are	described	in	Chapter	12.	Chapter	13	contains	the	metabolism	of	compound	lipids.	CHAPTER	8	Overview	of	Metabolism	CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Study	on	six	levels	of
organizations	2.	Metabolic	pathways	and	control	mechanisms	3.	Importance	of	blood	glucose	homeostasis	4.	Metabolic	profile	of	organs	5.	Metabolic	adaptations	during	starvation	EXPERIMENTAL	STUDY	OF	METABOLISM	The	study	of	metabolic	sequences	may	be	conducted	at	six	levels	of	organisations,	each	at	deeper	levels	of	cellular	architecture,
and	each	giving	different	perspectives	to	the	same	phenomenon.	Level	1:	The	Intact	Organism	The	essential	nature	of	amino	acids	and	vitamins,	etc.	could	be	understood	by	feeding	animals	with	diets	lacking	in	one	of	the	ingredients	of	food.	In	1842,	Friedrich	Wohler	showed	that	benzoic	acid	when	injected	is	excreted	as	hippuric	acid	(benzoyl
glycine);	this	was	the	starting	point	of	metabolic	study	in	animals.	Radiolabelled	iron	(59Fe)	is	given,	and	incorporation	of	the	radioactivity	in	bone	marrow	and	erythrocyte	precursors	are	studied,	which	provides	information	regarding	the	life	span	of	RBCs	and	rate	at	which	heme	is	degraded.	The	studies	on	inborn	errors	have	been	of	great	help	in
understanding	normal	processes	inside	the	body.	It	is	easy	to	study	individual	enzyme	systems	in	microorganisms.	By	utilizing	mutant	strains	of	bacteria,	metabolic	defects	may	be	elucidated.	Level	2:	Organ	Perfusion	The	organ	can	be	isolated	preserving	its	blood	vessels.	The	organ	is	canulated	and	perfused	with	Ringer	solution.	To	the	perfusion
fluid	any	compound	may	be	added	and	the	fluid	emerging	from	the	organ	is	analyzed	for	the	metabolites	of	the	compound.	Level	3:	Organ	Slices	The	next	lower	level	of	study	is	by	using	the	slices	of	organs,	about	50	micrometer	thick.	Otto	Warburg	(Nobel	prize	1931)	was	the	first	scientist	to	study	metabolic	pathways	using	organ	slices.	(The
instrument	for	study	of	tissue	respiration	is	known	as	Warburg	apparatus).	The	advantage	of	this	procedure	is	that	the	cellular	organelle	were	preserved	intact.	Metabolic	transformations	of	nutrients	could	be	studied	in	detail.	If	rat	liver	slices	are	incubated	with	medium	containing	glucose,	carbon	dioxide	is	evolved.	Level	4:	Intact	Cells	and	Tissue
Culture	set	up	Tissues	or	cells	can	be	kept	in	defined	culture	medium	for	a	few	days	for	metabolic	studies.	The	medium	contains	nucleotides,	carbohydrates,	amino	acids,	vitamins	and	growth	factors.	The	pH	of	the	medium	should	be	kept	around	7.2.	If	labelled	glucose	is	added	in	the	culture,	the	utilization	of	glucose	and	its	incorporation	into
glycogen,	etc.	could	be	identified.	If	labelled	nucleotides	are	added	in	the	culture,	cells	take	them	up	for	DNA	synthesis	and	the	uptake	of	radioactivity	will	be	proportional	to	the	cell	division.	Activities	of	drugs	can	be	studied	in	cell	culture	system.	Biologically	useful	substances	can	be	harvested	from	tissue	culture	set	up.	For	example,	specific
monoclonal	antibodies	could	be	obtained	from	the	supernatant	of	cultured	hybridoma	cells	(Chapter	49).	84		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	The	cells	from	cancer	tissues	have	indefinite	capacity	to	grow	into	any	number	of	passages.	This	immortalization	is	characteristic	of	cancer	tissues.	A	good	example	is	the	HeLa	cell	line
from	cervical	cancer	tissue,	now	growing	in	laboratories	all	over	the	world.	This	cell	line	was	originally	started	in	1938	from	a	patient,	Henrietta	Lacks	whose	first	and	last	names	were	abbreviated	to	name	the	culture.	A	pioneer	in	tissue	culture	work	was	Alexis	Carrel	(Nobel	prize,	1912).	Level	5:	Homogenates	The	tissue	is	homogenized	in	an	isotonic
medium	and	cell	wall	is	broken	by	ultrasonic	vibration	and	cellular	organelle	are	separated.	For	example,	isolated	mitochondrial	preparation	will	show	enzymes	of	electron	transport	chain.	Level	6-A:	Purified	Enzymes	Enzyme	preparations	may	be	used	to	study	individual	metabolic	reactions,	their	regulation,	cofactors,	etc.	Level	6-B:	DNA	or	Genomics
Present	day	research	work	mainly	involves,	the	studies	at	genetic	level	(molecular	biology).	For	example,	phenyl	ketonuria	is	due	to	a	mutation	in	the	gene	coding	for	the	enzyme	phenyl	alanine	hydroxylase.	The	full	complement	of	genes	within	the	cells	(genomics),	their	expression	and	regulation	(transcriptomics)	and	the	gene	products	(proteomics)
can	be	studied.	Use	of	Radioisotope	Tracers	The	isotope	studies	provide	valuable	information	regarding	precursor–product	relationship,	rate	of	metabolism	and	anatomical	distribution	(Chapter	53).	When	14C-labelled	glucose	is	administered,	the	metabolites	can	be	traced	to	different	organs.	Administration	of	15N-labelled	glycine	was	followed	by
appearance	of	the	label	in	different	compounds	like	hemoproteins,	nucleic	acids,	and	creatinine.	a.	By	causing	metabolic	blocks	b.	By	studying	organisms	with	metabolic	defects	c.	Genetic	manipulation,	e.g.	gene	knockout	(details	in	Chapter	55).	METABOLISM	Thousands	of	chemical	reactions	are	taking	place	inside	a	cell	in	an	organized,	well	co-
ordinated,	and	purposeful	manner;	all	these	reactions	are	collectively	called	as	Metabolism.	The	metabolism	serves	the	following	purposes:	1.	Chemical	energy	is	obtained	from	the	degradation	of	energy	rich	nutrients.	2.	Food	materials	are	converted	into	the	building	block	precursors	of	cellular	macromolecules.	These	building	blocks	are	later	made
into	macromolecules,	such	as	proteins,	nucleic	acids,	polysaccharides,	etc.	Biomolecules	required	for	specialized	functions	of	the	cell	are	synthesized.	3.	Metabolic	pathways	are	taking	place	with	the	help	of	sequential	enzyme	systems.	These	pathways	are	regulated	at	three	levels:	3a.	Regulation	through	the	action	of	allosteric	enzymes,	which
increase	or	decrease	the	activity	under	the	influence	of	effector	molecules.	3b.	Hormonal	regulation.	Hormones	are	chemical	messengers	secreted	by	different	endocrine	glands.	3c.	Regulation	at	the	DNA	level;	the	concentration	of	the	enzyme	is	changed	by	regulation	at	the	level	of	synthesis	of	the	enzyme.	Types	of	Metabolic	Pathways	A.	Catabolic
(degradation)	pathways,	where	energy	rich	complex	macromolecules	are	degraded	into	smaller	molecules.	Energy	released	during	this	process	is	trapped	as	chemical	energy,	usually	as	ATP.	Table	8.1.	Energy	reserves	of	man	Stored	fuel	Studies	on	Metabolism	Four	aspects	of	metabolic	pathways	are	studied	a.	Sequence	of	reactions	b.	Precursor
product	relationship	c.	Mechanism	of	reaction	d.	Control	mechanisms	Metabolic	pathways	may	also	be	studied	by	creating	perturbances	to	the	system,	such	as:	Weight	(in	gram)	Glycogen	in	liver	Glycogen	in	muscle	Glucose	in	body	fluids	Fat	in	adipose	tissue	Protein	in	muscle	Energy	equivalent	(in	kilo	calories)	70	280	120	480	20	80	15,000	135,000
6,000	24,000	Chapter	8;	Overview	of	Metabolism		85	Table	8.2.	Adaptations	during	starvation	Fed	State	Skeletal	Muscle	Cardiac	Muscle	Preferred	fuel	at	rest	Fatty	acids	FFA,	ketone	bodies,	lactate	Exercise	Glycogen	to	lactate	Fatty	acids	Starvation	Adaptations	Protein	breakdown;Fattyacids,	release	of	amino	branched	chain	acids;	FFA,	ketone
amino	acids	and	bodies	and	bran-	ketone	bodies	ched	chain	amino	utilized	acids	utilized	B.	Anabolic	(biosynthesis)	pathways.	The	cells	synthesize	complex	molecules	from	simple	precursors.	This	needs	energy.	C.	Amphibolic	pathways	are	seen	at	cross-roads	of	metabolism,	where	both	anabolic	and	catabolic	pathways	are	linked.	Stages	or	Phases	of
Metabolism	The	degradation	of	foodstuffs	occurs	in	three	stages.	i.	In	the	first	stage,	digestion	in	the	gastrointestinal	tract	converts	the	macromolecules	into	small	units.	For	example,	proteins	are	digested	to	amino	acids.	This	is	called	primary	metabolism.	ii.	Then	these	products	are	absorbed,	catabolized	to	smaller	components,	and	ultimately
oxidized	to	CO2.	The	reducing	equivalents	are	mainly	generated	in	the	mitochondria	by	the	final	common	oxidative	pathway,	citric	acid	cycle.	In	this	process,	NADH	or	FADH2	are	generated.	This	is	called	secondary	or	intermediary	metabolism.	iii.	Then	these	reduced	equivalents	enter	into	the	electron	transport	chain	(ETC,	or	Respiratory	chain),
where	energy	is	released.	This	is	the	tertiary	metabolism	or	Internal	respiration	or	cellular	respiration	(see	Fig.19.1).	Fig.	8.1.	Metabolic	alterations	in	brain	Carbohydrates	enter	the	glycolysis	pathway,	converted	to	acetyl	CoA	and	are	oxidized	in	the	citric	acid	cycle.	Carbohydrate	metabolism	is	centered	around	glucose,	and	is	mainly	used	for
provision	of	energy	to	the	body	(Chapter	9).	Lipid	metabolism	is	centered	around	fatty	acids,	which	are	also	used	for	provision	of	energy	(Chapter	11).	Amino	acids	are	mainly	meant	for	body	building	purpose.	However,	most	of	the	amino	acids	are	eventually	transaminated,	the	carbon	skeletons	are	oxidized.	This	will	provide	some	energy.	(Chapter
14).	But	energy	production	is	not	the	main	purpose	of	amino	acid	metabolism.	Carbohydrate,	lipid	and	amino	acid	metabolisms	are	interrelated	and	details	are	given	in	chapters	in	the	Section	B	of	this	book.	METABOLIC	PROFILE	OF	ORGANS	The	metabolic	pattern	or	metabolic	profile	of	different	organs	is	different	depending	on	its	function.
Moreover,	the	organs	are	able	to	adapt	to	metabolic	alterations	in	fed	state	and	starvation.	The	storage	forms	of	fuels	are	shown	in	Table	8.1.	Calories	are	stored	in	the	body	as	fat	and	glycogen.	The	approximate	percentage	of	storage	form	of	energy	(total	fuel	reserve)	present	in	a	normal	human	body	is,	fat	85%,	glycogen	1%,	and	proteins	14%.	Box
8.1	shows	the	energy	utilization	of	an	average	person.	Fat	stores	are	mobilized	actively	only	on	prolonged	fasting,	even	though	adipose	tissue	fat	is	undergoing	turnover	on	a	daily	basis.	Caloric	homeostasis	is	maintained	regardless	of	whether	a	person	is	well	fed,	fasting,	or	in	a	state	of	starvation.	Similarly	metabolic	profile	of	various	organs	and
tissues	change	to	adapt	to	physiological	and	pathological	states,	so	that	caloric	homeostasis	is	maintained	unless	extreme	conditions	set	in.	The	reciprocal	regulation	of	glycolysis	and	gluconeogenesis	is	the	major	deciding	factor	in	the	flux	of	metabolic	intermediates	through	these	pathways.	1.	Brain	i.	Although	brain	represents	only	2%	of	adult	body
weight,	it	needs	10–20%	cardiac	output.	About	750	ml	of	blood	circulates	through	the	Box	8.1.	Enery	Utilization	of	Average	Person	The	energy	consumption	varies	based	on	life	style	in	adults.	Approximately	300	g	of	carbohydrates	(1200	Kcal	or	4800	kJoules),	70	g	of	proteins	(294	Kcal	or	1190	kJ)	and	80	g	of	fats	(720	kcal	or	2960	kJ)	are	consumed
by	a	person	with	a	sedentary	life	style.	Therefore,	about	60%	calories	are	derived	from	carbohydrates,	15%	from	proteins	and	rest	from	fats.	The	energy	reserves	provide	energy	in	between	meals	and	after	overnight	fasting	(glycogenolysis	and	gluconeogenesis).	86		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	ii.	iii.	iv.	v.	vi.	brain	per
minute.	Neurons	can	survive	only	a	few	minutes	without	blood	supply.	Occlusion	of	blood	supply	to	brain	causes	unconsciousness	within	10	seconds.	There	is	no	stored	fuel	in	the	brain.	Glucose,	the	preferred	fuel	for	the	brain,	should	be	in	continuous	supply.	Glucose	can	freely	enter	the	brain	cells.	The	total	consumption	of	glucose	by	brain	is	about
120	g/day	(480	kcal).	Thus,	about	60%	of	the	total	carbohydrate	intake	by	the	body	is	metabolized	by	the	brain.	Moreover,	about	25%	of	the	oxygen	consumed	by	the	adult	body	is	due	to	glucose	oxidation	in	brain.	In	children,	this	may	be	as	high	as	50%.	Brain	under	conditions	of	anoxia:	In	anoxia	the	rate	of	lactate	production	by	glycolysis	rises	to	5	or
8	times	within	one	minute.	The	Pasteur	effect	(Chapter	9)	is	the	brain's	protection	against	conditions	of	anoxia.	Blood	glucose	level	below	30	mg/dl	is	fatal.	Brain	and	acetoacetate:	The	brain	is	unable	to	utilize	fatty	acids	as	a	source	of	fuel	since	the	fatty	acids	complexed	to	albumin	are	unable	to	traverse	the	blood	brain	barrier.	But,	brain	can
effectively	utilize	acetoacetate.	This	is	again	a	survival	technique	in	diabetic	and	starvation	ketosis.	Brain	and	starvation:	During	starvation,	a	significant	part	(60-70%)	of	the	energy	requirement	of	the	brain	is	then	met	by	ketone	bodies	(Fig.	8.1).	Fig.	8.2.	Metabolism	in	well	fed	state	Table	8.3.	Major	fuels	in	different	organs	Brain	Skeletal	muscle
Cardiac	Adipose	muscle	tissue	After	a	meal	Glucose	Glucose,	Glucose,	Fatty	acids;	Fatty	acids	pyruvate	Glucose	Fasting	(short	term)	Glucose	Fatty	acids	Fatty	acids	Fasting	(long	term)	Glucose;	Ketone	ketone	bodies;	bodies	Branched	chain	aa	Exercise	Glycogen	Ketone	bodies	Fatty	acids	Fatty	acids;	ketone	bodies	Fatty	acids	vii.	Under	conditions	of
partial	anoxia,	the	production	of	ammonia	is	increased.	This	is	immediately	trapped	as	glutamine.	The	NH2	group	of	glutamine	and	glutamate	can	be	used	for	synthesis	of	other	amino	acids	(Chapter	16).	2.	Skeletal	Muscle	i.	The	skeletal	muscle	forms	about	45%	of	the	total	weight	of	the	body.	About	0.5%	muscle	weight	is	due	to	glycogen	content.
Following	a	meal,	the	muscle	glycogen	content	increases	by	about	1%	of	the	total	weight.	ii.	Muscle	metabolism	after	a	meal:	The	uptake	and	storage	of	glucose	by	the	skeletal	muscle	is	under	the	influence	of	insulin.	Following	a	Fig.	8.3.	Metabolism	in	fasting	state	Chapter	8;	Overview	of	Metabolism		87	Table	8.4.	Key	enzymes	under	well	fed
conditions,	fasting	and	starvation	Enzyme	Fed	Glucokinase	Starvation	Activator	Inhibitor	Increase	Decrease	Decrease	Insulin,	Glucose	F-6-P	Phosphofructokinase1	Increase	Decrease	Decrease	F-2,6-bisP,	AMP	ATP,	Citrate	Fructose	1,6	bisphosphatase	Decrease	Increase	Increase	ATP,	Citrate	F-2,6-bisP,	AMP	Pyruvate	carboxylase	Decrease	Increase
Increase	AcetylCoA	PEPCK	Decrease	Increase	Increase	Glucocorticoids	Insulin	Glycogen	phosphorylase	Decrease	Increase	Glucagon,	AMP	Insulin	Glycogen	synthase	Increase	Decrease	Decrease	Insulin,	G-6-P	Glucagon	Increase	Glucagon	Malonyl	CoA	Carnitine	acyl	transferase	Fasting	Increase	Acetyl	CoA	carboxylase	Increase	Decrease	Decrease
Insulin,	Citrate	Fatty	acylCoA	Hormone	sensitive	lipase	Decrease	Increase	Increase	Glucagon	Insulin	PEPCK	=	phospho	enol	pyruvate	carboxy	kinase;	F-6-P	=	fructose-6-phosphate;	F-2,6-bisP	=	fructose-2,6bisphosphate;	G-6-P	=	glucose-6-phosphate	meal,	the	level	of	the	glucose	and	insulin	are	high.	So	glycogen	synthesis	is	enhanced	(Fig.	8.2).	The
resting	muscle	uses	fatty	acids	as	a	major	fuel	(85%).	iii.	Muscle	metabolism	during	exercise:	Muscle	uses	glycogen	for	short	active	spurts	of	activity.	Glycogen	is	rapidly	broken	down	to	form	lactate.	The	lactate	has	to	be	transported	to	liver	to	undergo	gluconeogenesis	(Cori's	cycle	in	Chapter	9).	Muscle	however	uses	fatty	acid	as	fuel	for	aerobic
exercise	and	long	distance	running.	iv.	Muscle	metabolism	during	starvation:	During	starvation,	maximum	glucose	is	spared	for	the	brain.	The	free	fatty	acid	(FFA)	mobilized	from	adipose	tissue	is	the	preferred	fuel	for	muscle	during	starvation.	FFA	does	not	require	insulin,	and	during	fasting	insulin	level	is	low	(Table	8.3).	v.	During	prolonged
starvation,	muscle	protein	breakdown	occurs	and	alanine	is	released	to	the	blood	stream.	It	is	transported	to	liver	to	provide	substrate	for	gluconeogenesis	(glucose-alanine	cycle	in	Fig.	9.30).	The	metabolic	fuel	during	prolonged	fasting	is	ketone	bodies.	Branched	chain	amino	acids	are	utilized	by	the	skeletal	muscle	(Fig.	8.3	and	Table	8.2).	3.	Adipose
Tissue	It	is	the	storehouse	of	energy	in	the	body	(about	1,35,000	kcal)	(Table	8.1).	The	energy	is	stored	in	the	concentrated	form,	triacyl	glycerol.	The	chylomicrons	and	VLDL	are	hydrolysed	by	lipoprotein	lipase	present	on	capillary	walls.	It	is	activated	by	insulin.	The	fatty	acids	are	re-esterified	to	form	triacyl	glycerol	(Chapter	11).	The	glycerol	is
derived	from	dihydroxy	acetone	phosphate	(DHAP),	an	intermediate	of	glycolysis.	Therefore,	for	storage	of	triacyl	glycerol,	both	fatty	acid	synthesis	and	glycolysis	should	operate.	The	uptake	of	glucose,	glycolysis	and	lipogenesis	are	all	favored	by	insulin.	About	25%	of	glucose	taken	up	by	adipose	tissue	is	metabolized	by	the	HMP	shunt	pathway,	and
the	rest	by	glycolysis.	The	NADPH	generated	from	the	shunt	pathway	is	used	for	the	synthesis	of	fatty	acids.	The	NADH	produced	during	glycolysis	is	used	to	reduce	the	DHAP	to	glycerol-3-phosphate.	Table	8.3	shows	the	major	metabolic	fuels	of	different	organs	during	various	physiological	conditions.	During	fasting,	triglycerides	in	the	adipose
tissue	are	hydrolysed.	Cyclic	AMP	mediated	activation	of	hormone	sensitive	lipase	occurs	in	response	to	the	high	glucagon-insulin	ratio.	Glucocorticoids	also	have	a	stimulant	lipolytic	effect	during	fasting.	4.	Liver	i.	The	liver	plays	a	central	role	in	metabolism	by	providing	adequate	quantities	of	metabolic	fuel	for	other	organs.	Almost	all	the	metabolic
pathways	operate	in	the	liver;	a	notable	exception	being	ketolysis.	ii.	Liver	metabolism	in	fed	state:	Under	well	fed	conditions,	the	liver	takes	up	glucose	from	88		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	due	to	a	fall	in	phosphocreatine,	it	inhibits	intracellular	enzymes	causing	failure	of	the	heart’s	contracting	mechanism.	In	a	failing
heart,	the	uptake	and	utilization	of	fatty	acids	and	glucose	occurs.	In	advanced	heart	failure,	insulin	resistance	also	develops,	further	decreasing	the	glucose	utilization.	At	the	same	time,	the	metabolism	of	a	hypertrophied	heart	switches	from	fatty	acid	utilization	to	glucose.	Table	8.4	shows	the	activity	of	key	enzymes	under	well	fed	conditions,	fasting
and	starvation	and	their	regulators.	Effect	of	Exercise	on	Metabolic	Profile	Fig.	8.4.	Relative	changes	of	important	parameters	during	starvation	circulation	and	stores	it	as	glycogen.	Similarly	the	fatty	acids	synthesized	by	the	liver	are	incorporated	into	VLDL	and	secreted	into	blood	stream.	(Fig.	8.2).	Liver	is	the	major	site	of	degradation	of	amino
acids	and	detoxification	of	ammonia	into	urea	(Chapter	14).	iii.	During	starvation,	liver	provides	glucose	by	glycogenolysis	and	later	by	gluconeogenesis	so	that	the	obligatory	requirements	of	the	brain	are	met	(Fig.	8.3).	Moreover,	liver	also	produces	the	ketone	bodies,	an	alternate	source	of	fuel.	But	the	liver	cannot	use	ketone	bodies	as	its	own	fuel.
Table	8.3	shows	the	major	metabolic	fuels	of	different	organs	during	various	physiological	conditions.	5.	Cardiac	Muscle	Heart	consumes	more	energy	than	any	other	organ.	It	utilizes	about	6	kg	of	ATP	per	day,	20-30	times	of	its	own	weight.	Cardiac	muscle	derives	its	energy	by	oxidative	metabolism	of	fatty	acids	(60-90%)	and	glucose	10-40%.	Ketone
bodies	are	also	normally	metabolized.	In	addition,	energy	transfer	to	heart’s	myofibrils	occurs	by	creatine	kinase	catalyzed	energy	shuttle.	Phosphocreatine	being	a	smaller	molecule	than	ATP	can	easily	diffuse	into	the	myofibrils	from	mitochondria.	The	myofibrillar	creatine	kinase	catalyses	the	reformation	of	ATP.	The	free	creatine	diffuses	back.	The
creatine	kinase	system	acts	as	an	energy	buffer,	by	keeping	ATP	level	constant.	When	ADP	level	increases	Long	distance	running	is	the	typical	example	of	aerobic	exercise,	where	as	sprinting	or	weight	lifting	exemplifies	anaerobic	exercise.	During	anaerobic	exercise,	the	major	organ	involved	is	the	skeletal	muscle	with	very	little	involve	ment	of	other
organs.	The	relative	ischemia	created	by	the	compression	of	blood	vessels	in	the	muscle	will	necessitate	the	use	of	glycogen	and	phosphocreatine	available	in	the	muscle	to	supply	the	required	energy.	During	moderate	aerobic	exercise,	the	muscular	stores	of	glycogen	are	used,	but	in	a	normal	individual	this	is	not	sufficient	to	provide	a	continuous
supply	of	ATP	for	exercise	like	long	distance	running.	The	RQ	falls	during	long	distance	running	since	there	is	a	progressive	change	from	glycogenolysis	to	fatty	acid	oxidation	to	meet	the	energy	demands.	Muscles	start	oxidizing	fatty	acids	and	the	high	AMP	level	which	activates	AMP	kinase	and	low	malonyl	CoA	that	activates	CAT	will	favor	fatty	acid
oxidation.	The	training	for	athletes	is	different	depending	on	whether	they	are	sprinters	or	long	distance	runners	since	the	energy	sources	are	different.	Rest	after	a	vigorous	muscular	activity	often	results	in	repletion	of	the	exhausted	glycogen	stores.	In	muscle	developed	by	exercise	and	training,	the	size	and	number	of	mitochondria	are	more	as	well
as	the	level	of	enzymes	for	fatty	acid	oxidation	and	ketone	body	utilization.	Hence,	the	trained	muscle	can	better	utilize	noncarbohydrate	sources	of	energy.	So	exhaustion	is	delayed	(Box	8.2).	Box	8.2.	Long	Distance	Runners	do	not	Compete	with	Sprinters!!	Long	distance	running	is	an	example	of	aerobic	exercise.	Metabolic	profile	of	organs	changes
during	aerobic	exercise	with	fatty	acids	and	ketone	bodies	being	the	preferred	fuel	for	the	skeletal	muscle.	Because	glycogenolysis	is	not	sufficient	to	meet	the	energy	demands	of	prolonged	aerobic	exercise.	Anaerobic	exercise,	on	the	other	hand,	has	no	effect	on	the	metabolic	profile	of	organs	other	than	skeletal	muscle.	The	skeletal	muscle	depends
on	its	own	glycogen	stores	and	phosphocreatine	to	meet	the	demand	for	ATP.	Chapter	8;	Overview	of	Metabolism		89	Metabolic	Adaptations	During	Starvation	In	early	fasting	the	effect	of	short	term	regulation	by	altering	the	activity	of	existing	enzymes	(fine	control)	is	more	significant.	When	starvation	is	prolonged	(>3	days),	long	term	adaptation
sets	in,	e.g.	brain	starts	metabolising	ketone	bodies	deriving	about	30%	energy	from	ketone	bodies.	First	Stage:	Glycogenolysis	Table	8.2	and	Figure	8.3	show	the	changes	in	activities	during	starvation.	During	fasting,	at	first,	blood	glucose	level	is	maintained	by	hepatic	glycogenolysis.	The	glycogen	stores	are	sufficient	for	about	18	hours.	The
primary	requirement	for	glucose	is	to	meet	the	demands	of	the	brain.	Second	Stage:	Gluconeogenesis	Even	before	the	glycogen	stores	are	depleted,	gluconeogenesis	is	accelerated	(Fig.8.3).	The	amino	acids	released	from	muscle	form	the	major	substrate	for	gluconeogenesis.	The	amino	nitrogen	is	transferred	from	other	amino	acids	to	pyruvate	to
form	alanine.	Thus	the	amino	group	reaches	the	liver	as	alanine	where	it	is	transaminated	to	give	pyruvate	for	gluconeogenesis.	This	glucose	alanine	cycle	(Fig.	9.30)	serves	to	transport	the	amino	nitrogen	of	other	amino	acids	to	liver	in	a	harmless	form.	Glutamic	acid	also	serves	as	an	important	mode	of	transport	of	amino	acids	to	liver	(Chapter	14).
The	branched	chain	amino	acids	liberated	by	muscle	protein	catabolism	especially	leucine	and	isoleucine	are	utilized	by	the	muscle	to	give	energy.	Brain	can	preferentially	take	up	the	glucogenic	valine	from	the	blood	stream.	The	plasma	level	of	branched	chain	amino	acids	reaches	a	peak	by	5th	day	of	starvation.	Third	Stage:	Lipolysis	The	prevailing
state	of	high	glucagon-insulin	ratio	stimulates	cAMP	mediated	lipolysis	by	increasing	the	activity	of	hormone	sensitive	lipase.	Then	skeletal	muscle,	heart	and	kidney	will	shut	down	their	glucose	utilization;	and	will	depend	mainly	on	fatty	acids	for	energy	needs	(glucose-fatty	acidcycle).	Inactivation	of	pyruvate	dehydrogenase	by	phosphorylation	is	the
basis	of	this	change.	The	stimulation	of	the	activity	of	CAT	by	glucagon	favors	increased	rate	of	beta	oxidation.	The	increased	rate	of	lipolysis	and	beta	oxidation	provides	an	alternate	source	of	fuel	as	acetyl	CoA	and	subsequently	ketone	bodies.	Ketone	bodies	provide	fuel	for	tissues	like	heart	muscle,	skeletal	muscle	and	to	some	extent	the	brain.	It	is
seen	that	brain	starts	utilizing	ketone	bodies	from	3rd	day	of	starvation.	By	10th	day	of	starvation	about	60%	of	energy	for	brain	is	derived	from	ketone	bodies.	Fourth	Stage:	Acidosis	However,	this	state	cannot	continue	indefinitely	since	excessive	production	of	ketone	bodies	leads	to	metabolic	acidosis.	When	the	bicarbonate	buffering	capacity	is
exceeded,	the	pH	falls	and	hyperventilation	occurs	as	a	compensatory	mechanism.	Fifth	Stage:	Death	from	Starvation	Metabolic	acidosis	and	dehydration,	unless	corrected	efficiently,	will	lead	to	death.	A	normal	person	has	fuel	reserves	to	live	up	to	45–60	days.	Examples	are	available	in	history.	As	part	of	the	freedom	struggle,	Sri	Jatin	Das	took	a	fast
unto	death,	who	died	on	the	61st	day	of	his	hunger	strike	on	13th	September	1929.	90		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	CHAPTER	9	Major	Metabolic	Pathways	of	Glucose	CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Digestion	of	carbohydrates	2.	Absorption	of	glucose	and
glucose	transporters	3.	Glycolysis	pathway	and	its	regulation	4.	Energy	yield	from	glycolysis	5.	Cori's	cycle	6.	Pyruvate	as	a	junction	point	7.	Gluconeogenesis	and	Malate	shuttle	8.	Glucose	alanine	cycle	9.	Glycogenolysis;	degradation	of	glycogen	10.	Glycogenesis;	glycogen	synthesis	11.	Regulation	of	glycogen	metabolism;	Cyclic	AMP	12.	Glycogen
storage	diseases	DIGESTION	OF	CARBOHYDRATES	i.	In	the	diet	carbohydrates	are	present	as	complex	polysaccharides	(starch,	glycogen),	and	to	a	minor	extent,	as	disaccharides	(sucrose	and	lactose).	They	are	hydrolysed	to	monosaccharide	units	in	the	gastrointestinal	tract.	Cooking	makes	the	digestion	process	easier.	ii.	This	process	of	digestion
starts	in	mouth	by	the	salivary	alpha-amylase.	However,	the	time	available	for	digestion	in	the	mouth	is	limited,	because	the	gastric	hydrochloric	acid	will	inhibit	the	action	of	salivary	amylase.	iii.	In	the	pancreatic	juice	another	alpha-amylase	is	available	which	will	hydrolyse	the	alpha-1,4	glycosidic	linkages	randomly,	so	as	to	produce	smaller	subunits
like	maltose,	isomaltose,	dextrins	and	branched	or	unbranched	oligosaccharides.	iv.	The	cells	of	brush	border	of	intestine	contain	the	enzymes,	sucrase,	maltase,	isomaltase	and	lactase.	They	hydrolyse	the	corresponding	disaccharides	into	component	monosaccharides	which	are	then	absorbed.	Clinical	Application;	Lactose	Intolerance	i.	Lactase
hydrolyses	lactose	to	glucose	and	galactose.	Lactase	is	present	in	the	brush	border	of	enterocytes.	ii.	Deficiency	of	lactase	leads	to	lactose	intolerance.	In	this	condition,	lactose	accumulates	in	the	gut.	Irritant	diarrhea	and	flatulence	are	seen.	iii.	There	may	be	congenital	(primary)	or	acquired	(secondary)	causes.	As	age	advances,	lactase	enzyme	will
be	lost.	Another	reason	for	acquired	lactose	intolerance	may	be	sudden	change	into	a	milk	based	diet.	Lactase	is	an	inducible	enzyme.	If	milk	is	withdrawn	temporarily,	the	diarrhoea	will	be	limited.	Curd	is	also	an	effective	treatment,	because	the	lactobacilli	present	in	curd	contains	the	enzyme	lactase.	Lactase	is	abundantly	seen	in	yeast,	which	could
also	be	used	in	treatment.	ABSORPTION	OF	CARBOHYDRATES	Only	monosaccharides	are	absorbed	by	the	intestine.	Absorption	rate	is	maximum	for	galactose;	moderate	for	glucose;	and	minimum	for	fructose.	Absorption	of	Glucose	Glucose	has	specific	transporters,	which	are	transmembrane	proteins.	Table	9.1	shows	a	summary	of	the	glucose
transporters.	1.	Co-transport	from	Lumen	to	Intestinal	Cell	i.	This	process	is	mediated	by	Sodium	Dependent	Glucose	Transporter-1	(SGluT-1)	(Fig.	9.1).	Absorption	from	intestinal	lumen	into	intestinal	cell	is	by	co-transport	mechanism	(secondary	active	transport)	(Chapter	2).	ii.	A	membrane	bound	carrier	protein	is	involved,	which	carries	glucose,
along	with	sodium.	This	sodium	is	later	expelled	by	the	sodium	pump	with	utilization	of	energy.	So	energy	is	needed	indirectly	(details	in	Chapter	2).	iii.	The	transporter	in	intestine	is	named	as	SGluT1	and	the	transporter	in	the	kidney	is	called	SGluT-2.	The	first	one	is	involved	in	glucosegalactose	malabsorption.	The	SGluT-2	is	defective	in	congenital
renal	glycosuria.	iv.	Clinical	application:	Common	treatment	for	diarrhea	is	oral	rehydration	fluid.	It	contains	glucose	and	sodium.	Presence	of	glucose	in	Chapter	9;	Major	Metabolic	Pathways	of	Glucose		91	Table	9.1.	Glucose	transporters	Transporter	Present	in	Properties	GluT1	RBC,	brain,	kidney,	colon,	retina,	placenta	Glucose	uptake	in	most	of
cells	GluT2	Low	affinity;	glucose	Serosal	surface	of	intestinal	cells,	liver,	uptake	in	liver;	glucose	beta	cells	of	pancreas	sensor	in	beta	cells	GluT3	Neurons,	brain	GluT4	Skeletal,	heart	Insulin	mediated	muscle,	adipose	tissue	glucose	uptake	GluT5	Small	intestine,	testis,	sperms,	kidney	Fructose	transporter;	poor	ability	to	transport	glucose	GluT7	Liver
endoplasmic	reticulum	Glucose	from	ER	to	cytoplasm	SGluT	Intestine,	kidney	Cotransport;	from	lumen	into	cell	High	affinity;	glucose	into	brain	cells	time,	the	binding	site	is	now	exposed	on	the	inner	side	of	the	membrane,	releasing	the	glucose.	The	process	is	called	ping-pong	mechanism	(Fig.	9.2A).	iv.	GluT2	(facilitated	transport)	is	involved	in
absorption	of	glucose	from	blood	stream	to	cells.	GluT2	is	present	in	intestinal	epithelial	cells,	liver	cells,	beta	cells	of	pancreas	and	kidney.	v.	Since	GluT2	has	a	high	Km	for	glucose,	its	presence	in	beta	cells	is	ideally	suited	for	sensing	a	high	glucose	level	and	releasing	insulin	(See	Chapter	24).	So	this	mechanism	enables	the	pancreas	to	monitor	the
glucose	level	and	adjust	the	rate	of	insulin	secretion.	Comparison	of	SGluT	and	Glu2	is	shown	in	Fig.	9.2B.	3.	Glucose	Transporter	4	i.	GluT4	is	the	major	glucose	transporter	in	skeletal	muscle	and	adipose	tissue	(Fig.	9.3).	oral	rehydration	fluid	allows	uptake	of	sodium	to	replenish	body	sodium	chloride.	2.	Another	Uniport	System	Releases	Glucose
into	Blood	i.	The	same	intestinal	epithelial	cells	have	a	different	transport	mechanism	on	the	membrane	facing	capillaries	(Fig.	9.2A).	Intestinal	cells	release	glucose	into	blood	stream	by	the	carrier	mechanism	called	Glucose	Transporter	Type	2	(GluT2).	ii.	This	transporter	is	not	dependent	on	sodium.	It	is	a	uniport,	facilitated	diffusion	system.	iii.
Glucose	binds	to	the	transporter	on	one	side	of	the	membrane.	When	fixed,	the	complex	changes	configuration.	This	leads	to	the	closure	of	the	first	binding	site.	At	the	same	Fig.	9.1.	SGluT.	Sodium	and	glucose	co-transport	system	at	luminal	side;	sodium	is	then	pumped	out	Fig.	9.2A.	Glucose	absorption	(Glu2)	Fig.	9.2B.	Intestinal	absorption	of
glucose.	At	the	intestinal	lumen,	absorption	is	by	SGluT	and	at	the	blood	vessel	side,	absorption	is	by	GluT2	92		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Fig.	9.3.	GluT4.	Glucose	transport	in	cells	ii.	GluT4	is	under	the	control	of	insulin.	But	other	glucose	transporters	are	not	under	the	control	of	insulin.	iii.	Clinical	application:	Insulin
induces	the	movement	of	intracellular	GluT4	molecules	to	the	cell	surface	and	thus	increases	glucose	uptake.	In	Type	2	diabetes	mellitus	(Chapter	24),	membrane	GluT4	is	reduced,	leading	to	insulin	resistance	in	muscle	and	fat	cells.	In	diabetes,	entry	of	glucose	into	muscle	is	only	half	of	normal	cells.	Absorption	of	Other	Monosaccharides	Glucose
and	galactose	are	absorbed	by	the	same	transporter,	SGluT.	It	is	an	energy	dependent	process,	against	a	concentration	gradient,	and	therefore	absorption	is	almost	complete	from	the	intestine.	Other	monosaccharides	are	absorbed	by	carrier	mediated	facilitated	transport.	Therefore,	absorption	is	not	complete,	and	the	remaining	molecules	in	the
intestine	will	be	fermented	by	bacteria.	GLUCOSE	METABOLISM	Abbate	Spallanzani	(1768)	showed	that	living	tissues	take	up	oxygen	and	give	off	carbon	dioxide.	In	1860,	Louis	Pastueur	demonstrated	the	fermentation	process	of	glucose	to	alcohol	by	yeast.	Fick	(1882)	indicated	that	chemical	energy	in	muscle	is	converted	to	contraction	of	muscle.
Gad	(1893)	found	out	that	lactic	acid	is	formed	during	muscle	contraction.	In	1902,	Sir	Walter	Fletcher	established	that	this	lactic	acid	is	derived	from	glycogen.	In	1914,	Gustav	George	Embden	(1874-1933)	studied	the	lactic	acid	formation	from	pyruvate.	In	1919,	Otto	Fritz	Meyerhof	(1884-1951)	enunciated	most	of	the	steps	of	the	glycolytic	pathway
(Nobel	prize,	1922).	Hexokinase	enzyme	was	first	identified	by	von	Euler	Chelpin	in	1915	(Nobel	prize,	1922).	Other	enzymes	in	the	glycolytic	pathway	were	then	identified	rapidly;	pyruvate	decarboxylase	by	Neuberg	in	1911,	phospho	fructo	kinase	by	sir	Arthur	Harden	in	1920	(Nobel	prize,	1929);	phospho	hexose	isomerase	by	Lohmann	in	1933;
pyruvate	kinase	by	Parnas	in	1934;	enolase	by	Meyerhof	in	1935;	phospho	gluco	mutase	by	Leloir	in	1938	(Nobel	prize,	1970);	glyceraldehyde	phosphate	dehydrogenase	by	Warburg	in	1939;	phosphoglyceromutase	by	Sutherland	in	1942	(Nobel	prize,	1971).	Between	1935	and	1943,	all	enzymes	of	glycolytic	pathway	were	crystallized	and
characterized	by	Warburg.	He	was	awarded	Nobel	prize	in	1931	for	his	earlier	work	on	cellular	respiration.	He	was	awarded	Nobel	prize	for	second	time	in	1944	for	his	contributions	in	glycolysis;	but	Hitler	did	not	permit	him	to	receive	it!	Clinical	Importance	of	Glucose	1.	Glucose	is	the	preferred	source	of	energy	for	most	of	the	body	tissues.	Brain
cells	derive	the	energy	mainly	from	glucose.	2.	When	glucose	metabolism	is	deranged,	lifethreatening	conditions	may	occur.	A	minimum	amount	of	glucose	is	always	required	for	normal	functioning.	3.	Normal	fasting	plasma	glucose	level	is	70	to	110	mg/dl.	After	a	heavy	carbohydrate	meal,	it	rises;	but	in	a	normal	person,	this	level	is	below	150	mg/dl.
GLYCOLYSIS	(EMBDEN-MEYERHOF	PATHWAY)	Definition:	In	the	pathway	of	glycolysis,	glucose	is	split	into	two	3-carbon	pyruvate	molecules	under	aerobic	conditions;	or	lactate	under	anaerobic	conditions,	along	with	production	of	a	small	quantity	of	energy.	Glycolysis	is	derived	from	the	Greek	words,	glykys	=	sweet;	and	lysis	=	splitting.	Chapter
9;	Major	Metabolic	Pathways	of	Glucose		93	Fig.	9.5.	Step	1	of	glycolysis;	irreversible	step	4.	The	glycolytic	pathway	may	be	considered	as	the	preliminary	step	before	complete	oxidation.	5.	The	glycolytic	pathway	provides	carbon	skeletons	for	synthesis	of	non-essential	amino	acids	as	well	as	glycerol	part	of	fat.	6.	Most	of	the	reactions	of	the
glycolytic	pathway	are	reversible,	which	are	also	used	for	gluconeogenesis.	A	summary	is	shown	in	Fig.	9.4.	Glucose	Entry	into	Cells	Glucose	transporter-4	(GluT4)	transports	glucose	from	the	extracellular	fluid	to	muscle	cells	and	adipocytes	(Table	9.1).	This	translocase	is	under	the	influence	of	insulin.	In	diabetes	mellitus,	insulin	deficiency	hinders
the	entry	of	glucose	into	the	peripheral	cells.	But	GluT2	is	the	transporter	in	liver	cells;	it	is	not	under	the	control	of	insulin.	Fig.	9.4.	Summary	of	glycolysis	(Embden-Meyerhof	pathway).	Steps	1,	3	and	9	are	key	enzyems;	these	reactions	are	irreversible.	Steps	5,	6	and	9	produce	energy.	Steps	5	and	10	are	coupled	for	regeneration	of	NAD+	Site	of
reactions:	All	the	reaction	steps	take	place	in	the	cytoplasm.	Significance	of	the	Glycolysis	Pathway	1.	It	is	the	only	pathway	that	is	taking	place	in	all	the	cells	of	the	body.	2.	Glycolysis	is	the	only	source	of	energy	in	erythrocytes.	3.	In	strenuous	exercise,	when	muscle	tissue	lacks	enough	oxygen,	anaerobic	glycolysis	forms	the	major	source	of	energy
for	muscles.	Table	9.2.	Comparison	of	hexokinase	and	glucokinase	Occurrence	Hexokinase	Glucokinase	In	all	tissues	Only	in	liver	-2	Km	value	10	mmol/L	20	mmol/L	Affinity	to	substrate	High	Low	Specificity	Acts	on	glucose,	fructose	and	mannose	Acts	only	on	glucose	Induction	Not	induced	Induced	by	insulin	and	glucose	Function	Even	when	blood
sugar	level	is	low,	glucose	is	utilized	by	body	cells	Acts	only	when	blood	glucose	level	is	more	than	100	mg/dl;	then	Glucose	is	taken	up	by	liver	cells	for	glycogen	synthesis	94		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Fig.	9.6.	Fate	of	glucose-6-phosphate	Steps	of	Glycolytic	Pathway	Step	1	of	Glycolysis	i.	Glucose	is	phosphorylated	to
glucose-6phosphate	(Fig.	9.5).	ii.	The	enzyme	is	hexokinase	(HK),	which	splits	the	ATP	into	ADP,	and	the	Pi	is	added	on	to	the	glucose.	The	energy	released	by	the	hydrolysis	of	ATP	is	utilized	for	the	forward	reaction.	iii.	Hexokinase	is	a	key	glycolytic	enzyme.	Hexokinase	catalyses	a	regulatory	step	in	glycolysis	that	is	irreversible.	But	this
irreversibility	is	circumvented	by	another	enzyme	glucose-6-phosphatase	(see	gluconeogenesis).	iv.	Hexokinase	and	glucokinase	may	be	considered	as	iso-enzymes;	their	properties	are	compared	in	Table	9.2.	Glucokinase	is	under	the	influence	of	insulin;	but	hexokinase	is	not.	v.	The	metabolic	fates	of	glucose-6-phosphate	are	shown	in	Figure	9.6.	The
phosphorylation	of	glucose	traps	it	within	the	cells.	Once	phosphorylated,	glucose-6-phosphate	is	trapped	within	the	cell	and	has	to	be	metabolized.	Step	2	of	Glycolysis	Glucose-6-phosphate	is	isomerised	to	fructose-6phosphate	by	phosphohexose	isomerase.	This	is	readily	reversible.	Fig.	9.8.	Step	4	of	glycolysis;	reversible	Fig.	9.9.	Step	4-A;
Isomerization;	reversible	This	isomerization	of	aldose	to	ketose	involves	the	opening	of	the	glucopyranose	ring	of	glucose-6-phosphate	to	a	linear	structure	which	then	changes	to	the	furanose	ring	structure	of	fructose-6-phosphate.	Step	3	of	Glycolysis	i.	Fructose-6-phosphate	is	further	phosphorylated	to	fructose1,6-bisphosphate	(Fig.	9.7	and	Box.
9.1).	The	enzyme	is	phosphofructokinase.	ii.	PFK	is	an	allosteric,	inducible,	regulatory	enzyme.	It	is	an	important	key	enzyme	of	this	pathway.	This	is	again	an	activation	process,	the	energy	being	derived	by	hydrolysis	of	yet	another	molecule	of	ATP.	This	irreversible	step	is	the	rate	limiting	reaction	in	glycolysis.	However,	during	gluconeogenesis,	this
step	is	circumvented	by	fructose-1,6-bisphosphatase.	iii.	The	steps	1,2	and	3	together	are	called	as	the	preparatory	phase.	Box.	9.1.	Diphosphate	and	Bisphosphate	are	Different	Fig.	9.7.	Step	3	of	glycolysis;	irreversible	step	When	two	phosphate	groups	are	linked	together	and	then	attached	to	a	parent	compound,	it	is	called	diphosphate,	e.g.
adenosine-di-phosphate	(Fig.	5.3).	But	when	phosphoric	acid	groups	are	present	at	two	different	sites	of	the	compound,	it	is	named	as	bisphosphate,	e.g.	fructose-1,6-bisphosphate	(Fig.	9.7).	Chapter	9;	Major	Metabolic	Pathways	of	Glucose		95	Fig.	9.10.	Step	5	of	glycolysis.	Reversible	step.	NADH	generating	step	Step	4	of	Glycolysis	The	6	carbon
fructose-1,6-bisphosphate	is	cleaved	into	two	3	carbon	units;	one	glyceraldehyde-3phosphate	and	another	molecule	of	dihydroxy	acetone	phosphate	(DHAP)	(Fig.	9.8).	Since	the	backward	reaction	is	an	aldol	condensation,	the	enzyme	is	called	aldolase.	This	reaction	is	reversible.	Step	4-A	of	Glycolysis	Dihydroxy	acetone	phosphate	is	isomerised	to
glyceraldehyde-3-phosphate	by	the	enzyme	phosphotriose	isomerase.	Thus	net	result	is	that	glucose	is	now	cleaved	into	2	molecules	of	glyceraldehyde-3-phosphate	(Fig.	9.9).	The	steps	4	and	4-A	are	together	called	the	splitting	phase.	Glycerol	portion	of	the	neutral	fat	can	enter	into	glycolytic	or	gluconeogenic	pathways	at	this	point.	Similarly	for
neutral	fat	synthesis,	glycerol	is	required	which	can	be	derived	from	glucose	through	DHAP.	Step	5	of	Glycolysis	Glyceraldehyde-3-phosphate	is	dehydrogenated	and	simultaneously	phosphorylated	to	1,3-bisphospho	glycerate	(1,3-BPG)	with	the	help	of	NAD+	(see	Fig.	9.10).	The	enzyme	is	glyceraldehyde-3phosphate	dehydrogenase.	The	product
contains	a	high	energy	bond.	This	is	a	reversible	reaction.	Fig.	9.11.	Step	6	of	glycolysis.	Reversible	reaction.	ATP	generation	step	The	oxidation	of	the	aldehyde	is	an	exergonic	reaction	that	drives	the	synthesis	of	the	high	energy	compound,	1,3	bisphosphoglycerate	with	high	phosphoryl	group	transfer	potential.	The	enzyme	has	a	cysteinyl	SH	group
at	the	active	center	and	is	inhibited	by	iodoacetate.	During	this	reaction,	NAD+	is	reduced	to	NADH.	Step	6	of	Glycolysis	i.	The	energy	of	1,3-BPG	is	trapped	to	synthesize	one	ATP	molecule	with	the	help	of	bisphospho	glycerate	kinase.	(Fig.	9.11).	ii.	This	is	an	example	of	substrate	level	phosphorylation,	where	energy	is	trapped	directly	from	the
substrate,	without	the	help	of	the	complicated	electron	transport	chain	reactions.	iii.	When	energy	is	trapped	by	oxidation	of	reducing	equivalents	such	as	NADH,	it	is	called	oxidative	phosphorylation.	Step	6	is	reversible.	Step	7	of	Glycolysis	3-phospho	glycerate	is	isomerized	to	2-phospho	glycerate	by	shifting	the	phosphate	group	from	3rd	to	2nd
carbon	atom	(Fig.	9.12).	The	enzyme	is	phosphogluco	mutase.	This	is	a	readily	reversible	reaction.	Step	8	of	Glycolysis	i.	2-phosphoglycerate	is	converted	to	phosphoenol	pyruvate	by	the	enzyme	enolase.	One	water	molecule	is	removed	(Fig.	9.12).	Fig.	9.12.	Steps	7	and	8	of	glycolysis	Fig.	9.13.	Step	9.	ATP	production	(irreversible)	96		Textbook	of
Biochemistry;	Section	B:	General	Metabolism	Fig.	9.14.	Step	10;	LDH	reaction;	reversbile	ii.	A	high	energy	phosphate	bond	is	produced.	The	reaction	is	reversible.	iii.	Enolase	requires	Mg	++,	and	by	removing	magnesium	ions,	fluoride	will	irreversibly	inhibit	this	enzyme.	Thus,	fluoride	will	stop	the	whole	glycolysis.	So	when	taking	blood	for	sugar
estimation,	fluoride	is	added	to	blood.	If	not,	glucose	is	metabolized	by	the	blood	cells,	so	that	lower	blood	glucose	values	are	obtained.	Step	9	of	Glycolysis	i.	Phosphoenol	pyruvate	(PEP)	is	dephosphorylated	to	pyruvate,	by	pyruvate	kinase.	First	PEP	is	made	into	a	transient	intermediary	of	enol	pyruvate;	which	is	spontaneously	isomerized	into	keto
pyruvate,	the	stable	form	of	pyruvate.	ii.	One	mole	of	ATP	is	generated	during	this	reaction.	This	is	again	an	example	of	substrate	level	phosphorylation	(Fig.	9.13).	iii.	The	pyruvate	kinase	is	a	key	glycolytic	enzyme.	This	step	is	irreversible.	The	Fig.	9.16.	Summary	of	regulation	of	glycosis	reversal,	however,	can	be	brought	about	in	the	body	with	the
help	of	two	enzymes	(pyruvate	kinase	and	phosphoenol	pyruvate	carboxy	kinase)	and	hydrolysis	of	2	ATP	molecules	(see	gluconeogenesis).	Step	10	of	Glycolysis	In	anaerobic	condition,	pyruvate	is	reduced	to	lactate	by	lactate	dehydrogenase	(LDH)	(Fig.	9.14).	(Greek;	Box	9.2.	Chicken	is	White,	but	Duck	is	Red	Fig.	9.15.	Lactate	formation	is	necessary
for	reconversion	of	NADH	to	NAD+	during	anaerobiasis	Actively	contracting	muscles	that	rapidly	consume	ATP	can	also	regenerate	ATP	entirely	by	anaerobic	glycolysis.	Fast	twitch	white	muscle	fibers	have	very	few	mitochondria	and	predominate	in	muscles	capable	of	short	bursts	of	activity	(sprints).	Slow	twitch	red	muscle	fibers	rich	in
mitochondria	is	found	in	muscles	that	contract	slowly	and	steadily	(distance	runners).	Chicken	flies	only	short	bursts	and	has	white	fibers.	Duck	on	the	other	hand	is	migratory	and	has	red	fibers	suitable	for	sustained	activity.	Chapter	9;	Major	Metabolic	Pathways	of	Glucose		97	Table	9.3.	Regulatory	enzymes	of	glycolysis	Enzyme	Activation	Inhibition
HK	G-6-P	Table	9.5.	Energy	yield	(number	of	ATP	generated)	per	molecule	of	glucose	in	the	glycolytic	pathway,	under	aerobic	conditions	(oxygen	is	available)	Step	Enzyme	Source	Glucagon,	ATP	Citrate,	Low	pH	Cyclic	AMP	No	of	ATP	gained	per	glucose	mol	1	Hexokinase	-	Minus	1	3	Phosphofructokinase	-	Minus	1	Insulin,	F1,6-BP	Glucagon,	ATP
Cyclic	AMP	5	NADH	2.5	×	2	=	5	CoA	,	NAD	Acetyl	CoA,	NADH	Glyceraldehyde-3phosphate	dehydrogenase	6	l,3-bisphosphoglycerate	kinase	ATP	1×2=2	9	Pyruvate	kinase	ATP	1×2=2	GK	Insulin	Glucagon	PFK	Insulin,	AMP	F-6-P,	PFK-2	F2,6-BP	PK	PDH	Table	9.4.	Energy	yield	(number	of	ATP	generated)	per	molecule	of	glucose	in	the	glycolytic
pathway,	under	anaerobic	conditions	(Oxygen	deficiency)	Step	Enzyme	Source	No	of	ATPs	gained	per	glucose	mol	1	Hexokinase	-	Minus	1	3	Phosphofructokinase	-	Minus	1	6	1,3-bisphosphoglycerate	kinase	ATP	1x2=2	9	Pyruvate	kinase	ATP	1x2=2	Total	=	4	minus	2	=	2	an=not;	aer=air;	bios=life).	LDH	has	5	iso-enzymes.	The	cardiac	iso-enzyme	of
LDH	will	be	increased	in	myocardial	infarcts.	A	summary	of	glycolysis	is	shown	in	Fig.	9.4.	In	aerobic	conditions,	the	pyruvate	enters	the	citric	acid	cycle	for	complete	oxidation.	The	end	product	of	anaerobic	glycolysis	is	lactate	which	enters	the	Cori's	cycle.	Significance	of	Lactate	Production	Steps	5	and	10	are	Coupled	In	the	5th	step,	for	each
molecule	of	glucose	entering	in	the	pathway,	two	molecules	of	NAD+	are	reduced	to	NADH.	The	availability	of	co-enzymes	inside	a	cell	is	limited.	Therefore,	this	step	becomes	a	bottleneck	in	the	whole	reaction	sequence.	For	smooth	operation	of	the	pathway,	the	NADH	is	to	be	reconverted	to	NAD+.	This	can	be	done	by	oxidative	phosphorylation.
However,	during	exercise,	there	is	lack	of	oxygen.	So	this	reconversion	is	not	possible.	Therefore,	the	cell	has	to	couple	some	other	reaction	in	which	NAD	+	is	regenerated	in	the	cytoplasm	itself.	Hence,	Total	=	9	minus	2	=7	pyruvate	is	reduced	to	lactate;	the	NAD	+	thus	generated	is	reutilised	for	uninterrupted	operation	of	the	pathway	(Fig.	9.15).
In	RBCs,	there	are	no	mitochondria.	Hence	RBCs	derive	energy	only	through	glycolysis,	where	the	end	product	is	lactic	acid.	Energy	Yield	from	Glycolysis	i.	During	anaerobic	(oxygen	deficient)	condition,	when	one	molecule	of	glucose	is	converted	to	2	molecules	of	lactate,	there	is	a	net	yield	of	2	molecules	of	ATP.	ii.	4	molecules	of	ATP	are
synthesized	by	the	2	substrate	level	phosphorylations	(steps	6	and	9).	But	2	molecules	of	ATP	are	used	in	the	steps	1	and	3,	hence	the	net	yield	is	only	2	ATP	(Table	9.4).	iii.	The	whole	reaction	is	summarized	as	Glucose	+	2	Pi	+	2	ADP	-->	2	Lactate	+	2	ATP	iv.	But	when	oxygen	is	in	plenty,	the	two	NADH	molecules,	generated	in	the	glyceraldehyde3-
phosphate	dehydrogenase	reaction	(step	5),	can	enter	the	mitochondrial	electron	transport	chain	for	complete	oxidation	(Chapter	19).	As	each	NADH	provides	2.5	ATPs,	this	reaction	generates	2.5	x	2	=	5	ATPs.	Thus	when	oxygen	is	available,	the	net	gain	of	energy	from	the	glycolysis	pathway	is	7	ATPs	(Table	9.5).	v.	Hence	the	ATP	yield	from
glycolysis	is	different	in	anaerobic	and	aerobic	conditions	(compare	Tables	9.4	and	9.5).	vi.	Pyruvate	is	later	oxidatively	decarboxylated	to	acetyl	CoA	(see	below),	which	enters	into	the	98		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Table	9.6.	Energy	yield	(number	of	ATP	generated)	per	molecule	of	glucose	when	it	is	completely	oxidized
through	glycolysis	plus	citric	acid	cycle,	under	aerobic	conditions	Pathway	Step	Enzyme	Source	Glycolysis	Do	1	3	-	Do	5	Do	Do	6	9	Pyruvate	to	Acetyl	CoA	-	TCA	cycle	Do	3	4	Do	5	Do	Do	6	8	Hexokinase	Phosphofructokinase	Glyceraldehyde-3-P	DH	1,3-BPG	kinase	Pyruvate	kinase	Method	of	ATP	formation	No	of	ATPs	gained	per	glucose	(new
calculation)	No	of	ATPs	as	per	old	calculation	Minus	Minus	1	1	Minus	1	Minus	1	NADH	Respiratory	chain	2.5	x	2	=	5	3x2=	6	ATP	ATP	Substrate	level	Substrate	level	1x2=	1x2=	2	2	1x2=	2	1x2=	2	Pyruvate	dehydrogenase	NADH	Respiratory	chain	2.5	x	2	=	5	3x2=	6	Isocitrate	DH	alpha	keto	glutarate	DH	Succinate	thiokinase	Succinate	DH	Malate	DH
NADH	NADH	Respiratory	chain	Respiratory	chain	2.5	x	2	=	2.5	x	2	=	5	5	3x2=	6	3x2=	6	GTP	Substrate	level	lx2=	2	lx2=	2	FADH2	NADH	Respiratory	chain	Respiratory	chain	1.5	x	2	=	2.5	x	2	=	3	5	2x2=	4	3x2=	6	Net	generation	in	glycolytic	pathway	9	minus	2=	7	10	minus	2=	8	Generation	in	pyruvate	dehydrogenase	reaction	=	5	=	6	Generation	in
citric	acid	cycle	=	20	=	24	Net	generation	of	ATP	from	one	glucose	mol	=	32	=	38	Note:	Till	last	edition	of	the	Textbook,	calculations	were	made	assuming	that	in	the	electron	transport	chain,	NADH	produces	3	ATPs	and	FADH	generates	2	ATPs.	This	will	amount	to	a	net	generation	of	38	ATP	per	glucose	molecule.	Recent	experiments	show	that	these
old	values	are	overestimates.	Please	also	see	Chapter	19	for	details	citric	acid	cycle	(Chapter	18).	Complete	oxidation	of	glucose	through	glycolysis	plus	citric	acid	cycle	will	yield	a	net	32	ATPs	(Table	9.6).	Note:	Previously	calculations	were	made	assuming	that	NADH	produces	3	ATPs	and	FADH	generates	2	ATPs.	This	will	amount	to	a	net	generation
of	38	ATP	per	glucose	molecule.	Recent	experiments	show	that	these	old	values	are	overestimates,	and	net	generation	is	only	32	ATPs.	Regulation	of	Glycolysis	The	regulation	is	summarized	in	Fig.	9.16.	The	regulatory	enzymes	or	key	enzymes	of	glycolysis	are:	1.	Glucokinase/Hexokinase,	step	1	2.	Phosphofructokinase,	step	3	(Table	9.3)	3.	Pyruvate
kinase,	step	9	Factors	Regulating	Glycolysis	1.	Glucokinase/Hexokinase:	Phosphorylation	of	glucose	by	these	enzymes	is	a	reaction	which	is	regulated	by	feed	back	inhibition	(hexokinase	by	glucose-6-phosphate)	and	activated	by	insulin	(glucokinase	is	induced	by	insulin).	Glucokinase	that	is	active	mainly	in	liver	has	a	high	Km	for	glucose	and	low
affinity.	Hence,	glucokinase	can	act	only	when	there	is	adequate	glucose	supply	so	that	excess	can	be	stored.	Hexokinase	with	low	km	and	high	affinity	can	phosphorylate	glucose	even	at	lower	concentrations	so	that	glucose	is	made	available	to	brain,	cardiac	and	skeletal	muscle.	Glucokinase	can	act	only	when	there	is	plenty	of	glucose.	Thus,	when
the	supply	of	glucose	is	limited,	glucose	is	made	available	to	brain	and	muscles.	(Fig.	9.16).	2.	Phosphofructokinase	(PFK)	(step	3)	is	the	most	important	rate-limiting	enzyme	for	glycolysis	pathway.	ATP	and	citrate	are	the	most	important	allosteric	inhibitors.	AMP	acts	as	an	allosteric	activator	(Fig.	9.16).	3.	Fructose-2,6-bisphosphate	(F-2,6-BP)
increases	the	activity	of	phospho	fructo	kinase.	Chapter	9;	Major	Metabolic	Pathways	of	Glucose		99	Fig.	9.17.	Reciprocal	regulation	of	PFK-2	and	fructose-2,6-bisphosphatase	by	phosphorylation	F-2,6-BP	is	formed	from	fructose-6-phosphate	by	the	action	of	an	enzyme	called	PFK-2.	(It	is	different	from	the	PFK1).	Fructose-2,6bisphosphate	is
hydrolysed	to	fructose-6phosphate	by	fructose-2,6-bisphosphatase.	The	activities	of	both	the	enzymes	(PFK2	and	fructose-2,6-bisphosphatase)	are	reciprocally	regulated.	When	glucose	supply	is	in	plenty,	PFK-2	is	dephosphorylated	and	activated;	so	F2,6-BP	concentration	increases;	this	in	turn,	activates	PFK.	Thus	glycolysis	is	favored	(Fig.	9.17).	4.
Pyruvate	Kinase	catalyses	an	irreversible	step	and	is	a	regulatory	enzyme	of	glycolysis.	When	energy	is	plenty	in	the	cell,	glycolysis	is	inhibited.	Fig.	9.18.	Covalent	modification	of	pyruvate	kinase	reaction;	this	is	similar	to	PFK-2	Fig.	9.19.	Cori's	cycle.	Contracting	muscle	has	lack	of	oxygen.	So	pyruvate	is	reduced	to	lactate.	This	can	be	reconverted	to
glucose	in	liver	by	gluconeogenesis	Insulin	increases	its	activity	where	as	glucagon	inhibits	(Fig.	9.18).	Pyruvate	kinase	is	inactive	in	the	phosphorylated	state.	5.	Insulin	favors	glycolysis	by	activating	the	above	three	key	glycolytic	enzymes.	6.	Glucagon	and	glucocorticoids	inhibit	glycolysis	and	favor	gluconeogenesis	(Tables	9.3	and	9.7).	CORI'S
CYCLE	OR	LACTIC	ACID	CYCLE	i.	Definition:	It	is	a	process	in	which	glucose	is	converted	to	lactate	in	the	muscle;	and	in	the	liver	this	lactate	is	re-converted	into	glucose.	(Fig.	9.19).	ii.	In	an	actively	contracting	muscle,	pyruvate	is	reduced	to	lactic	acid	which	may	tend	to	accumulate	in	the	muscle.	The	muscle	cramps,	often	associated	with	strenuous
muscular	exercise,	are	thought	to	be	due	to	lactate	accumulation.	iii.	To	prevent	the	lactate	accumulation,	body	utilises	Cori's	cycle.	iv.	This	lactic	acid	from	muscle	diffuses	into	the	blood.	Lactate	then	reaches	liver,	where	it	is	oxidized	to	pyruvate.	Thus,	it	is	channelled	to	gluconeogenesis.	Regenerated	glucose	can	enter	into	blood	and	then	to	muscle.
This	cycle	is	called	Cori's	cycle	(Fig.	9.19).	v.	Significance	of	the	Cori's	cycle:	The	lactate	produced	in	the	muscle	is	efficiently	reutilized	100		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Fig.	9.20.	BPG	shunt;	step	6	of	glycolysis	is	bypassed	in	erythrocytes.	Compare	with	Fig.	9.11	Fig.	9.21.	Structure	of	Lipoic	acid	by	the	body.	But	this	is
an	energy-consuming	process.	During	exercise,	lactate	production	is	high,	which	is	utilized	by	liver	to	produce	glucose.	This	process	needs	ATP	in	significant	quantities,	which	is	provided	by	increased	metabolism.	This	leads	to	increased	oxygen	consumption.	This	is	the	explanation	for	the	oxygen	debt	after	vigorous	exercise.	Pasteur	Effect	Under
aerobic	conditions,	glycolysis	is	inhibited.	This	inhibitory	effect	of	oxygen	on	glycolysis	is	known	as	Pasteur	effect.	Warburg	Hypothesis	Otto	Warburg	has	studied	glycolysis	in	various	tissues.	According	to	his	studies,	cancer	cells	utilize	energy	from	glycolysis	and	they	require	less	oxygen	than	their	normal	counterparts;	this	is	called	Warburg
hypothesis	(1923).	Rapidly	growing	tumor	cells	produce	increased	quantities	of	lactic	acid,	causing	high	acidity	in	the	local	environment.	When	this	lactate	is	used	for	gluconeogenesis	by	the	liver;	energy	consumption	increases.	This	is	one	of	the	reasons	for	cancer	cachexia	(rapid	loss	of	weight).	Rapaport	Leubering	Cycle	(BPG	Shunt)	In	the
erythrocytes,	step	6	of	glycolysis	is	bypassed.	Bis	phospho	glycerate	mutase	converts	1,3bisphospho	glycerate	(BPG)	to	2,3-BPG.	Then	BPGphosphatase	removes	the	phosphate	group	to	form	3-phospho	glycerate	(Fig.	9.20).	Significance	of	BPG	1.	The	2,3-BPG	combines	with	hemoglobin,	and	reduces	the	affinity	towards	oxygen.	So,	in	presence	of	2,3-
BPG,	oxyhemoglobin	will	unload	oxygen	more	easily	in	tissues.	2.	Under	hypoxic	conditions	the	2,3-BPG	concentration	in	the	RBC	increases,	thus	favoring	the	release	of	oxygen	to	the	tissues	even	when	PO2	is	low.	3.	The	compensatory	increase	in	2,3-BPG	in	high	altitudes	favors	oxygen	dissociation.	BPG	is	increased	in	fetal	circulation.	Fig.	9.22.
Details	of	pyruvate	dehydrogenase	reaction.	See	summary	in	the	inset	Chapter	9;	Major	Metabolic	Pathways	of	Glucose		101	6-B.	6-C.	Fig.	9.23.	Pyruvate;	metabolic	junction	point	4.	In	this	shunt	pathway,	no	ATP	is	generated.	Please	compare	figures	9.20	and	9.11.	METABOLIC	FATE	OF	PYRUVATE	Under	aerobic	conditions,	pyruvate	is	converted	to
acetyl	CoA	which	enters	the	TCA	cycle	to	be	oxidized	to	CO2.	ATP	is	generated.	Glycolysis	is	taking	place	in	cytoplasm.	So	pyruvate	is	generated	in	cytoplasm.	This	is	transported	into	mitochondria	by	a	pyruvate	transporter.	Pyruvate	Dehydrogenase	Complex	Inside	the	mitochondria,	pyruvate	is	oxidatively	decarboxylated	to	acetyl	CoA	by	pyruvate
dehydrogenase	(PDH).	It	is	a	multi-enzyme	complex	with	5	co-enzymes	and	3	apo-enzymes.	The	coenzymes	needed	are:	1.	Thiamine	pyrophosphate	(TPP)	2.	Co-enzyme	A	(CoA)	3.	FAD	4.	NAD+	5.	Lipoamide.	The	lipoic	acid,	otherwise	called	thioctic	acid	has	two	sulphur	atoms	and	8	carbon	atoms.	It	can	accept	or	donate	hydrogen	atoms	(Fig.	9.21).	6.
The	enzyme	part	of	the	PDH	complex	is	made	up	of	three	component	enzymes	(Fig.	9.22).	6-A.	Pyruvate	Dehydrogenase	(Enzyme	1):	It	catalyses	oxidative	decarboxylation.	TPP	is	required	in	this	step.	So,	Thiamine,	a	B-complex	group	vitamin	is	essential	for	utilization	of	pyruvate.	The	two	carbon	unit	remains	attached	to	the	enzyme,	as	hydroxyethyl
thiamine	pyrophosphate.	Dihydro	Lipoyl	Trans	Acetylase	(Enzyme	2):	Then,	hydroxyethyl	group	is	oxidized	to	form	an	acetyl	group	and	then	transferred	from	TPP	to	lipoamide	to	form	acetyl	lipoamide.	Dihydro	Lipoyl	Dehydrogenase	(Enzyme	3):	The	last	step	is	the	oxidation	of	lipoamide.	At	the	end	of	the	reaction	the	cofactors,	namely	TPP,	Lipoamide
and	FAD	are	regenerated	(Fig.	9.22).	A	similar	enzyme	complex	brings	about	the	oxidative	decarboxylation	of	alpha	keto	glutarate	to	succinyl	CoA	in	the	TCA	cycle	(Chapter	18).	Regulation:	PDH	is	subject	to	regulation	by	allosteric	mechanisms	and	covalent	modification.	Allosteric	inhibitors	are	the	products	acetyl	CoA	and	NADH.	PDH	or	E1	is
covalently	modified	by	phosphorylation	by	PDH	kinase	and	dephosphorylated	by	PDH	phosphatase.	The	dephosphorylated	form	of	the	enzyme	is	active.	Hence	activators	of	PDH	kinase	like	ATP,	NADH	and	acetyl	CoA	inhibit	PDH	reaction.	PDH	phosphatase	is	activated	by	Ca++,	Mg++	and	AMP;	this	will	increase	the	rate	of	PDH	reaction	where	as
PDH	kinase	is	inhibited	by	Ca++.	When	there	is	adequate	ATP	and	acetyl	CoA,	the	enzyme	is	inhibited.	Importance	of	Pyruvate	Dehydrogenase	1.	Completely	irreversible	Process.	There	is	no	pathway	available	in	the	body	to	circumvent	this	step.	Glucose	through	this	step	is	converted	to	Box	9.3.	Clinical	Applications	of	Glycolytic	Enzymes	1.	Lactic
acidosis	may	be	seen	in	hypoxia,	shock,	pulmonary	failure,	alcohol	abuse	(Chapter	10),	and	diabetes	mellitus	(Chapter	24).	2.	Deficiency	of	glycolytic	enzymes.	These	conditions	are	rare,	out	of	which	pyruvate	kinase	deficiency	and	hexokinase	deficiency	are	comparatively	common.	Though	rare,	these	deficiency	states	can	lead	to	hemolytic	anemia,
because	energy	depleted	RBCs	are	destroyed.	Hexokinase	deficient	RBCs	have	a	low	level	of	2,3	BPG	and	a	high	affinity	for	oxygen.	On	the	other	hand,	a	deficiency	of	pyruvate	kinase	leads	to	decreased	affinity	for	oxygen	since	2,3	BPG	levels	are	high.	Inherited	aldolase	deficiency	also	causes	hemolysis.	In	PFK	deficiency,	muscle	weakness	is	seen.	3.
Pyruvate	dehydrogenase	(PDH).	PDH	requires	thiamine	pyrophosphate	(TPP);	this	explains	the	serious	afflictions	in	beriberi	due	to	thiamine	deficiency	(Chapter	34).	TPP	deficiency	in	alcoholism	causes	pyruvate	accumulation	in	tissues.	Inherited	PDH	deficiency	may	lead	to	lactic	acidosis.	102		Textbook	of	Biochemistry;	Section	B:	General	Metabolism
Table	9.7.	Key	enzymes	Irreversible	steps	in	glycolysis	Pyruvate	kinase	(Step	9)	Corresponding	key	gluconeogenic	enzymes	Pyruvate	carboxylase;	Phosphoenol	pyruvatecarboxy	kinase	Phosphofructokinase	(Step	3)	Fructose-1,6bisphosphatase	Fig.	9.24.	First	step	in	gluconeogenesis	2.	3.	4.	5.	acetyl	CoA	from	which	fatty	acids	can	be	synthesized.	But
the	backward	reaction	is	not	possible,	and	so	there	is	no	net	synthesis	of	glucose	from	fat.	Pyruvate	may	be	channelled	back	to	glucose	through	gluconeogenesis.	But	when	pyruvate	becomes	acetyl	CoA,	it	cannot	go	back.	Thus,	pyruvate	dehydrogenase	step	is	the	committed	step	towards	oxidation	of	glucose.	Energetics:	The	NADH	generated	in	this
reaction,	enters	the	electron	transport	chain	to	produce	2.5	ATP	molecules.	(See	footnote	of	Table	9.6).	Pyruvate	dehydrogenase	is	regulated	by	end	product	inhibition	as	well	as	by	covalent	modification.	Phosphorylation	of	the	enzyme	by	a	kinase	decreases	the	activity	of	the	enzyme.	Dephosphorylation	activates	the	enzyme.	Diseases	associated	with
glycolysis	pathway	are	described	in	Box	9.3.	Hexokinase	(Step	1)	Glucose-6-phosphatase	Pyruvate	as	a	Junction	Point	Pyruvate	occupies	an	important	junction	between	various	metabolic	pathways.	It	may	be	decarboxylated	to	acetyl	CoA	which	enters	the	TCA	cycle,	or	may	be	utilized	for	fatty	acid	synthesis.	Pyruvate	may	be	carboxylated	to
oxaloacetate	which	is	used	for	gluconeogenesis.	These	pathways	are	summarized	in	Figure	9.23.	GLUCONEOGENESIS	1.	Definition	It	is	the	process	by	which	glucose	molecules	are	produced	from	non-carbohydrate	precursors.	These	include	lactate,	glucogenic	amino	acids,	glycerol	part	of	fat	and	propionyl	CoA	derived	from	odd	chain	fatty	acids	(Fig.
9.27).	2.	Site	Gluconeogenesis	occurs	mainly	in	the	liver,	and	to	a	lesser	extent	in	the	renal	cortex.	The	pathway	is	partly	mitochondrial	and	partly	cytoplasmic.	3.	Key	Gluconeogenic	Enzymes	1.	Pyruvate	carboxylase	2.	Phosphoenol	pyruvate	carboxy	kinase	3.	Fructose-1-6-bisphosphatase	4.	Glucose-6-phosphatase	Fig.	9.25.	Malate-Aspartate	Shuttle.
MDH	=	malate	dehydrogenase.	AST	=	Aspartate	amino	transferase.	Glu=	Glutamic	acid.	AKG	=	alpha	keto	glutaric	acid	Fig.	9.26.	Phospho	enol	pyruvate	carboxy	kinase	Chapter	9;	Major	Metabolic	Pathways	of	Glucose		103	Gluconeogenesis	involves	several	enzymes	of	glycolysis,	but	it	is	not	a	reversal	of	glycolysis.	The	irreversible	steps	in	glycolysis
are	circumvented	by	four	enzymes	which	are	designated	as	the	key	enzymes	of	gluconeogenesis	(Table	9.7).	1.	Pyruvate	Carboxylase	Reaction	Pyruvate	in	the	cytoplasm	enters	the	mitochondria.	Then,	carboxylation	of	pyruvate	to	oxaloacetate	is	catalysed	by	a	mitochondrial	enzyme,	pyruvate	carboxylase	(Fig.	9.24).	It	needs	the	co-enzymes	biotin	and
ATP.	Malate	Aspartate	Shuttle	The	carboxylation	of	pyruvate	(previous	reaction)	takes	place	in	mitochondria.	So,	oxaloacetate	is	generated	inside	the	mitochondria.	This	oxaloacetate	has	to	be	transported	from	mitochondria	to	cytosol,	because	further	reactions	of	gluconeogenesis	are	taking	place	in	cytosol.	This	is	achieved	by	the	malate	aspartate
shuttle.	Oxaloacetate	is	first	converted	to	malate,	which	traverses	the	membrane	and	reaches	cytoplasm.	Malate	is	then	re-converted	to	oxaloacetate.	Malate	dehydrogenase	is	present	in	both	mitochondria	and	cytoplasm.	(Fig.	9.25).	Oxaloacetate	may	also	be	transported	as	aspartate	formed	by	transamination	of	oxaloacetate.	When	alanine	is	the
substrate	for	gluconeogenesis,	the	malate	shuttle	predominantly	operates,	because	NADH	is	also	required	in	the	cytoplasm	for	the	gluconeogenesis	to	continue.	When	lactate	is	the	substrate	for	gluconeogenesis,	the	aspartate	shuttle	operates,	because	sufficient	NADH	is	available	in	the	cytoplasm	by	the	LDH	reaction.	2.	Phosphoenol	Pyruvate
Carboxy	Kinase	In	the	cytoplasm,	PEPCK	enzyme	then	converts	oxaloacetate	to	phosphoenol	pyruvate	by	removing	a	molecule	of	CO	2.	GTP	or	ITP	donates	the	phosphate	(Fig.	9.26).	The	net	effect	of	these	two	reactions	is	the	conversion	of	pyruvate	to	phosphoenol	pyruvate.	This	circumvents	the	irreversible	step	in	glycolysis	catalyzed	by	pyruvate
kinase	(step	9	of	glycolysis).	Partial	Reversal	of	Glycolysis	The	phosphoenol	pyruvate	undergoes	further	reactions	catalyzed	by	the	glycolytic	enzymes	to	form	fructose-1,6-bisphosphate	(see	glycolysis	steps	8,7,6,5	and	4).	All	these	reactions	are	freely	reversible.	Fig.	9.27.	Gluconeogenic	pathway	3.	Fructose-1,6-bisphosphatase	Fructose	1,6-bis-
phosphate	is	then	acted	upon	by	fructose	1,6-bisphosphatase	to	form	fructose	104		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Fig.	9.28.	Reversal	of	step	10	of	glycolysis	-6-phosphate.	This	will	bypass	the	step	of	PFK	reaction	(see	step	3	of	glycolysis).	Fructose-1,6-bisphosphatase	Fructose-1,6-	––––––––––––––––→	Fructose-6bisphosphate
phosphate	+	Pi	Then	fructose-6-phosphate	is	isomerized	to	glucose-6-phosphate	by	the	freely	reversible	reaction	catalyzed	by	hexosephosphate	isomerase	(second	step	in	glycolysis).	4.	Glucose-6-phosphatase	Reaction	The	glucose	6-phosphate	is	hydrolysed	to	free	glucose	by	glucose-6-phosphatase.	Glucose-6-phosphate	+	H2O	-----→	Glucose	+	Pi
Glucose-6-phosphatase	is	active	in	liver.	It	is	present	in	kidney	and	intestinal	mucosa	to	a	lesser	extent,	but	is	absent	in	muscle.	The	detailed	steps	of	gluconeogenesis	are	shown	in	Figure	9.27.	Significance	of	Gluconeogenesis	1.	Only	liver	can	replenish	blood	glucose	through	gluconeogenesis,	because	glucose-6phosphatase	is	present	mainly	in	liver.
So	liver	plays	the	major	role	in	maintaining	the	blood	glucose	level.	2.	During	starvation	gluconeogenesis	maintains	the	blood	glucose	level.	The	stored	glycogen	is	Fig.	9.29.	Transamination	of	alanine	Fig.	9.30.	Glucose	alanine	cycle	depleted	within	the	first	12-18	hours	of	fasting.	On	prolonged	starvation,	the	gluconeogenesis	is	speeded	up	and
protein	catabolism	provides	the	substrates,	namely	glucogenic	amino	acids.	3.	Energy	Requirement:	The	reactions	catalyzed	by	pyruvate	carboxylase,	phosphoenol	pyruvate	carboxy	kinase	and	phospho	glycerate	kinase	require	one	ATP	each;	so	3	ATPs	are	used	by	1	pyruvate	residue	to	produce	one-half	molecule	of	glucose;	or	6	ATPs	are	required	to
generate	one	glucose	molecule.	2	pyruvate	→	2	oxaloacetate	=	2	ATP	2	oxaloacetate	→	2	phosphoenol	pyruvate	(2GTP)	=	2	ATP	2	x	3-phosphoglycerate	→2	x	1,3-bisphospho	glycerate	=	2	ATP	Total	=	6	ATP	Fig.	9.31.	Gluconeogenesis	from	glycerol	Chapter	9;	Major	Metabolic	Pathways	of	Glucose		105	Table	9.8.	Regulatory	enzymes	of	gluconeogenesis
(compare	with	Table	9.3)	Enzyme	PC	Fig.	9.32.	Reciprocal	regulation	of	PFK	(glycolytic	enzyme)	and	Fructose-1,6-bisphosphatase	(gluconeogenic	enzyme)	Glycolysis	(generates	2	ATP)	Glucose	-------------------------→	Lactate	←-------------------------Gluconeogenesis	(utilises	6	ATP)	Substrates	for	Gluconeogenesis	Lactate	and	glucogenic	amino	acids	are	the
most	important	substrates	for	gluconeogenesis.	1.	Lactate	The	lactate	formed	in	the	muscle	is	transported	to	the	liver.	In	the	liver	cell	lactate	dehydrogenase	converts	lactate	to	pyruvate	(Fig.	9.28).	The	pyruvate	enters	the	gluconeogenic	pathway	to	form	glucose.	See	also	Cori's	cycle	(Fig.	9.19).	2.	Glucogenic	amino	acids	i.	Glucogenic	amino	acids
are	shown	in	Figure	9.27.	(Alanine,	glutamic	acid,	aspartic	acid,	etc).	ii.	When	glucose	is	not	readily	available	(starvation	or	diabetes	mellitus),	the	glucogenic	amino	acids	are	transaminated	to	corresponding	carbon	skeletons.	(Fig.	9.27).	These	then	enter	the	TCA	cycle	and	form	oxaloacetate	or	pyruvate.	iii.	Alanine	released	from	the	muscle	is	the



major	substrate	for	gluconeogenesis	(Fig.	9.29).	Activation	Cortisol,	Glucagon	Adrenalin,	Acetyl	CoA	Inhibition	Insulin,	ADP	PEPCK	do	Insulin	F-1,6-bis-1	phosphatase	do	G-6-phosphatase	do	F-1,6-BP,	AMP	F-2,6-BP	Insulin	Muscle	wastage	seen	in	uncontrolled	diabetes	mellitus	could	be	explained	by	this	factor.	Glucose-Alanine	Cycle	(Cahill	Cycle)	i.
Alanine	is	transported	to	liver,	transaminated	to	pyruvate	and	converted	to	glucose.	This	glucose	may	again	enter	the	glycolytic	pathway	to	form	pyruvate,	which	in	turn,	can	be	transaminated	to	alanine.	ii.	Glucose-alanine	cycle	is	important	in	conditions	of	starvation	(Fig.	9.30).	Thus	net	transfer	of	amino	acid	(nitrogen)	from	muscle	to	liver	and
corresponding	transfer	of	glucose	(energy)	from	liver	to	muscle	is	effected.	iii.	Alanine	cycle	is	intimately	related	with	Cori's	cycle	(Compare	Figs	9.19	and	9.30).	3.	Glycerol	The	glycerol	part	of	fat	is	phosphorylated	in	the	liver	cytosol	by	ATP	to	glycerol-3-phosphate.	It	is	then	oxidized	to	dihydroxy	acetone	phosphate	by	an	NAD+	dependent
dehydrogenase	(Fig.	9.31).	4.	Propionyl	CoA	Propionyl	CoA	is	formed	from	odd	chain	fatty	acids	and	carbon	skeleton	of	some	amino	acids.	It	is	converted	to	succinyl	CoA	(see	Fig.	11.11).	It	is	a	minor	source	for	glucose.	Important:	Even	chain	fatty	acids	cannot	be	converted	to	glucose;	they	are	not	substrates	for	gluconeogenesis.	Regulation	of
Gluconeogenesis	Gluconeogenesis	and	glycolysis	are	reciprocally	regulated	so	that	one	pathway	is	relatively	inactive	when	the	other	is	active.	The	regulatory	steps	are:	Fig.	9.33.	Hormonal	regulation	of	gluconeogenesis	1.	Pyruvate	Carboxylase	It	is	an	allosteric	enzyme.	Acetyl	CoA	is	an	activator	of	pyruvate	carboxylase	so	that	generation	of	106	
Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Box	9.4.	Clinical	Significance	of	Pyruvate	1.	Pyruvate	carboxylase	deficiency.	It	is	seen	as	an	inborn	error	of	metabolism,	where	mental	retardation	is	manifested.	Its	incidence	is	1	in	25,000	births.	Lactic	acidosis	is	noticed.	2.	Malignant	hyperthermia.	This	may	occur	when	halothane	is	given	as
an	anesthetic	to	certain	persons.	The	ryanodine	receptor,	a	calcium-release	channel	is	defective,	leading	to	inappropriate	release	of	calcium	from	sarcoplasmic	reticulum.	This	results	in	uncontrolled	heat	generation,	damage	of	muscle	cells,	ATP	depletion,	lactic	acidosis	and	rhabdomyolysis.	CPK	is	markedly	elevated.	This	defect	is	seen	in	1	per	50,000
population.	3.	Ethanol	(Ethyl	alcohol).	It	inhibits	gluconeogenesis.	During	the	metabolism	of	ethanol	the	level	of	cytoplasmic	NADH	is	raised.	Thus,	the	Pyruvate	→	Malate	→	Oxaloacetate	reactions	are	reversed.	So,	excessive	ingestion	of	alcohol	results	in	hypoglycemia.	Lactate	also	accumulates	as	NADH	level	is	high	(Chapter	10).	oxaloacetate	is
favored	when	acetyl	CoA	level	is	sufficiently	high	(Fig.	9.24).	2.	Fructose-1,6-bisphosphatase	Citrate	is	an	activator	while	fructose-2,6-bisphosphate	and	AMP	are	inhibitors.	All	these	three	effectors	have	an	exactly	opposite	effect	on	the	phospho	fructo	kinase	(PFK)	(Fig.	9.32).	enzymes	(PEPCK,	Fructose-1,6-bisphosphatase	and	glucose-6-phosphatase).
iv.	At	the	same	time,	synthesis	of	glycolytic	enzymes	HK,	PFK	and	PK	are	depressed.	v.	Insulin	inhibits	the	process	(Fig.	9.33).	A	summary	of	regulatory	enzymes	of	gluconeogenesis	is	shown	in	Table	9.8.	(Compare	with	Table	9.3).	Clinical	significance	of	pyruvate	metabolism	is	shown	in	Box	9.4.	GN	ratio	or	DN	ratio	During	gluconeogenesis	proteins
are	degraded	and	end-product	urea	is	excreted	through	urine.	The	ratio	of	glucose	(dextrose)	to	urea	nitrogen	in	urine	is	termed	as	GN	ratio	or	DN	ratio.	In	such	animals,	the	ratio	is	3.65.	That	means	1	g	of	nitrogen	(from	protein)	will	form	3.65	g	of	glucose.	Since	proteins	contain	16%	nitrogen;	58%	of	protein	is	glucogenic.	GN	ratio	is	enhanced
when	catabolism	is	increased,	e.g.	insulin	deficiency,	starvation,	pyrexia,	hyperthyroidism	and	cancer.	GLYCOGEN	METABOLISM	Carl	Cori	and	Gerty	Cori	were	awarded	Nobel	prize	in	1947,	for	their	work	on	glycogen	degradation.	Based	on	his	work	on	3.	ATP	Gluconeogenesis	is	enhanced	by	ATP.	4.	Hormonal	Regulation	of	Gluconeogenesis	i.	The
hormones	glucagon	and	gluco	corticoids	increase	gluconeogenesis	(Fig.	9.33).	ii.	Glucocorticoids	induce	the	synthesis	of	hepatic	amino	transferases	thereby	providing	substrate	for	gluconeogenesis.	iii.	The	high	glucagon-insulin	ratio	also	favors	induction	of	synthesis	of	gluconeogenic	Fig.	9.34.	Reaction	of	glycogen	phosphorylase	Fig.	9.35.
Glycogenolysis	Chapter	9;	Major	Metabolic	Pathways	of	Glucose		107	Fig.	9.36.	Phosphogluco	mutase	reaction	glycogen	synthesis,	Luis	Leloir	(Argentina)	was	awarded	Nobel	prize	in	1970.	Earl	Sutherland	(Nobel	prize,	1971)	studied	the	role	of	cyclic	AMP	as	the	second	messenger	in	glycogenolysis.	Glycogen	is	a	homopolysaccharide	with	glucose
units	linked	in	alpha-1,4	linkages	(straight	line)	and	alpha-1,6	linkages	(branching	point).	Branching	makes	the	molecule	more	globular	and	less	space-consuming.	For	details	of	structure,	see	Figure	6.23.	Functions	of	Glycogen	1.	Glycogen	is	the	storage	form	of	carbohydrates	in	the	human	body.	The	major	sites	of	storage	are	liver	and	muscle.	The
major	function	of	liver	glycogen	is	to	provide	glucose	during	fasting.	The	glycogen	content	of	liver	(10	gm/100	gm	tissue)	is	more	than	in	the	skeletal	muscle	(1–2	gm/100	gm).	But	the	total	quantity	of	muscle	glycogen	is	more	than	liver	glycogen	because	of	the	larger	muscle	mass.	2.	When	blood	glucose	level	falls,	liver	glycogen	is	broken	down	and
helps	to	maintain	blood	glucose	level.	After	taking	food,	blood	glucose	tends	to	rise,	which	causes	glycogen	deposition	in	liver.	About	5	hours	after	taking	food,	the	blood	glucose	tends	to	fall.	But,	glycogen	is	lysed	to	glucose	so	that	the	energy	needs	are	met.	After	about	18	hours	fasting,	most	of	the	liver	glycogen	is	depleted,	when	depot	fats	are
hydrolysed	and	energy	requirement	is	met	by	fatty	acid	oxidation.	3.	The	function	of	muscle	glycogen	is	to	act	as	reserve	fuel	for	muscle	contraction.	4.	All	the	enzymes	related	to	glycogen	metabolism	are	cytoplasmic.	DEGRADATION	OF	GLYCOGEN	(GLYCOGENOLYSIS)	1.	Glycogen	Phosphorylase	i.	Glycogen	phosphorylase	removes	glucose	as
glucose-1-phosphate	from	glycogen	(phosphorolysis)	(Fig.	9.34).	It	contains	pyridoxal	Fig.	9.37.	Formation	of	branches	in	glycogen	phosphate	(PLP)	as	a	prosthetic	group.	The	alpha-1,4	linkages	in	the	glycogen	are	cleaved.	ii.	It	removes	glucose	units	one	at	a	time.	Enzyme	sequentially	hydrolyses	alpha-1,4	glycosidic	linkages,	till	it	reaches	a	glucose
residue,	3-4	glucose	units	away	from	a	branch	point	(Fig.	9.35).	It	cannot	attack	the	1,6	linkage	at	branch	point.	iii.	If	glycogen	phosphorylase	alone	acts	on	a	glycogen	molecule,	the	final	product	is	a	highly	branched	molecule;	it	is	called	limit	dextrin.	Regulation	of	Muscle	Glycogen	Phosphorylase	Skeletal	muscle	glycogen	is	degraded	only	when	the
demand	for	ATP	is	high.	The	regulation	of	glycogenolysis	in	skeletal	muscle	is	by	epinephrine	and	calcium	released	from	sarcoplasmic	reticulum.	Glucagon	has	no	effect	on	muscle	glycogenolysis.	AMP	formed	by	degradation	of	ATP	during	muscle	contraction	is	an	allosteric	activator	of	phosphorylase	b.	The	calcium	binds	calmodulin	and	the	complex
activates	phosphorylase	kinase.	2.	Debranching	by	bifunctional	(two)	Enzymes	i.	Then	a	block	of	3	glucose	residues	(trisaccharide	unit)	are	transferred	from	the	108		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Fig.	9.38.	Cyclic	AMP	mediated	activation	cascade	branching	point	to	another	branch.	This	enzyme	is	alpha-1,4	→	alpha-1,4
glucan	transferase.	ii.	Now	the	branch	point	is	free.	Then	alpha1,6-	glucosidase	(debranching	enzyme)	can	hydrolyse	the	remaining	glucosyl	unit	held	in	alpha-1,6	linkage	at	the	branch	point	(Fig.	9.35).	iii.	This	glucose	residue	is	released	as	free	glucose.	At	this	stage,	the	ratio	of	glucose-1phosphate	to	free	glucose	is	about	8:1.	iv.	The	transferase	and
alpha-1,6-glucosidase	will	together	convert	the	branch	point	to	a	linear	one.	With	the	removal	of	the	branch	point,	phosphorylase	enzyme	can	proceed	with	its	action.	3.	Phosphogluco	mutase	Phosphorylase	reaction	produces	glucose-1phosphate	while	debranching	enzyme	releases	glucose.	The	glucose-1-phosphate	is	converted	to	glucose-6-phosphate
by	phosphoglucomutase	(Fig.	9.36).	4.	Glucose-6-phosphatase	in	Liver	Next,	hepatic	glucose-6-phosphatase	hydrolyses	glucose-6-phosphate	to	glucose.	The	free	glucose	is	released	to	the	blood	stream.	5.	Muscle	Lacks	Glucose-6-phosphatase	Important:	Muscle	will	not	release	glucose	to	the	blood	stream,	because	muscle	tissue	does	not	contain
glucose-6-phosphatase.	Instead,	in	muscle,	glucose-6-phosphate	undergoes	glycolysis	to	produce	ATP	for	muscle	contraction.	Energetics	i.	In	muscle,	the	energy	yield	from	one	glucose	residue	derived	from	glycogen	is	3	ATP	molecules,	because	no	ATP	is	required	for	initial	phosphorylation	of	glucose	(step	1	of	glycolysis).	ii.	If	glycolysis	starts	from
free	glucose	only	2	TPs	are	produced.	GLYCOGEN	SYNTHESIS	(GLYCOGENESIS)	The	glycogen	synthesis	occurs	by	a	pathway	distinctly	different	from	the	reversal	of	glycogen	Chapter	9;	Major	Metabolic	Pathways	of	Glucose		109	complex.	It	is	a	dimeric	protein,	having	two	identical	monomers.	An	oligosaccharide	chain	of	7	glucose	units	is	added	to
each	monomer.	Glycogen	synthase	Glycogen	primer	(n)	————→	Glycogen	(n+1)	+	UDP-glucose	+	UDP	breakdown,	which	would	prevent	the	operation	of	futile	cycles.	The	steps	are:	1.	Activation	of	Glucose	UDP	glucose	is	formed	from	glucose-1-phosphate	and	UTP	(uridine	triphosphate)	by	the	enzyme	UDPglucose	pyrophosphorylase.	In	the	next
step,	activated	glucose	units	are	sequentially	added	by	the	enzyme	glycogen	synthase	(Fig.	9.37).	The	glucose	unit	is	added	to	the	nonreducing	(outer)	end	of	the	glycogen	primer	to	form	an	alpha-1,4	glycosidic	linkage	and	UDP	is	liberated.	2.	Glycogen	Synthase	The	glucose	moiety	from	UDP-glucose	is	transferred	to	a	glycogen	primer	(glycogenin)
molecule.	The	primer	is	essential	to	accept	the	glycosyl	unit.	The	primer	is	made	up	of	a	protein-carbohydrate	3.	Branching	Enzyme	i.	The	glycogen	synthase	can	add	glucose	units	only	in	alpha-1,4	linkage.	A	branching	enzyme	is	needed	to	create	the	alpha-1,6	linkages.	ii.	When	the	chain	is	lengthened	to	11	-	12	glucose	residues,	the	branching
enzyme	will	transfer	a	block	of	6	to	8	glucose	residues	from	this	chain	to	another	site	on	the	growing	molecule.	The	enzyme	amylo-[1,4]→[1,6]transglucosidase	(branching	enzyme)	forms	this	alpha-1,6	linkage	(Fig.	9.37).	iii.	To	this	newly	created	branch,	further	glucose	units	can	be	added	in	alpha-1,4	linkage	by	glycogen	synthase.	Fig.	9.39.	Reciprocal
regulation	of	glycogenolysis	and	glycogen	synthesis	by	cyclic	AMP	Regulation	of	Glycogen	Metabolism	i.	The	synthetic	and	degradative	pathways	are	reciprocally	regulated	to	prevent	futile	cycles.	ii.	The	phosphorylated	form	of	glycogen	phosphorylase	is	active;	but	glycogen	synthase	becomes	inactive	on	phosphorylation.	The	covalently	modified
phosphorylase	is	active	even	without	AMP.	Active	(dephosphorylated)	glycogen	synthase	is	responsive	to	the	action	of	glucose-6phosphate.	Covalent	modification	modulates	the	effect	of	allosteric	regulators.	The	hormonal	control	by	covalent	modification	and	allosteric	regulation	are	interrelated.	iii.	These	hormones	act	through	a	second	messenger,
cyclic	AMP	(cAMP)	(for	structure	see	Fig.	39.8).	The	mechanism	is	shown	in	Figures	9.38	and	9.39.	iv.	The	covalent	modification	of	glycogen	phosphorylase	and	synthase	is	by	a	cyclic	AMP	mediated	cascade.	Specific	protein	kinases	bring	about	phosphorylation	and	protein	phosphatases	cause	dephosphorylation.	UDP-glucosepyrophosphorylase
Glucose-1———————→	UDP-glucose	phosphate	+UTP	+	PPi	110		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Nobel	prizes	were	awarded	to	Edwin	Krebs	and	Edmond	Fisher	for	their	work	on	protein	kinase,	phosphorylase	kinase	and	phosphorylase	phosphatase.	The	cAMP	combines	with	the	R	subunit	so	that	the	C	subunit	is	free	to
have	its	catalytic	activity.	PKA	is	an	enzyme	that	can	phosphorylate	serine	and	threonine	residues	of	several	enzyme	proteins	and	is	activated	by	cAMP	which	combines	with	the	regulatory	subunit	of	PKA.	In	the	absence	of	cAMP,	PKA	is	an	inactive	tetramer.	R2C2	+	4	cAMP	—	2C	+	R2	(cAMP)4	The	intracellular	concentration	of	cAMP	therefore
decides	the	level	of	active	PKA	and	cAMP	level	depends	on	the	activity	of	adenylate	cyclase	and	phospho	diesterase.	Cyclic	AMP	level	is	increased	by	glucagon	and	decreased	by	insulin.	Adenylate	cyclase	PDE	ATP	—	———————	cAMP	————	5’AMP	+	Glucagon	+	Insulin	Fig.	9.40.	Effects	of	hormones	on	glycogen	2.	Generation	of	Cyclic	AMP
(cAMP)	i.	Both	liver	and	muscle	phosphorylases	are	activated	by	a	cyclic	AMP	mediated	activation	cascade	triggered	by	the	hormonal	signal.	ii.	The	hormones	epinephrine	and	glucagon	can	activate	liver	glycogen	phosphorylase	but	glucagon	has	no	effect	on	the	muscle.	iii.	When	the	hormone	binds	to	a	specific	receptor	on	the	plasma	membrane,	the
enzyme	adenyl	cyclase	is	activated	which	converts	ATP	to	cyclic	AMP	(cAMP).	iv.	When	level	of	cyclic	AMP	rises,	it	will	activate	a	protein	kinase	(Fig.	9.38).	2-A.	Protein	Kinase	Activation	The	protein	kinase	is	inactive	when	the	catalytic	(C)	and	regulatory	(R)	subunits	are	associated	with	each	other.	Earl	Sutherland	(Nobel	Prize,	1971)	studied	the	role
of	cyclic	AMP	as	the	second	messenger	in	glycogenolysis.	In	1992,	2-B.	Phosphorylase	Kinase	Activation	The	active	protein	kinase	can	now	convert	the	phosphorylase	kinase	to	an	active	phosphorylated	form,	which	converts	phosphorylase-b	to	phosphorylase-a	(Fig.	9.39).	Phosphorylase	kinase	itself	is	a	tetrameric	enzyme	(alpha,	beta,	gamma,
delta).Of	these	the	gamma	subunit	has	the	catalytic	site	and	the	other	3	subunits	have	regulatory	effects.	Phosphorylase	kinase	is	activated	by	Ca	++	and	phosphorylation	of	alpha	and	beta	subunits	by	PKA.	Phosphorylation	of	alpha	and	beta	subunits	relieves	autoinhibition	of	catalytic	activity	of	gamma	subunit.	Binding	of	Ca	++	to	the	delta	subunit
which	is	identical	to	calmodulin	(CaM)	is	also	necessary	for	full	activity	of	delta	subunit	since	it	also	has	a	role	in	dysregulating	the	gamma	subunit.	Calcium	triggers	muscle	contraction	as	well	as	glycogen	breakdown	through	the	action	of	phosphorylase	kinase.	The	rate	of	glycogenolysis	is	linked	to	rate	of	muscle	contraction.	The	dephosphorylation	of
the	active	form	by	PP1	involves	removal	of	phosphate	group	from	phosphorylase	a	and	alpha	and	beta	subunits	of	phosphorylase	kinase.	The	activity	of	protein	phosphatase	1	(PP1)	is	controlled	differently	in	liver	Table	9.9.	Regulators	of	glycogen	metabolism	(L=Liver,	M=muscle)	Effectors	Glycogen	Glycogen	phosphorylase-L	synthase-L	Glycogen
Glycogen	phosphorylase-Msynthase-M	ATP	Inhibition	Inhibition	Inhibition	AMP	Activation	Activation	Inhibition	Glucose-6Phosphate	Inhibition	Inhibition	Activation	Ca++	Activation	Inhibition	Activation	Activation	Chapter	9;	Major	Metabolic	Pathways	of	Glucose		111	Table	9.10.	Glycogen	storage	diseases	Type	Name	Deficient	enzyme	Clinical	features
Type	Ia	von	Gierke's	disease	Glucose-6-phosphatase	Fasting	hypoglycemia;	hepatomegaly	Endoplasmic	reticulum	glucose-6-P	transporter	Same	as	above,	plus	neutropenia	and	recurrent	infections	Type	1b	Type	II	Pompe's	disease	Lysosomal	maltase	Accumulation	of	glycogen	in	lysosomes	of	liver,	heart	and	muscle;	death	before	2	years	Type	III	Limit
dextrinosis	Cori's	disease	Debranching	enzyme	Highly	branched	dextrin	accumulates;	Fasting	hypoglycemia;	hepatomegaly	Type	IV	Amylopectinosis	Anderson's	disease	Branching	enzyme	Glycogen	with	few	branches;	hepatosplenomegaly;	mild	hypoglycemia;	death	by	age	of	5	Type	V	McArdle's	disease	Muscle	phosphorylase	Excercise	intolerance;
accumulation	of	glycogen	in	muscles	Type	VI	Hers'	disease	Liver	phosphorylase	Mild	hypoglycemia;	hepatomegaly;	better	prognosis	than	other	types	Type	VII	Tarui's	disease	Muscle	PFK	Glycogen	in	muscles	accumulated;	exercise	intolerance;	hemolytic	anemia	Type	VIII	Liver	phosphorylase	kinase	Mild	hypoglycemia;	better	prognosis	Type	IX	Muscle
phosphorylase	kinase	Mild	exercise	intolerance;	better	prognosis	Type	X	Protein	kinase	A	and	muscle.	The	catalytic	subunit	of	PP1	in	muscle	is	active	only	when	it	is	bound	to	glycogen	through	the	glycogen	binding	GM	subunit.	The	phosphorylation	of	PP1	by	an	insulin	stimulated	protein	kinase	(site1	)	activates	the	enzyme	where	as	phosphorylation
at	site	2	by	PKA	makes	its	action	ineffective.	When	cAMP	level	is	high,	PP1	is	inhibited	by	inhibitor1	which	is	activated	by	phosphorylation	by	PKA.	The	effect	of	cyclic	AMP	is	not	only	by	increasing	the	phosphorylation	of	enzymes,	but	also	by	decreasing	dephosphorylation.	3.	Glycogen	Phosphorylase	in	Liver	and	Muscle	a.	Liver:	The	liver
phosphorylase-b	is	the	inactive	form.	It	becomes	active	on	phosphorylation.	The	active	enzyme	is	denoted	as	phosphorylase-a.	The	enzyme	is	inhibited	by	ATP	and	glucose-6-phosphate	(Fig.	9.38).	In	the	liver	the	PP1	is	regulated	differently	through	the	intermediary	of	glycogen	binding	subunit	(GL).	GL	complex	can	bind	to	R	and	T	forms	of
phosphorylase	a,	but	the	phosphate	group	attached	to	ser14	is	exposed	only	in	the	T	state,	so	that	PP1	can	convert	phosphorylase	a	to	phosphorylase	b.	Glucose	is	an	allosteric	inhibitor	of	phosphorylase	a.	Insulin	favors	this	effect	by	promoting	the	uptake	and	phosphorylation	of	glucose.	b.	Muscle:	Skeletal	muscle	glycogen	is	degraded	only	when	the
demand	for	ATP	is	high.	The	Hepatomegaly	regulation	of	glycogenolysis	in	skeletal	muscle	is	by	epinephrine.	Glucagon	has	no	effect	on	muscle	glycogenolysis.	AMP	formed	by	degradation	of	ATP	during	muscle	contraction	is	an	allosteric	activator	of	phosphorylase	b.	The	active	form	of	phosphorylase	is	referred	to	as	‘a’	(active,	phosphorylated)	and
the	relatively	inactive	dephosphorylated	form	as	‘b’.	On	the	other	hand,	the	active	glycogen	synthase	(a)	is	dephosphorylated	and	phosphorylated	(b)	is	relatively	inactive.	Glycogen	phosphorylase	is	activated	by	phosphorylation	by	phosphorylase	kinase	that	adds	phosphate	group	to	a	specific	serine	residue	of	phosphorylase	b	(ser14).	This
phosphorylase	kinase,	in	turn,	is	activated	by	protein	kinase	A	or	cyclic	AMP	dependent	protein	kinase.	Phosphoprotein	phosphatase	I	dephosphorylates	both	phosphorylase	kinase	and	phosphorylase	b.	Phosphorylase	b	is	sensitive	to	allosteric	effectors	but	phosphorylase	a	is	not	sensitive.	High	concentration	of	ATP	and	Glucose-6-phosphate	in	the	cell
will	inhibit	phosphorylase	b.	4.	Glycogen	Synthase	i.	Glycogen	synthase	and	phosphorylase	activities	are	reciprocally	regulated	(Fig.	9.39).	112		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	ii.	The	same	protein	kinase,	which	phosphorylates	the	phosphorylase	kinase	would	also	phosphorylate	glycogen	synthase.	iii.	The	activity	of	the
glycogen	synthase	is	markedly	decreased	on	phosphorylation.	Insulin	promotes	glycogen	synthesis	by	favoring	dephosphorylation.	Glycogen	synthase	is	active	in	the	dephosphorylated	state.	Phosphorylase	kinase	can	phosphorylate	glycogen	synthase	and	inactivate	the	enzyme.	PKA	can	also	inactivate	the	enzyme	by	phosphorylation.	Ca++	and
calcium	dependent	cam	kinase	also	phosphorylate	the	enzyme.	Relative	rates	of	glycogen	synthesis	and	breakdown	are	therefore	controlled	by	the	action	of	PKA,	phosphorylase	kinase	and	PP1.	PP1	can	activate	glycogen	synthase	only	after	dephosphorylating	and	inactivating	phosphorylase	a.	The	regulation	of	glycogen	phosphorylase	and	synthase	is
a	typical	example	of	multisite	phosphorylation	(primary	and	secondary	sites)	for	metabolic	regulation.	Control	by	allosteric	effectors	is	superimposed	on	covalent	modification.	Glucose-6-phosphate	can	activate	glycogen	synthesis.	Insulin	activates	PP1	and	PDE	which	decreases	cAMP	level	and	increases	G6P	level	to	promote	glycogen	synthesis.	The
reciprocal	regulation	of	glycogenolysis	and	glycogenesis	is	by	covalent	modification	(phosphorylation	and	dephosphorylation).	Insulin	and	glucagon	are	the	major	regulatory	hormones,	although	epinephrine	has	stimulatory	effect	on	glycogenolysis	in	both	liver	and	muscle.	They	bring	about	alterations	in	the	activity	of	protein	kinases	and	phosphatases
by	varying	the	level	of	cAMP.	5.	Summary	of	Regulation	i.	The	key	enzyme	for	glycogenolysis	is	phosphorylase,	which	is	activated	by	glucagon	and	adrenaline,	under	the	stimulus	of	hypoglycemia.	ii.	The	key	enzyme	for	glycogen	synthesis	is	glycogen	synthase,	the	activity	of	which	is	decreased	by	adrenaline	but	is	enhanced	by	insulin,	under	the
stimulus	of	hyperglycemia	(Fig.	9.40).	Glycogen	metabolism	is	regulated	by	coordinated	regulation	of	glycogen	synthase	and	glycogen	phosphorylase.	The	regulatory	mechanisms	include	allosteric	control	as	well	as	hormonal	control	by	covalent	modification	of	enzymes.	The	allosteric	effectors	are	ATP,	Glucose-6-phosphate	and	AMP.	The	regulation	in
muscle	and	liver	is	given	in	Table	9.9.	GLYCOGEN	STORAGE	DISEASES	These	are	inborn-errors	of	metabolism.	That	phrase	was	coined	by	Sir	Archibald	Garrod.	Glycogen	Storage	Disease	Type-I	1.	It	is	also	called	Von	Gierke's	Disease.	Most	common	type	of	glycogen	storage	disease	is	type	I.	2.	Incidence	is	1	in	100,000	live	births.	Salient	features	of
the	disease	are:	3.	Glucose-6-phosphatase	is	deficient.	4.	Fasting	hypoglycemia	that	does	not	respond	to	stimulation	by	adrenaline.	The	glucose	cannot	be	released	from	liver	during	over	night	fasting	(see	Box	10.4	for	neonatal	hypoglycemia).	5.	Hyperlipidemia,	lactic	acidosis	and	ketosis.	6.	Glucose-6-phosphate	is	accumulated,	so	it	is	channeled	to
HMP	shunt	pathway	(Chapter	10)	producing	more	ribose	and	more	nucleotides.	7.	Purines	are	then	catabolized	to	uric	acid,	leading	to	hyperuricemia	(see	Chapter	39).	8.	Glycogen	gets	deposited	in	liver.	Massive	liver	enlargement	may	lead	to	cirrhosis.	9.	Children	usually	die	in	early	childhood.	10.	Treatment	is	to	give	small	quantity	of	food	at
frequent	intervals.	Other	glycogen	storage	diseases	(type	II	to	X)	are	shown	in	Table	9.10.	They	are	very	rare,	incidence	being	1	in	1	million	births.	Blood	glucose	level	is	maintained	in	a	very	narrow	limit	in	normal	persons.	The	homeostasis	of	blood	sugar	and	abnormal	conditions	are	explained	in	Chapter	24.	CHAPTER	10	Minor	Metabolic	Pathways
of	Carbohydrates	CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Hexose	monophosphate	shunt	pathway	2.	Significance	of	the	pathway	3.	Polyol	pathway	4.	Fructose	metabolism	5.	Galactose	metabolism	6.	Metabolism	of	alcohol	7.	Glycoproteins	8.	Blood	group	antigens	9.	Mucopolysaccharidoses
HEXOSE	MONOPHOSPHATE	(HMP)	SHUNT	PATHWAY	It	is	also	known	as	"pentose	phosphate	pathway";	"Dickens-Horecker	pathway";	"Shunt	pathway"	or	"Phosphogluconate	oxidative	pathway".	Instead	of	glucose	going	through	the	glycolytic	pathway,	it	is	shunted	through	this	pathway;	so	it	is	known	as	the	shunt	pathway.	In	the	glycolysis	there
are	a	few	bisphosphate	intermediates;	but	in	this	pathway,	there	are	monophosphates	only;	hence	this	is	called	hexose	monophosphate	(HMP)	pathway.	The	reactions	involve	the	intermediate	formation	of	pentose	phosphates;	hence	this	is	also	called	pentose	phosphate	pathway.	Since	the	first	carbon	atom	of	glucose	is	liberated	as	CO2,	it	is	called	the
direct	oxidative	pathway	of	glucose	metabolism.	About	10%	of	glucose	molecules	per	day	are	entering	in	this	pathway.	The	liver	and	RBC	metabolise	about	30%	of	glucose	by	this	pathway.	The	major	purpose	of	this	pathway	is	generation	of	reduced	NADPH	and	pentose	phosphates	for	nucleotide	synthesis	(See	Box	10.1).	Overview	of	the	Shunt
Pathway	The	HMP	shunt	pathway	has	oxidative	and	nonoxidative	phases.	During	the	oxidative	phase,	glucose-6-phosphate	is	oxidized	with	the	generation	of	2	molecules	of	NADPH,	and	one	molecule	of	pentose	phosphate,	with	the	liberation	of	one	molecule	of	CO2.	During	the	non-oxidative	phase,	the	pentose	phosphate	is	converted	to	intermediates
of	glycolysis.	A.	Oxidative	Phase	Step	1	of	HMP	Pathway	Glucose-6-phosphate	is	oxidized	by	NADP	+	dependent	Glucose-6-phosphate	dehydrogenase	(GPD).	6-phospho	glucono	lactone	is	formed.	One	molecule	of	NADPH	is	formed	in	the	reaction	(Fig.	10.1).	This	is	the	rate-limiting	step.	Regulation	is	effected	by	this	enzyme.	Step	2	of	HMP	Pathway
The	lactone	is	hydrolysed	by	glucono	lactone	hydrolase	to	form	6-phospho	gluconic	acid	(Fig.	10.1).	Step	3,	NADPH	is	Again	Generated	This	is	an	oxidative	step	coupled	with	decarboxylation.	The	enzyme	is	6-phospho	gluconate	dehydrogenase.	The	6-phospho	gluconic	acid	is	dehydrogenated	to	3-keto-6-phospho	Box	10.1.	NAD	and	NADP	are	Different
NADH	is	used	for	reducing	reactions	in	catabolic	pathways,	e.g.	pyruvate	to	lactate.	NADH	enters	the	electron	transport	chain,	and	ATP	is	generated.	NADPH	is	used	for	reductive	biosynthetic	reactions,	e.g.	de	novo	synthesis	of	fatty	acid,	synthesis	of	cholesterol,	etc.	NADPH	is	generated	mainly	by	the	HMP	shunt	pathway.	NADPH	is	not	entering	the
electron	transport	chain;	and	NADPH	will	not	generate	ATP.	NADP	differs	from	NAD	in	having	an	additional	phosphate	group	(Chapter	34).	These	two	coenzymes	are	specific	for	enzymes;	they	are	not	interchangeable.	114		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Fig.	10.1.	Oxidative	phase	of	HMP	shunt	pathway;	Steps	1,	2	and	3
gluconate.	It	is	a	transient	compound,	and	spontaneously	undergoes	decarboxylation	to	form	ribulose-5-phosphate.	The	carbon	of	CO2	is	derived	from	COOH	group	of	gluconic	acid	(Fig.	10.1).	In	this	step	a	second	molecule	of	NADPH	is	generated.	B.	Non-Oxidative	Phase	Step	4:	Isomerization	The	ribulose-5-phosphate	is	then	isomerized	to	ribose-5-
phosphate	or	epimerised	to	xylulose-5phosphate	(Fig.	10.2)	Step	5:	Transketolase	Reaction	Transketolase	is	a	thiamine	pyrophosphate	(TPP)	dependent	enzyme.	It	transfers	two-carbon	unit	(with	keto	group)	from	xylulose-5-phosphate	to	ribose-5-phosphate	to	form	a	7	carbon	sugar,	sedoheptulose-7-phosphate	and	glyceraldehyde-3phosphate	(Fig.
10.3).	Transketolase	enzyme	will	transfer	the	group	from	a	donor	ketose	to	an	aldose	acceptor.	In	thiamine	deficiency	transketolase	activity	is	decreased.	The	reaction	may	be	summarized	as	5C	+	5C	=	7C	+	3C.	Fig.	10.2.	Step	4	of	HMP	shunt	pathway	Step	6:	Transaldolase	Reaction	The	next	group	transfer	reaction	involves	the	transfer	of	a	3	carbon
unit,	from	sedoheptulose-7phosphate	to	glyceraldehyde-3-phosphate	to	form	fructose-6-phosphate.	Here	also	the	donor	is	a	ketose	and	acceptor	is	an	aldose	(Step	6,	Fig.	10.4).	Summary:	7C	+	3C	=	6C	+	4C.	Step	7:	Second	Transketolase	Reaction	In	another	transketolase	reaction	a	2C	unit	is	transferred	from	xylulose-5-phosphate	to	erythrose4-
phosphate	to	form	fructose-6-phosphate	and	glyceraldehyde-3-phosphate	(Step	7,	Fig.	10.4).	Summary:	5C	+	4C	=	6C	+	3C.	Step	8:	Regeneration	of	Glucose-6-Phosphate	Two	molecules	of	glyceraldehyde-3-phosphate	formed	in	step	7	are	condensed	to	form	one	Fig.	10.3.	Step	5;	first	transketolase	reaction	Chapter	10;	Minor	Metabolic	Pathways	of
Carbohydrates		115	Fig.	10.4.	Summary	of	shunt	pathway;	numbers	shows	the	steps	referred	in	the	text	fructose-6-phosphate	(reversal	of	step	4	of	glycolysis).	Fructose-6-phosphate	is	then	converted	to	glucose-6-phosphate	(reversal	of	step	2	of	glycolysis).	A	summary	of	the	whole	pathway	is	depicted	in	Figure	10.4.	Regulation	of	HMP	Shunt	Pathway
The	pathway	is	mainly	regulated	by	the	level	of	NADP+.	The	first	reaction	catalyzed	by	GPD	is	the	rate-limiting	step	and	it	is	inhibited	by	NADPH.	The	oxidative	phase	is	therefore	controlled	by	the	level	of	NADP+	and	non-oxidative	phase	by	the	requirement	of	pentoses.	Insulin	will	induce	GPD	and	therefore	will	increase	the	overall	pathway.	When
more	NADPH	is	needed,	the	pathway	proceeds	to	completion	with	the	equivalent	of	one	molecule	of	glucose	being	completely	oxidized	to	CO2.	The	reaction	may	be	summarized	as:	G-6-P	+	12	NADP+	+	7H2O	6	CO2	+	12	NADPH	+	12	H+	+	Pi	116		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Box	10.2.	Metabolic	Role	of	NADPH	formed
by	HMP	Shunt	Pathway	1.	Required	for	reductive	biosynthesis,	such	as	fatty	acid,	cholesterol	and	steroids	2.	Free	radical	scavenging	3.	RBC	membrane	integrity	4.	Prevention	of	formation	of	met-hemoglobin	5.	Detoxification	6.	Preserving	transparency	of	lens	of	eye	7.	Bactericidal	activity	of	macrophages	8.	Production	of	ribose	and	deoxyribose	for
DNA	and	RNA	synthesis	Summary	of	Shunt	Pathway	Suppose,	6	molecules	of	glucose	(6	x	6	=	36	carbons)	are	entering	in	this	pathway.	The	first	carbon	atoms	of	all	6	glucose	molecules	are	removed	as	6	molecules	of	CO2.	(This	is	equivalent	to	complete	oxidation	of	1	molecule	of	glucose).	In	this	process,	12	NADPH	are	generated.	The	remaining	6
molecules	of	5-carbon	pentoses	(6	x	5	=	30C)	are	interchanged	in	such	a	way	that	5	molecules	of	glucose	(5	x	6	=	30C)	are	regenerated.	This	is	summarized	in	Figure	10.4.	Physiological	Significance	of	the	Pathway	Please	see	summary	in	Box	10.2.	Fig.	10.5.	Free	radical	scaving	enzymes.	SOD	=	super	oxide	dismutase.	POD	=glutathione	peroxidase.
GSH	=	glutathione.	GR=	glutathione	reductase.	GPD=	glucose-6-phosphate	dehydrogenase	Box	10.3.	Clinical	Aspects	of	HMP	Shunt	Pathway	1.	Glucose-6-phosphate	dehydrogenase	deficiency	2.	Drug	induced	hemolytic	anemia	3.	Met-hemoglobinemia	4.	Thiamine	deficiency	leads	to	reduced	transketolase	activity	1.	Pathway	is	Operating	in	Following
Organs:	i.	Liver	ii.	Adipose	tissue	iii.	Adrenal	cortex	iv.	Mammary	glands	v.	Testes	and	ovaries	vi.	RBCs	vii.	Lens	of	eye	A.	The	oxidative	phase	of	the	pathway	is	seen	in	the	above	organs,	where	NADPH	generation	is	required	for	lipid	synthesis	or	steroid	synthesis.	B.	The	non-oxidative	phase	is	present	in	all	tissues,	and	so	synthesis	of	ribose	is	possible
in	all	tissues	of	the	body.	2.	Generation	of	Reducing	Equivalents	The	major	metabolic	role	of	the	pathway	is	to	provide	cytoplasmic	NADPH	for	reductive	biosynthesis	of	fatty	acids,	cholesterol	and	steroids	(Chapters	11	and	12).	3.	Free	Radical	Scavenging	Free	radicals	(super	oxide,	hydrogen	peroxide)	are	continuously	produced	in	all	cells.	These	will
destroy	Fig.	10.6.	Generation	of	ROS	in	macrophages.	MPO	=	myeloperoxidase	Chapter	10;	Minor	Metabolic	Pathways	of	Carbohydrates		117	5.	Prevention	of	Met-hemoglobinemia	NADPH	is	also	required	to	keep	the	iron	of	hemoglobin	in	the	reduced	(ferrous)	state	and	to	prevent	the	accumulation	of	met-hemoglobin	(See	Chapter	22).	Met-
hemoglobin	cannot	carry	oxygen.	6.	Detoxification	of	Drugs	Most	of	the	drugs	and	other	foreign	substances	are	detoxified	by	the	liver	microsomal	P450	enzymes,	with	the	help	of	NADPH.	7.	Lens	of	Eye	Maximum	concentration	of	NADPH	is	seen	in	lens	of	eye.	NADPH	is	required	for	preserving	the	transparency	of	lens.	8.	Macrophage	Bactericidal
Activity	NADPH	is	required	for	production	of	reactive	oxygen	species	(ROS)	(superoxide	anion	radical)	by	macrophages	to	kill	bacteria	(Fig.	10.6).	9.	Availability	of	Ribose	Ribose	and	deoxyribose	are	required	for	DNA	and	RNA	synthesis.	Ribose	is	also	necessary	for	nucleotide	coenzymes.	Reversal	of	nonoxidative	phase	is	present	in	all	tissues,	by
which	ribose	could	be	made	available.	10.	What	about	ATP?	ATP	is	neither	utilized	nor	produced	by	the	HMP	shunt	pathway.	Cells	do	not	use	the	shunt	pathway	for	energy	production.	Fig.	10.7.	Glucuronic	acid	pathway	DNA,	proteins,	fatty	acids	and	all	biomolecules,	and	in	turn	cells	are	destroyed.	The	free	radicals	are	inactivated	by	enzyme	systems
containing	superoxide	dismutase	(SOD),	peroxidase	(POD)	and	glutathione	reductase	(GR).	Reduced	GR	is	regenerated	with	the	help	of	NADPH	(Fig.	10.5).	4.	Erythrocyte	Membrane	Integrity	NADPH	is	required	by	the	RBC	to	keep	the	glutathione	in	the	reduced	state	(Fig.	10.5).	In	turn,	reduced	glutathione	will	detoxify	the	peroxides	and	free	radicals
formed	within	the	RBC	(See	Chapter	20).	So,	NADPH,	glutathione	and	glutathione	reductase	together	will	preserve	the	integrity	of	RBC	membrane.	Clinical	Significance	of	Shunt	Pathway	Please	see	summary	in	Box	10.3.	1.	GPD	Deficiency	i.	The	enzyme	glucose-6-phosphate	dehydrogenase	(GPD)	may	be	deficient	in	some	persons	(see	Chapter	23).	It
is	the	most	common	enzyme	deficiency	seen	in	clinical	practice.	The	defect	is	transmitted	as	an	X-linked	recessive	trait.	ii.	It	will	lead	to	drug-induced	hemolytic	anemia.	The	deficiency	is	manifested	only	when	exposed	to	certain	drugs	or	toxins,	e.g.	intake	of	antimalarial	drugs	like	primaquine.	Primaquin	stimulates	peroxide	formation	inside	RBC.	In
GPD	deficient	cells,	the	level	of	NADPH	is	low;	hence	further	production	of	peroxides	will	lead	to	cell	lysis.	118		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	The	occurrence	and	manifestation	of	Wernicke’s	Korsakoff’s	syndrome	(encephalopathy)	which	is	seen	in	alcoholics	and	those	with	thiamine	deficiency	is	due	to	a	genetic	defect	in
the	enzyme	transketolase.	Glucuronic	Acid	Pathway	of	Glucose	Metabolism	The	pathway	is	shown	in	Figure	10.7.	Fig.	10.8.	Polyol	pathway	of	glucose	metabolism	iii.	Similarly,	ingestion	of	toxic	glycosides	present	in	fava	beans	may	have	similar	effect	(Favism).	iv.	Sulpha	drugs	and	furadantin	may	also	precipitate	the	hemolysis.	This	will	lead	to
jaundice	and	severe	anemia.	v.	The	geographical	distribution	of	GPD	deficiency	correlates	well	with	the	malarial	endemicity.	The	enzyme	deficiency	offers	resistance	to	plasmodium	infection	(See	Chapter	22).	The	parasite	requires	reduced	glutathione	for	its	survival,	which	will	not	be	available	in	adequate	amounts	in	deficiency	of	GPD.	GPD
deficiency	is	reported	from	almost	all	States	of	India.	2.	Met-hemoglobinemia	GPD	deficient	persons	will	show	increased	methemoglobin	in	circulation,	even	though	cyanosis	may	not	be	manifested.	3.	Thiamine	Deficiency	The	transketolase	reaction	is	measured	in	RBCs	as	an	index	of	the	thiamine	status	of	an	individual.	Importance	of	the	glucuronic
acid	pathway	It	provides	UDP-glucuronic	acid,	which	is	the	active	form	of	glucuronic	acid.	It	is	used	for	the	following	purposes:	1.	Conjugation	of	bilirubin	2.	Conjugation	of	steroids	3.	Conjugation	of	various	drugs	which	will	make	them	more	water	soluble	and	more	easily	excretable.	4.	Synthesis	of	glycosamino	glycans	(GAG).	Effect	of	Drugs
Barbiturates,	antipyrine	and	aminopyrine	will	increase	the	uronic	acid	pathway,	leading	to	availability	of	more	glucuronate	for	conjugation	purpose.	Vitamin	C	in	Lower	Animals	The	enzyme	L-gulonolactone	oxidase	is	absent	in	human	beings,	primates,	guinea	pigs	and	bats.	Hence	ascorbic	acid	cannot	be	synthesized	by	these	organisms.	Hence
ascorbic	acid	is	an	essential	nutrient	in	the	diet	of	human	beings.	Essential	Pentosuria	i.	It	is	one	of	the	members	of	the	Garrod's	tetrad.	The	incidence	is	1	in	2,500	births.	ii.	It	is	an	inborn	error	of	metabolism.	In	the	pathway	(Fig.	10.7),	L-xylulose	is	converted	Fig.	10.9.	Fructose	entering	glycolysis	Chapter	10;	Minor	Metabolic	Pathways	of
Carbohydrates		119	Box	10.4.	Neonatal	Hypoglycemia	Neonatal	hypoglycemia	is	seen	in:	1.	2.	3.	4.	Glycogen	Storage	Disease	Type	I	(Chapter	9)	Fructose	Intolerance	(Chapter	10)	Galactosemia	(Chapter	10)	Medium	Chain	Fatty	Acyl	CoA	Dehydrogenase	deficiency	(See	Chapter	13)	5.	Long	Chain	Fatty	Acyl	CoA	Dehydrogenase	deficiency	(See
Chapter	11)	Premature	infants	are	more	prone	to	hypoglycemia	because	a.	b.	c.	d.	e.	Decreased	levels	of	PEPCK	and	Decreased	gluconeogenesis	Low	hepatic	glycogen	stores	Inability	to	produce	and	utilize	ketone	bodies	Larger	brain:body	ratio	to	D-xylulose	by	two	enzymes,	xylitol	dehydrogenase	and	xylulose	reductase.	Absence	of	any	of	these
enzymes	leads	to	the	pentosuria.	iii.	L-xylulose	is	excreted	in	urine	and	gives	a	positive	Benedict's	test.	iv.	Barbiturates,	aminopyrine,	etc.	will	induce	uronic	acid	pathway	and	will	increase	xylulosuria	in	such	patients.	v.	This	condition	does	not	produce	any	harm;	but	it	should	be	differentiated	from	diabetes	mellitus.	POLYOL	PATHWAY	OF	GLUCOSE
Sorbitol	is	very	poorly	absorbed	from	intestine.	It	involves	the	reduction	of	glucose	by	aldose	reductase	to	sorbitol,	which	can	then	be	oxidized	to	fructose.	This	would	amount	to	the	interconversion	of	glucose	to	fructose	(Fig.	10.8).	Glucose	when	converted	to	sorbitol,	cannot	diffuse	out	of	the	cell	easily	and	gets	trapped	there.	Sorbitol	is	normally
present	in	lens	of	eyes.	But	in	diabetes	mellitus,	when	glucose	level	is	high,	the	sorbitol	concentration	also	increases	in	the	lens.	This	leads	to	osmotic	damage	of	the	tissue	and	development	of	cataract.	Galactitol	also	causes	cataract	(see	under	galactose	metabolism).	Fructose	is	present	in	semen	in	large	quantities.	It	is	produced	by	the	polyol
pathway.	The	polyol	pathway	is	active	in	brain	and	fructose	is	seen	in	CSF.	This	pathway	is	inactive	in	liver.	FRUCTOSE	METABOLISM	1.	Fructose	is	a	ketohexose	present	in	fruits,	honey	and	sucrose.	Soft	drinks	have	the	sweetener,	corn	sugar,	which	has	a	high	fructose	content	and	is	sweeter	than	sucrose.	Fructose	is	promptly	metabolized	by	the
liver.	2.	Fructose	is	phosphorylated	by	fructokinase,	an	enzyme	present	in	liver	with	a	high	affinity	for	fructose	(Fig.10.9).	Fructokinase	phosphorylates	the	substrate	at	1st	position,	whereas	hexokinase	action	is	on	the	6th	position.	Fructokinase	is	not	dependent	on	insulin.	So	fructose	is	more	rapidly	utilized	in	normal	persons,	because	GK	and	PFK
metabolic	bottlenecks	are	not	encountered	in	fructose	metabolism.	Therefore,	in	theory,	fructose	will	be	better	utilized	in	patients	with	diabetes	mellitus,	because	the	first	few	enzymes	of	fructose	utilization	do	not	require	insulin.	But	in	experiments,	fructose	was	found	to	be	deleterious	in	diabetes	patients.	Fructose	rapidly	enters	the	tissues,	leading
to	enhanced	fatty	acid	synthesis,	raised	serum	triglycerides	and	increased	LDL	cholesterol	level	in	blood;	all	these	are	atherogenic	and	harmful.	Fructose	metabolism	in	liver	bypasses	the	PFK	control	point;	hence	fructose	increases	the	flux	of	glycolytic	pathway,	leading	to	lipogenesis.	Moreover,	glycerol	phosphate	required	for	TAG	synthesis	is
provided	by	the	metabolism	of	fructose,	leading	to	the	increase	in	TAG	pool	in	the	body.	Phosphorylation	of	fructose	by	fructokinase	depletes	the	cell	of	ATP.	Low	ATP	levels	enhance	oxidative	phosphorylation	leading	to	lowering	of	Pi	levels	in	cell.	This	will	remove	the	inhibitory	effect	on	adenosine	deaminase.	There	is	increased	rate	of	conversion	of
AMP	to	IMP	and	then	to	uric	acid.	Accumulation	of	fructose-1-phosphate	also	inhibits	gluconeogenesis	3.	In	muscle,	fructose	is	phosphorylated	by	hexokinase	to	fructose-6-phosphate.	4.	The	fructose-1-phosphate	is	then	cleaved	by	the	enzyme,	fructose-1-phosphate-aldolase	or	aldolase-B.	The	products	are	glyceraldehyde	and	dihydroxyacetone
phosphate	(	Fig.	10.9).	5.	Fructose	is	mainly	metabolized	by	liver,	but	free	fructose	is	seen	in	large	quantities	in	seminal	plasma.	The	energy	for	mobility	of	spermatozoa	is	mainly	derived	from	fructose.	Fructose	is	secreted	by	seminal	vesicles.	6.	In	some	persons	azoospermia	is	seen	due	to	a	block	in	the	duct.	In	such	persons	fructose	is	estimated	in
semen.	If	fructose	is	present,	the	block	is	above	the	seminal	vesicular	duct;	if	absent,	block	is	after	the	seminal	vesicles.	7.	High	fructose	levels	are	known	to	be	related	to	aging	and	myocardial	infarction.	Fructose	participates	in	glycation	120		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Fig.	10.11.	Clinical	features	of	galactosemia	Fig.
10.10.	Summary	of	galactose	metabolism	10	times	faster	than	glucose	and	the	decreased	antioxidant	contribute	effects	to	ischemic	heart	disease.	Hereditary	Fructose	Intolerance	(HFI)	i.	It	is	an	autosomal	recessive	inborn	error	of	metabolism.	Incidence	of	the	disease	is	1	in	20,000	births,	while	1	in	70	persons	are	carriers	of	the	abnormal	gene.	ii.
The	defect	is	in	aldolase-B;	hence	fructose1-phosphate	cannot	be	metabolized	(Fig.	10.9).	iii.	This	is	seen	when	sucrose	(containing	fructose)	is	introduced	in	the	diet	of	infants,	usually	around	6	months	of	age.	iv.	Accumulation	of	fructose-1-phosphate	will	inhibit	glycogen	phosphorylase.	This	leads	to	accumulation	of	glycogen	in	liver	and	associated
hypoglycemia	(Box	10.4).	v.	Vomiting	and	loss	of	appetite	are	seen.	The	infants	often	fail	to	thrive.	Hepatomegaly	and	jaundice	may	occur.	If	liver	damage	progresses,	death	will	occur.	vi.	Fructose	is	also	excreted	in	urine,	which	gives	positive	Benedict's	test.	vii.	Withdrawal	of	fructose	from	the	diet	will	immediately	relieve	the	symptoms.	Fructosuria
This	is	a	benign	metabolic	defect	due	to	deficiency	of	fructokinase	(Fig.	10.9).	There	is	no	abnormality	other	than	excretion	of	fructose	in	urine.	Fructose	is	not	a	dietary	essential.	Urine	gives	positive	Benedict's	and	Seliwanoff's	tests.	Incidence	is	1	in	130,000	births.	GALACTOSE	METABOLISM	1.	The	term	galactose	is	derived	from	Greek	word,	"gala"
=	milk.	Galactose	is	an	aldohexose	and	is	the	4th	epimer	of	glucose.	2.	Galactose	is	a	constituent	of	lactose	of	milk	sugar,	and	is	taken	in	the	diet.	Galactose	is	not	an	essential	nutrient,	because	UDP	glucose	can	form	UDP	galactose	(Fig.	10.10).	3.	Galactose	is	metabolized	almost	exclusively	by	the	liver	and	therefore	galactose	tolerance	test	is	done	to
assess	the	functional	capacity	of	the	liver.	UDP	galactose	is	the	active	donor	of	galactose	during	synthetic	reactions.	4.	Galactose	is	necessary	for	synthesis	of	the	following.	i.	Lactose	Synthesis	Epimerase	→	UDP	UDP	glucose	–––––––––––––	galactose	Lactose	synthase	→	Lactose	UDP	galactose	+	glucose	––––––	ii.	iii.	iv.	v.	Lactose	synthesis	is	seen	in
lactating	mammary	glands.	See	also	Chapter	31.	Synthesis	of	glycosaminoglycans	Synthesis	of	cerebrosides	Synthesis	of	glycolipids	Synthesis	of	glycoproteins.	Chapter	10;	Minor	Metabolic	Pathways	of	Carbohydrates		121	Galactose	Metabolism	1.	Galactokinase	reaction:	Galactose	is	first	phosphorylated	by	galactokinase	to	galactose1-phosphate
(step1,	Fig.	10.10).	2.	Galactose-1-phosphate	uridyl	transferase:	This	is	the	rate–limiting	enzyme	in	the	galactose	metabolism	(Step	2,	Fig.	10.10).	UDP-galactose	may	be	used	as	such	for	synthesis	of	compounds	containing	galactose	(e.g.	lactose).	3.	Epimerase	reaction:	By	this	reaction,	galactose	is	channelled	to	the	metabolism	of	glucose	(Step	3,	Fig.
10.10).	Since	the	reaction	is	freely	reversible,	even	if	the	dietary	supply	of	galactose	is	deficient,	UDP-glucose	can	be	epimerised	to	UDP-galactose	4.	Alternate	pathway:	The	galactose-1-phosphate	pyrophosphorylase	in	liver	becomes	active	only	after	4	or	5	years	of	life.	The	enzyme	will	produce	UDP-galactose	directly	which	can	be	epimerized	to	UDP-
glucose	(Step	4,	Fig.	10.10).	Galactosemia	1.	There	is	deficiency	of	enzyme	galactose-1phosphate	uridyl	transferase.	It	is	an	inborn	error	of	metabolism.	The	incidence	is	1	in	35,000	births.	Hermann	Kalckar	described	it	in	1958.	2.	Due	to	the	block	in	this	enzyme,	galactose-1phosphate	will	accumulate	in	liver.	This	will	inhibit	galactokinase	as	well	as
glycogen	phosphorylase.	Hypoglycemia	is	the	result	(Box	10.4).	3.	Bilirubin	uptake	is	less	and	bilirubin	conjugation	is	reduced;	so	unconjugated	bilirubin	level	is	increased	in	blood	(for	bilirubin,	see	Chapter	21).	4.	There	is	enlargement	of	liver,	jaundice	and	severe	mental	retardation.	5.	Free	galactose	accumulates,	leading	to	galactosemia.	It	is	partly
excreted	in	urine	(galactosuria)	6.	Galactose	is	reduced	to	dulcitol	(See	Chapter	6).	The	accumulation	of	dulcitol	in	the	lens	results	in	cataract	due	to	its	osmotic	effect.	This	is	called	congenital	cataract	and	is	a	very	characteristic	feature	of	galactosemia.	7.	Galactose-1-phosphate	may	get	deposited	in	renal	tubules,	producing	tubular	damage	leading
to	generalized	amino	aciduria.	These	salient	clinical	findings	are	summarized	in	Fig.	10.11.	8.	Diagnosis:	Clinical	manifestation	including	congenital	cataract	and	presence	of	galactose	in	urine	as	well	as	elevated	blood	galactose	levels	will	help	in	the	diagnosis.	Collection	of	fetal	cells	by	amniocentesis	may	be	useful	in	prenatal	diagnosis.	Heterozygous
parents	could	be	detected	by	elevated	galactose	level	in	blood	after	a	galactose	load.	9.	Treatment:	If	lactose	is	withdrawn	from	the	diet,	most	of	the	symptoms	recede.	But	mental	retardation,	when	established,	will	not	improve.	Hence	early	detection	is	most	important.	For	affected	infant	lactose-free	diet	is	given.	Such	special	diets	may	be	withdrawn
after	4	years,	when	galactose-1-phosphate	pyrophosphorylase	(step	4,	Fig.	10.10)	becomes	active.	Galactokinase	Deficiency	A	variant	of	the	disease	occurs	due	to	the	deficiency	of	galactokinase.	But	here	the	symptoms	are	milder.	This	is	because	galactose-1-phosphate	is	not	formed	and	hence	no	toxic	effects	of	this	compound	are	manifested.
However,	cataract	is	seen.	Galactokinase	deficiency	is	reported	to	be	1	in	40,000	births.	METABOLISM	OF	ALCOHOL	Alcohol	absorption	starts	from	the	stomach	itself,	but	most	of	it	is	absorbed	by	intestine.	Only	1%	of	the	ingested	alcohol	is	excreted	through	the	lungs	or	urine.	Major	fraction	of	the	alcohol	is	oxidized	in	the	liver.	1.	Alcohol
Dehydrogenase	(ADH)	It	is	an	NAD+	dependent	cytoplasmic	enzyme	that	oxidizes	ethanol	to	acetaldehyde	(Fig.	10.12).	Fig.	10.12.	Alcohol	metabolism	122		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Alcohol	dehydrogenase	is	a	dimer	and	has	6	isoenzymes.	In	some	individuals	the	enzyme	is	mutated.	This	mutation	rate	is	more	in
Orientals.	In	such	individuals,	alcohol	metabolism	is	slower	and	even	small	quantity	of	alcohol	may	produce	symptoms	of	intoxication.	The	enzyme	was	identified	by	Bateilli	and	Stern	in	1909.	2.	Aldehyde	Dehydrogenase	Acetaldehyde	is	further	oxidized	to	acetate	by	a	mitochondrial	NAD+	dependent	enzyme	(Fig.	10.12).	The	acetate	is	then	converted
to	acetyl	CoA.	The	activity	of	alcohol	dehydrogenase	is	more	than	aldehyde	dehydrogenase.	So	acetaldehyde	accumulates	in	liver.	Aldehyde	is	toxic,	which	in	excess	may	lead	to	cell	death.	The	activity	of	aldehyde	dehydrogenase	is	less	in	Indians,	when	compared	to	Europeans.	3.	Microsomal	Ethanol	Oxidizing	System	(MEOS)	It	is	another	mechanism
of	detoxification	of	alcohol.	It	is	cytochrome	P450	dependent	and	is	inducible.	This	accounts	for	metabolic	tolerance	of	alcohol	observed	in	chronic	alcoholics.	Ethanol	can	be	oxidized	in	liver	microsomes	to	acetaldehyde	by	a	mixed	function	oxidase.	The	electron	donors	are	ethanol	and	NADPH	by	which	O2	is	reduced	to	water.	CH3-CH2-OH	+	NADPH
+	H+	+	2O2	—	CH3CHO	+	2H2O2	+	NADP+	MEOS	is	part	of	the	superfamily	of	cytochrome	P450,	all	of	which	catalyze	similar	reactions.	About	10	gene	families	and	100	different	cytochrome	P450	molecules	are	available.	The	isoenzyme	with	highest	activity	towards	ethanol	is	designated	CYP2E1	(2	refers	to	the	gene	family,	E	refers	to	the	subfamily
and	1	refers	to	the	particular	enzyme).	CYP2E1	has	higher	Km	for	ethanol	than	Class	I	ADH	(11	mM).	When	the	ethanol	consumption	is	high,	higher	proportion	is	metabolized	by	MEOS.	Other	CYP	isoenzymes	also	metabolize	alcohol	and	MEOS	refers	to	the	combined	oxidizing	activity	of	all	these.	Biochemical	Alterations	in	Alcoholism	Both	the
oxidation	steps	of	alcohol	produces	NADH,	resulting	in	a	high	NADH/NAD+	ratio.	As	a	result,	several	metabolic	adaptations	occur.	i.	In	the	cytoplasm,	the	high	NADH	level	favors	conversion	of	pyruvate	to	lactate,	leading	to	lactic	acidosis.	ii.	Deficiency	of	pyruvate	leads	to	inadequate	formation	of	oxaloacetate.	This	results	in	depression	of
gluconeogenesis,	leading	to	hypoglycemia.	iii.	Reduced	oxaloacetate,	decreased	pyruvate	and	high	NADH	level	causes	suppression	of	TCA	cycle.	So	Acetyl	CoA	is	accumulated,	which	favors	ketogenesis.	iv.	Increased	level	of	acetyl	CoA	causes	increased	fatty	acid	synthesis;	but	fatty	acid	is	not	oxidized.	So	fat	is	accumulated	in	liver,	resulting	in	fatty
liver	and	steatosis.	v.	Alcohol	also	increases	the	release	of	ROS,	leading	to	mitochondrial	damage	and	apoptosis.	vi.	Lactic	acidosis	causes	decreased	excretion	of	uric	acid,	resulting	in	acute	attack	of	gout	(See	Chapter	39).	vii.	Alcohol	causes	CNS	depression	by	inhibiting	excitatory	receptors	(N-methyl	aspartate	receptors)	and	by	potentiating
inhibitory	neurotransmitter	(GABA)	receptors.	Chronic	Alcoholism	A.	Alcoholism	and	liver	i.	Accumulation	of	fat	in	liver	cells	leading	to	fatty	liver.	Accumulated	toxic	effect	of	acetaldehyde	leads	to	cellular	death.	ii.	This	is	followed	by	replacement	by	fibrous	tissue.	Fibrosis	of	liver	is	called	Cirrhosis.	When	liver	functions	are	reduced	(See	chapter	26)
hepatic	coma	results.	iii.	Elimination	rates	of	ethanol	vary	among	individuals	and	populations.	Susceptibility	to	alcohol	is	a	complex	function	of	genetics	and	socioeconomic	factors.	Possession	of	an	allele	that	encodes	a	relatively	fast	ADH	(alcohol	dehydro-genase)	is	associated	with	a	decreased	susceptibility.	A	single	amino	acid	substitution	(Glu487
by	Lys)	produces	a	variant	ALDH	(Aldehyde	dehydrogenase)	with	high	Km	(260	times)	and	low	affinity	for	acetaldehyde.	Vmax	is	also	reduced	10	times.	This	enzyme	is	very	inactive.	Homozygotes	for	this	variant	afford	absolute	protection	against	alcoholism.	iv.	Five	per	cent	of	all	deaths	in	India	are	due	to	liver	diseases,	for	which	the	most	important
culprit	is	alcohol.	In	India,	chronic	alcoholism	is	the	most	leading	cause	for	morbidity	and	consequent	loss	of	man	hours.	The	activity	of	mitochondrial	aldehyde	dehydrogenase	is	less	in	Asians	compared	to	western	population.	Hence	Indians	are	more	prone	for	alcoholic	cirrhosis.	B.	Alcoholism	and	Nervous	System	In	chronic	alcoholics,	the	brain
ventricles	are	enlarged,	neurons	are	lost,	neuro-degenerative	changes	set	in	the	memory	is	affected.	In	alcoholics,	combined	thiamine	deficiency	leads	to	Wernick's	disease.	Aldehyde	inhibits	pyridoxal	phosphate;	hence	neuritis	is	very	common	in	alcoholics	(See	Chapter	34).	Chapter	10;	Minor	Metabolic	Pathways	of	Carbohydrates		123	Table	10.1.
Features	of	mucopolysaccharidoses	Type	Eponym	Deficient	enzyme	Clinical	findings	I	Hurler's	L-Iduronidase	MR+++;	Skeletal	deformity++;	Corneal	opacity++;	DS	and	HS	in	urine.	II	Hunter's	Iduronate	sulphatase	MR+;	Skeletal	deformity++;	deafness;	no	corneal	clouding;	DS	and	HS	in	urine	III	Sanfilippo's	N-Acetyl	glucosaminidase,	Heparan
sulfatase	MR++;	Skeletal	deformity+;	corneal	clouding+;	HS	in	urine;	3	different	types	are	reported.	IV	Morquio's	Galactosamine	sulfatase,	b-D-galactosidase	MR+;	Skeletal	deformity+;	epiphyseal	dysplasia+;	Corneal	opacity	+;	KS	and	CS	in	urine;	2	types	reported	V	Scheie's	L-Iduronidase	No	MR;	Mild	skeletal	changes;	corneal	opacity++;	DS	in
urine	VI	MaroteauxLamy's	N-Acetyl-b-DGalactosamino-4-Sulfatase	Skeletal	deformity+++;	corneal	opacity++;	No	MR;	DS	in	urine	VII	Sly's	b-Glucuronidase	MR+;	DS	and	HS	in	urine	MR	=	mental	retardation;	HS	=	heparan	sulphate;	CS	=	chondroitin	sulphate;	DS	=	dermatan	sulphate	KS	=	keratan	sulphate;	Table	10.2.	Inborn	errors	associated
with	carbohydrate	metabolism	Name	Incidence	1	out	of	Defective	enzyme	Chromosome	location	Salient	features	Chapter	no.	Glycogen	storage	disease,	Type	l	100,000	(von	Gierke's	disease)	Glucose-6-phosphatase	17	Hepatomegaly,	cirrhosis,	hypoglycemia,	ketosis,	hyperuricemia	9	Do,	type	II	(Pompe's	disease)	Lysosomal	maltase	17	Generalized
glycogen	deposit;	lysosomal	storage	disease	9	175,000	Do,	type	III	(Cori's	disease)	125,000	Debranching	enzyme	1	Hepatomegaly,	cirrhosis	9	Do,	type	IV	(Andersen's	disease)	1	million	Branching	enzyme	3	Do	9	9	Do,	type	V	(McArdle's	disease)	1	million	Muscle	phosphorylase	11	Exercise	intolerance	Do,	type	VI	(Hers'	disease)	1	million	Liver
phosphorylase	14	Hepatomegaly,	hypoglycemia	9	Do,	type	VII	(Tarui's	disease)	Do,	type	VIll	Lactose	intolerance	Fructose	intolerance	1	million	125,000	Phosphofructokinase	Phosphorylase	kinase	Lactase	Aldolase	B	1	X-link	9	9	8	11	Fructosuria	130,000	20,000	Fructokinase	Galactosemia	35,000	Gal-1-P-uridyl	transferase	Do,	variant	40,000
Galactokinase	Essential	pentosuria	PC	deficiency	GPD	deficiency	9	17	2,500	Xylitol	dehydrogenase	25,000	Pyruvate	carboxylase	11	5,000	Glucose-6-phosphate	dehydrogenase	X-link	HK	deficiency	PK	deficiency	PDH	deficiency	9	250,000	Milk	induced	diarrhea	Hypoglycemia,	vomiting,	hepatomegaly	Benign;	urine	sugar	11	Hypoglycemia	;	hepato-11
megaly;	mental	retardation;	jaundice;congenital	cataract	Congenital	cataract	11	Benign	11	Mental	retardation	9	Drug-induced	hemolytic	anemia	9	Hexokinase	Pyruvate	kinase	Hemolytic	anemia	Hemolytic	anemia	9	9	Pyruvate	dehydrogenase	Neuronal	loss	in	brain;	muscular	hypotonia;	lactic	acidosis	9	124		Textbook	of	Biochemistry;	Section	B:
General	Metabolism	C.	Alcohol	and	Cardiovascular	System	There	are	reports	stating	that	mild	alcohol	intake	(red	wine	less	than	20	mg	per	day)	will	marginally	elevate	HDL,	and	hence	reduce	the	risk	for	myocardial	infarction	to	a	certain	extent.	But	this	minor	benefit	on	heart,	far	outweighs	the	deleterious	effects	of	alcohol	on	liver.	D.	Alcohol	and
Lungs	A	small	percent	of	alcohol	is	eliminated	through	lungs.	So,	lungs	also	share	the	deleterious	effects	of	alcohol.	Pneumonitis	is	often	seen	in	chronic	alcoholism.	E.	Laboratory	Findings	in	Chronic	Alcoholism	i.	Increase	in	serum	levels	of	gamma-glutamyl	transferase	(GGT)	and	alanine	transaminase	(ALT)	(See	Chapter	23).	ii.	Decrease	in	aldehyde
dehydrogenase	activity	(in	liver	cells	and	RBCs)	is	the	best	marker	for	alcohol	abuse.	iii.	Desialylated	transferrin	level	in	blood	is	a	highly	sensitive	marker	for	chronic	alcohol	abuse.	METABOLISM	OF	AMINO	SUGARS	The	amino	sugars,	N-acetyl	glucosamine,	N-acetyl	galacto-samine	and	N-acetyl	neuraminic	acid	are	synthesized	from	fructose-6-
phosphate.	The	amino	group	is	derived	from	amide	group	of	glutamine.	The	reaction	is	catalyzed	by	an	amido	transferase.	This	is	irreversible;	it	is	the	rate	limiting	step	in	amino	sugar	synthesis.	The	glucosamine-6-phosphate	is	then	acetylated	by	acetyl	CoA	to	form	N-acetyl	glucosamine-6phosphate.	The	active	form	of	amino	sugar,	namely,	UDP-N-
acetyl	glucosamine	is	formed	from	N-acetyl	glucosamine-1-phosphate,	with	the	help	of	a	mutase	and	a	pyrophosphorylase.	It	is	then	epimerized	to	galactose	derivative.	Table	10.3.	Functions	of	glycoproteins	Function	Example	of	glycoprotein	Structural	substance	Collagen,	bacterial	cell	walls	Enzymes	Ribonuclease-B,	Prothrombin	Transport	proteins
Ceruloplasmin,	Transferrin	Hormones	Immunity	Thyroglobulin,	Erythropoietin,	TSH	Immunoglobulins,	Blood	group	Lubricant	Mucin	Signal	transduction	Receptor	proteins	on	cell	surfaces	Cell	adhesion	Selectins	and	integrins	Both	these	are	used	for	synthesis	of	glycosaminoglycans	and	gangliosides.	Mannose	(6C)	and	pyruvate	(3C)	combines	to	form
9C	compound,	N-acetyl	neuraminic	acid	(NANA)	The	steps	are	outlined	in	Figure	10.13.	Lysosomal	storage	disorders	due	to	defective	degradation	of	GAG	are	called	Mucopolysaccharidoses.	The	major	features	of	different	types	of	such	disorders	are	given	in	Table	10.1.	All	amino	sugars	are	derived	from	glucose	(Fig.	10.14).	GLYCOPROTEINS
Glycobiology	is	the	study	of	the	sugars	in	health	and	disease.	The	glycome	is	the	entire	component	of	sugars	in	the	cell.	Glycomics	is	the	comprehensive	study	of	the	carbohydrates	in	its	entire	aspects.	Lectins	(See	Chapter	4)	can	be	used	to	isolate	and	purify	glycoproteins.	Glycoproteins	have	a	protein	backbone	to	which	oligosaccharide	groups	are
attached.	Only	8	monosaccharides	are	commonly	found	in	such	side	chains;	some	of	them	will	Fig.	10.14.	Interrelations	of	amino	sugars	Fig.	10.13.	Synthesis	of	N-acetyl	neuraminic	acid	(NANA)	P=	phosphate;	G=	glucose;	F=	fructose;	gluN=	glucosamine;	Neura	=	neuraminic;	NAc	=	N-acetyl;	UDP	=	uridine	diphosphate;	GAG	=	glycosamino	glycans
Chapter	10;	Minor	Metabolic	Pathways	of	Carbohydrates		125	Table	10.4.	Glycosaminoglycans	GAG	Repeating	sugarunits	Linkage	Tissues	Hyaluronic	acid	N-Acetyl	glucosamine	b-1,3	and	Glucuronic	acid	Synovial	fluid,	vitreous	humor	Chondroitin	N-Acetyl	galactosamine	b-1,3	sulphate	Glucuronic	acid	Cartilage,	bone,	cornea	Keratin	N-Acetyl
glucosamine	b-1,4	sulphate	and	Galactose	Types	I	and	II	Cornea,	cartilage	Heparan	Skin	N-Acetyl	glucosamine	a-1,4	be	further	acetylated	or	sulfated.	These	are	glucose,	galactose,	mannose,	galNAc,	gluNAc,	xylose,	fucose	and	Nacetyl	neuraminic	acid	(sialic	acid).	Depending	on	the	sialic	acid	content,	the	electric	charges	are	also	varied.
Glycoproteins	are	widely	distributed	in	tissues.	All	plasma	proteins	are	glycoproteins.	Examples	are	given	in	Table	10.3.	In	glycoproteins,	the	carbohydrate	groups	are	attached	to	the	polypeptide	chain	by	the	following	types	of	linkages:	a.	Through	the	amide	group	of	asparagine	to	N-acetyl	glucosamine	(N-glycosidic	linkages)	(The	biosynthesis	of	N-
linked	glycoproteins	involves	Dolichol	phosphate.	Dolichol	is	a	polyisoprenol,	containing	about	20	repeating	isoprenoid	units).	Dolichol	is	activated	to	Dol-P-P-GluNAc;	this	is	the	starting	point,	over	which	other	carbohydrate	units	are	added.	Tunicamycin	specifically	inhibits	Nglycosylation	by	inhibiting	the	transferase	which	adds	GluNAc	to	dolichol-
phosphate.	b.	Through	hydroxyl	group	of	serine,	threonine,	hydroxylysine	and	hydroxyproline	to	N-acetyl	glucosamine	or	galactose	or	xylose	(beta-O-glycosidic	linkages).	Glycosylation	occurs	in	golgi	bodies	and	only	proteins	that	are	glycosylated	and	properly	folded	are	exported.	c.	Linked	to	carboxyl	terminal	amino	acid	of	the	protein	via	phosphoryl-
ethanolamine,	which	is	linked	to	a	phosphatidyl	inositol,	which	in	turn	is	linked	to	a	glucosamine	in	the	glycan	group.	This	is	called	glycosyl	phosphatidyl	inositol	(GPI)	linkage.	Some	proteins	are	anchored	to	the	plasma	membrane	by	glycosyl	phosphatidyl	inositol	(GPI)	linked	proteins.	There	can	be	many	(usually	20-30)	oligosaccharide	chains	attached
to	a	single	protein.	Each	sugar	chain	may	range	from	1	to	20	in	length.	Enzymatic	addition	of	specific	carbohydrate	unit	on	the	protein	is	called	glycosylation,	while	nonenzymatic	spontaneous	addition	is	called	glycation.	Proteins	with	identical	amino	acid	sequences,	but	having	different	oligosaccharide	sequences	are	called	glycoforms.	The
glycoproteins	function	as	recognition	sites	on	cell	surfaces.	The	carbohydrate	containing	uppermost	layer	of	plasma	membrane	is	known	as	glycocalyx.	Blood	Group	Substances	(Antigens)	The	RBC	membrane	contains	several	antigenic	substances,	based	on	which	persons	are	classified	into	different	blood	groups.	More	than	160	different	antigens	are
known.	Of	these	ABO	system	and	Lewis	system	are	known	to	involve	glycoproteins.	ABO	system	is	associated	with	3	blood	group	substances	on	RBCs	designated	A,	B	and	H	antigens.	The	H	antigen	is	the	basic	structure.	It	has	the	following	structure:	Fucose—Gal—GalNAc—Protein	The	RBCs	carrying	such	H	antigen	are	denoted	as	blood	group	O.	A
and	B	antigens	differ	from	this	in	having	additional	sugar	residues.	A	antigen:	–	Fucose—Gal—GalNAc—Protein	|	GalNAc	B	antigen:	–	Fucose—Gal—GalNAc—Protein	|	Gal	The	H	locus	codes	for	fucosyl	transferase.	In	a	person	belonging	to	blood	group	A,	N-acetyl-galactosaminyl	transferase	is	present.	In	group	B	person,	galactosyl	transferase	is	seen.
Lack	of	both	leads	to	blood	group	O,	while	AB	persons	have	both	enzymes.	Selectins,	Integrins	and	ICAMs	Leukocytes	generally	pass	over	endothelial	surface	of	blood	vessels.	When	necessity	arises,	leukocytes	can	attach	over	the	endothelial	surface,	then	pass	through	junctions	between	endothelial	cells,	so	as	to	reach	extravascular	compartment.
This	attachment	involves	interaction	between	selectins	or	integins	on	the	leukocytes	and	ICAM	(intracellular	adhesion	molecule)	present	on	the	endothelial	cells.	The	selectins	are	glycoproteins	and	the	corresponding	receptors	on	the	endothelial	surface	will	have	lectin	type	domains.	There	are	different	types	of	selectins	and	integins.	Proteoglycans
Proteoglycans	are	complexes	of	glycosamino	glycans	(GAG)	and	proteins.	As	the	carbohydrate	content	is	increased,	viscosity	is	increased	and	solubility	is	decreased.	The	carbohydrate	content	of	mucins	is	generally	more	than	50%.	Mucus	consists	of	5-10%	of	mucins.	These	monomers	are	further	linked	together	by	disulphide	linkages,	to	form
oligomers.	Mucins	will	form	a	protective	barrier	on	epithelial	surfaces.	They	are	also	found	in	secretions	of	the	gastrointestinal,	respiratory	and	urogenital	tract.	The	GAGs	containing	repeating	disaccharide	units	are	covalently	bound	to	the	peptide	chain	to	form	proteoglycans.	Structures	of	the	repeating	sugar	units	are	shown	in	the	end	of	Chapter	6.
The	different	GAGs,	found	in	different	tissues	are	shown	in	Table	10.4.	126		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Biosynthesis	of	Glycoproteins	The	biosynthesis	of	GAG	is	taking	place	in	endoplasmic	reticulum	and	Golgi	bodies,	with	the	help	of	specific	glycosyl	transferases.	As	the	protein	is	synthesized,	at	the	endoplasmic
reticulum,	these	carbohydrate	units	are	added	one	by	one.	Certain	amino	acid	sequences	in	the	protein	will	code	for	the	attachment	of	the	glycans;	specific	enzymes	will	add	the	glycans	sequentially.	This	addition	needs	activation	of	sugar;	activation	is	in	the	form	of	corresponding	nucleotide	sugar.	For	example,	UDP-glucose	is	utilized	for	addition	of
glucose	on	the	protein	back-bone.	UDP	glucose	is	produced	by	the	following	reaction:	UTP	+	Glucose-1-phosphate	–––>	UDP-glucose	+	pyrophosphate	The	enzyme	is	UDP-glucose	pyro	phosphorylase.	There	are	carrier	systems	(transporters)	to	transport	nucleotide	sugars	across	Golgi	membrane.	Termination	of	the	oligosaccharide	chain	occurs
following	sulfation	of	the	sugar	residues.	The	glycoproteins	having	mannose-6-P	as	the	end	residue	will	be	directed	to	lysosomes.	Mannose	phosphate	acts	as	the	tag	to	deliver	such	glycoproteins	into	lysosomes.	Defect	in	this	correct	tagging	will	lead	to	defective	targetting.	See	Icell	disease,	described	in	Chapter	41.	Calnexin	and	Calreticulin	are
proteins	present	in	the	endoplasmic	reticulum	membrane	that	act	as	chaperones	for	correct	folding	of	glycoproteins,	and	also	preventing	aggregation	of	glycans.	Only	the	correctly	folded	glycoproteins	are	secreted	out	of	endoplasmic	reticulum.	leads	to	excretion	of	hemoglobin	in	urine.	Normal	persons	can	withstand	this	lysis	with	the	help	of	GPI
linked	proteins,	termed	decay	accelerating	factor	(DAF).	Congenital	Disorders	of	Glycosylation	(CDG)	These	are	emerging	group	of	autosomal	recessive	disorders.	They	are	multisystem	disorders,	mostly	affecting	CNS,	with	mental	retardation.	At	least	15	distinct	disorders	in	this	group	have	been	reported.	Mucopolysaccharidoses	These	are	a	group	of
inborn	errors	of	metabolism	characterised	by	excessive	intralysosomal	accumulation	of	GAG	in	various	tissues.	They	are	progressive	disorders.	The	clinical	manifestations	include	coarse	facial	features,	thick	skin	and	corneal	opacity	due	to	accumulation	of	GAG.	Mental	retardation,	growth	deficiency	and	skeletal	dysplasia	are	also	seen	due	to	defective
formation	of	ground	substances.	In	general,	defective	degradation	of	heparan	sulphate	leads	to	mental	retardation	predominantly	whereas	accumulation	of	other	GAGs	leads	to	mesenchymal	abnormalities.	A	characteristic	finding	is	the	excessive	excretion	of	any	one	of	the	GAGs	in	urine.	All	these	diseases	are	inherited	as	autosomal	recessive	traits,
except	Hunter's	disease	which	is	X-linked	(Table	10.1).	The	inborn	errors	associated	with	carbohydrate	metabolism,	are	shown	in	Table	10.2.	Leukocyte	Adhesion	Deficiency	(LAD)	It	is	due	to	mutation	affecting	Golgi	fucose	transporter.	So,	selectins	are	not	correctly	glycosylated,	resulting	in	sluggish	activity	of	leukocytes.	Paroxysmal	Nocturnal
Hemoglobinuria	(PNH)	There	is	somatic	mutation	in	PIG	(phosphatidyl	inositol	glycan)	gene	in	hematopoietic	cells.	The	product	of	this	gene	is	necessary	for	GPI	linkage.	So,	GPI	linked	proteins	are	deficient	on	the	RBCs.	During	sleep,	there	is	a	slight	drop	in	pH	of	blood,	causing	mild	RBC	lysis	by	complement	factors,	which	Rheumatoid	Arthritis
There	is	altered	glycosylation	of	circulating	immunoglobulin	G,	these	are	aglycosyl	IgG	molecules.	These	will	activate	complement	system,	causing	chronic	inflammation	of	synovial	membranes	of	joint	cavities.	Viruses	Many	viruses	will	attach	on	human	cells	through	specific	glycoproteins.	HIV	virus	(causing	AIDS),	attaches	on	lymphocytes	by	means
of	a	surface	glycoprotein	(gp120)	of	the	virus	(See	Chapter	50).	Influenza	virus	attaches	by	hemagglutinin	(H).	So,	neuraminidase	inhibitors	are	used	as	antiviral	drugs	against	H1N1.	Helicobacter	pylori,	causing	peptic	ulcer,	binds	through	two	different	glycoproteins	present	on	the	epithelial	cells	of	stomach.	Plasmodium	falciparum	(parasite	causing
malaria)	attaches	to	human	cells	by	a	glycoprotein	on	the	surface	of	the	parasite.	Catabolism	of	Glycoproteins	The	catabolism	is	by	hydrolases	which	are	bond	specific.	Deficiency	of	these	enzymes	would	result	in	marked	accumulation	of	substrates	(Table	10.1).	The	half	life	of	many	proteins	in	circulation	is	determined	by	glycosylation.	This	is	a
potential	area	for	therapeutics,	where	carbohydrate	side	chains	are	removed	(asialo	glycation),	and	the	half-life	of	proteins	used	as	drugs	can	be	prolonged.	Chapter	11;	Metabolism	of	Fatty	Acids		127	CHAPTER	11	CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Digestion	of	lipids	2.	Absorption	of	lipids
3.	Chylomicrons	4.	Beta	oxidation	of	fatty	acids	5.	Oxidation	of	odd	chain	fatty	acids	6.	Alpha	oxidation	7.	Omega	oxidation	8.	De	novo	synthesis	of	fatty	acids	9.	Synthesis	of	triglycerides	10.	Metabolism	of	adipose	tissue	11.	Fatty	liver	and	lipotropic	factors	12.	Ketogenesis	and	ketolysis	DIGESTION	OF	LIPIDS	The	major	dietary	lipids	are	triacyl
glycerol,	cholesterol	and	phospholipids.	The	average	normal	Indian	diet	contains	about	20-30	g	of	lipids	per	day.	Western	diet	generally	contains	two	or	three	times	more	than	this	quantity.	Digestion	in	Stomach	The	lingual	lipase	from	the	mouth	enters	stomach	along	with	the	food.	It	has	an	optimum	pH	of	2.5-5).	The	enzyme,	therefore,	continues	to
be	active	in	the	stomach.	It	acts	on	short	chain	triglycerides	(SCT).	SCTs	are	present	in	milk,	butter	and	ghee.	The	action	of	lingual	lipase	is	observed	to	be	more	Metabolism	of	Fatty	Acids	significant	in	the	newborn	infants.	Gastric	lipase	is	acid	stable,	with	an	optimum	pH	around	5.4.	It	is	secreted	by	chief	cells,	the	secretion	is	stimulated	by	gastrin.
Up	to	30%	digestion	of	triglycerides	occurs	in	stomach.	Digestion	in	Intestines	Emulsification	is	a	prerequisite	for	digestion	of	lipids.	The	lipids	are	dispersed	into	smaller	droplets;	surface	tension	is	reduced;	and	surface	area	of	droplets	is	increased.	This	process	is	favored	by:	1.	Bile	salts	(detergent	action)	2.	Peristalsis	(mechanical	mixing)	3.
Phospholipids	Bile	Salts	are	Important	for	Digestion	of	Lipids	The	bile	salts	present	in	the	bile	(sodium	glycocholate	and	sodium	taurocholate)	lower	surface	tension.	They	emulsify	the	fat	droplets.	The	emulsification	increases	the	surface	area	of	the	particles	for	enhanced	activity	of	enzymes	(Fig.	11.2).	Lipolytic	Enzymes	in	Intestines	1.	Pancreatic
lipase	with	Co-lipase	2.	Cholesterol	esterase	3.	Phospholipase	A2.	The	bile	(pH	7.7)	entering	the	duodenum	serves	to	neutralise	the	acid	chyme	from	the	stomach	and	provides	a	pH	favorable	for	the	action	of	pancreatic	enzymes.	A	list	of	physiologically	important	lipases	is	shown	in	Table	11.1.	Fig.	11.1.	Complete	hydrolysis	of	triglyceride.	In	the
intestines,	generally	fats	are	only	partially	hydrolysed	128		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Table	11.1.	Physiologically	important	lipases	Lipase	Site	of	action	Preferred	substrate	Product(s)	Lingual/acid-	mouth,	stable	lipase	stomach	TAGs	with	FFA+DAG	medium/short	chain	FAs	Pancreatic	lipase	+	co-lipase	small	intestine
TAGs	with	long-chain	FAs	FFA+2MAG	Intestinal	lipase	with	bile	acids	small	intestine	TAGs	with	medium	chain	FAs	3	FFA+	glycerol	Phospholipase	A2	+	bile	acids	small	intestine	PLs	with	Unsat	FFA	unsat.	FA	lysolecithin	on	position	2	Lipoprotein	lipase	insulin	(+)	capillary	walls	TAGs	in	FFA+	chylomicron	glycerol	or	VLDL	Hormone	sensitive	lipase
adipocyte	TAG	stored	in	adipose	tissue	cells	FFA+	DAG/MAG	Digestion	of	Triglycerides	1.	Pancreatic	lipase	can	easily	hydrolyse	the	fatty	acids	esterified	to	the	1st	and	3rd	carbon	atoms	of	glycerol	forming	2-monoacylglycerol	and	two	molecules	of	fatty	acid	(Fig.	11.1).	2.	Then	an	isomerase	shifts	the	ester	bond	from	position	2	to	1.	The	bond	in	the
1st	position	is	then	hydrolysed	by	the	lipase	to	form	free	glycerol	and	fatty	acid	(Fig.	11.1).	3.	The	major	end	products	of	the	digestion	of	TAG	are	2-MAG	(78%),	1-MAG	(6%),	glycerol	and	fatty	acids	(14%).	Thus	digestion	of	TAG	is	partial	(incomplete).	4.	Cholesterol	ester	may	be	hydrolysed	to	free	cholesterol	and	fatty	acid.	The	action	of	phospholipase
A2	produces	lysophospholipid	and	a	fatty	acid	(see	Fig.	7.8).	Co-lipase	The	binding	of	co-lipase	to	the	triacyl	glycerol	molecules	at	the	oil	water	interface	is	obligatory	for	the	action	of	lipase.	The	co-lipase	is	secreted	by	the	pancreas	as	an	inactive	zymogen	(molecular	weight	11,000).	It	is	activated	by	trypsin.	Fig.	11.2.	Action	of	bile	salts.	The
hydrophobic	portions	of	bile	salts	intercalate	into	the	large	aggregated	lipid,	with	the	hydrophilic	domains	remaining	at	the	surface.	This	leads	to	breakdown	of	large	aggregates	into	smaller	and	smaller	droplets.	Thus,	the	surface	area	for	action	of	lipase	is	increased	ABSORPTION	OF	LIPIDS	Absorption	of	Long	Chain	Fatty	Acids	Long	chain	fatty
acids	(chain	length	more	than	14	carbons)	are	absorbed	to	the	lymph	and	not	directly	to	the	blood.	The	theory	proposed	by	Bergstrom	(Nobel	Prize,	1982)	has	the	following	steps.	1.	Mixed	Micelle	Formation	i.	The	products	of	digestion,	namely	2-monoglycerides,	long	chain	fatty	acids,	cholesterol,	phospholipids	and	lysophospholipids	are	incorporated
into	molecular	aggregates	to	form	mixed	micelle	(Fig.	11.3).	The	micelles	are	spherical	particles	with	a	hydrophilic	exterior	and	hydrophobic	interior	core	(Fig.	11.3).	Fig.	11.3.	Micellar	formation	Chapter	11;	Metabolism	of	Fatty	Acids		129	Fig.	11.4.	Absorption	of	fat	as	chylomicrons.	This	needs	the	help	of	bile	salts	The	hydrophobic	portions	of	bile
salts	intercalate	into	the	large	aggregated	lipid,	with	the	hydrophilic	domains	remaining	at	the	surface.	This	leads	to	breakdown	of	large	aggregates	into	smaller	and	smaller	droplets.	Thus	the	surface	area	for	action	of	lipase	is	increased.	ER	=	endoplasmic	reticulum.	TAG	=	triacyl	glycerol	Due	to	their	detergent	action,	the	bile	salts	help	to	form
micellar	aggregates	(Fig.	11.2).	ii.	Micellar	formation	is	essential	for	the	absorption	of	fat-soluble	vitamins	such	as	vitamin	A,	D	and	K.	iii.	The	micelles	are	aligned	at	the	microvillous	surface	of	the	jejunal	mucosa.	Fatty	acids,	2-MAG	and	other	digested	products	passively	diffuse	into	the	mucosal	cell	(Fig.	11.4).	2.	Enterohepatic	Circulation	of	Bile	Salts
The	bile	salts	are	left	behind	which	are	mostly	reabsorbed	from	the	ileum	and	returned	to	the	liver	to	be	re-excreted	(enterohepatic	circulation).	About	98%	of	dietary	lipids	are	normally	absorbed.	3.	Re-esterification	Inside	the	Mucosal	Cell	i.	Once	inside	the	intestinal	mucosal	cell,	the	long	chain	fatty	acids	are	re-esterified	to	form	triglycerides	(Fig.
11.5).	ii.	The	fatty	acids	are	first	activated	to	fatty	acyl	CoA	by	the	enzyme,	acyl	CoA	synthetase	or	Fig.	11.5.	Absorption	of	fatty	acids	Long	chain	fatty	acids	are	absorbed	into	the	intestinal	cell	wall,	where	they	are	re-esterified,	made	into	chylomicrons	and	enter	into	lymphatics.	Short	chain	fatty	acids	are	directly	absorbed	into	blood	capillaries.	Bile
acids	are	reabsorbed	into	portal	vein	thiokinase	(Fig.	11.9).	This	needs	lysis	of	two	high	energy	bonds.	iii.	Two	such	activated	fatty	acids	react	with	monoacyl	glycerol	(MAG)	to	form	the	triglyceride.	Majority	of	molecules	follow	this	MAG	pathway	(Figs	11.4	and	11.5).	iv.	Free	glycerol	absorbed	from	intestinal	lumen	directly	enters	into	the
bloodstream.	So	free	glycerol	is	not	available	for	re-esterification.	But	the	cells	can	convert	glucose	to	glycerol	phosphate,	and	then	add	3	molecules	of	acyl	groups	to	synthesize	TAG.	3.	Chylomicrons	The	TAG,	cholesterol	ester	and	phospholipid	molecules	along	with	apoproteins	B48,	and	apo-A	are	incorporated	into	chylomicrons	(Fig.	11.6).	The	chyle
(milky	fluid)	from	the	intestinal	mucosal	cells	loaded	with	chylomicrons	are	transported	through	the	lacteals	into	the	thoracic	duct	and	then	emptied	into	lymph	circulation	(Fig.	11.5).	The	serum	may	appear	milky	after	a	high	fat	meal	(postprandial	130		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Box	11.1.	Six	Steps	of	Lipid	Absorption
1.	Minor	digestion	of	triacylglycerols	in	mouth	and	stomach	by	lingual	(acid-stable)	lipase.	2.	Major	digestion	of	all	lipids	in	the	lumen	of	the	duodenum/jejunum	by	pancreatic	lipolytic	enzymes.	3.	Bile	acid	facilitated	formation	of	mixed	micelles.	4.	Passive	absorption	of	the	products	of	lipolysis	from	the	mixed	micelle	into	the	intestinal	epithelial	cell.	5.
Reesterification	of	2-monoacylglycerol	with	free	fatty	acids	inside	the	intestinal	enterocyte.	6.	Assembly	of	chylomicrons	containing	Apo	B48,	triacylglycerol,	cholesterol	esters	and	phospholipids	and	export	from	intestinal	cells	to	the	lymphatics.	lipemia)	due	to	the	presence	of	chylomicrons	in	circulation.	Normally	the	lipemia	clears	within	a	few	hours
by	the	uptake	of	chylomicrons	by	tissues.	The	major	steps	of	lipid	absorption	are	shown	in	Box	11.1.	4.	SCFA	Absorption	is	Different	i.	Short	chain	fatty	acids	(SCFA)	(seen	in	milk,	butter,	ghee)	and	medium	chain	fatty	acids	(MCFA)	(in	coconut	oil	and	mother's	milk)	do	not	need	re-esterification.	ii.	They	can	directly	enter	into	blood	vessels,	then	to
portal	vein,	finally	to	liver	where	they	are	immediately	utilised	for	energy	(Fig.	11.5).	iii.	Their	absorption	is	rapid.	They	are	better	absorbed	than	long	chain	fatty	acids.	Special	features	in	digestion	and	absorption	of	medium	chain	fatty	acids	are	given	in	Table	13.1.	5.	Abnormalities	in	Absorption	of	Lipids	1.	Defective	digestion:	In	steatorrhea,	daily



excretion	of	fat	in	feces	is	more	than	6	g	per	day.	(Greek	word,	"stear",	means	fat).	It	is	due	to	chronic	diseases	of	pancreas.	In	such	cases,	unsplit	fat	is	seen	in	feces	(Box	11.2).	2.	Defective	absorption:	On	the	other	hand,	if	the	absorption	alone	is	defective,	most	of	the	fat	in	feces	may	be	split	fat,	i.e.	fatty	acids	and	monoglycerides	(Box	11.2).
Defective	absorption	may	be	due	to	diseases.	Box	11.2.	Absence	of	Digestive	Juices	1.	In	pancreatic	deficiency:	Steatorrhea;	unsplit	fat	is	present	in	stools.	2.	When	bile	is	not	available:	Absorption	is	defective;	split	fat	is	present	in	stools;	defective	absorption	of	vitamin	K	leads	to	prolonged	prothrombin	time.	Fig.	11.6.	Summary	of	utilization	of	fat	2-A.
Celiac	disease,	sprue,	Crohn's	disease.	2-B.	Surgical	removal	of	intestine.	2-C.	Obstruction	of	bile	duct:	This	may	be	due	to	gall	stones,	tumors	of	head	of	pancreas,	enlarged	lymph	glands,	etc.	The	result	is	deficiency	of	bile	salts.	In	such	cases,	triglycerides	with	short	chain	and	medium	chain	fatty	acids	(SCT	and	MCT)	are	digested	and	absorbed
properly,	because	they	do	not	require	micellerisation	for	absorption.	Since	milk	fat	and	coconut	oil	are	made	up	of	MCT,	they	are	therapeutically	useful	in	malabsorption	syndromes.	3.	Chyluria:	There	is	an	abnormal	connection	between	the	urinary	tract	and	lymphatic	drainage	system	of	the	intestine.	Urine	appears	milky	due	to	lipid	droplets.
Chylothorax	can	result	from	an	abnormal	connection	between	the	pleural	cavity	and	thoracic	duct.	6.	Fate	of	Chylomicrons	i.	The	absorbed	(exogenous)	triglycerides	are	transported	in	blood	as	chylomicrons.	They	are	taken	up	by	adipose	tissue	and	liver.	ii.	Liver	synthesizes	endogenous	triglycerides.	These	are	transported	as	VLDL	(very	low	density
lipoproteins)	and	are	deposited	in	adipose	tissue.	iii.	During	starvation	states,	triglycerides	in	adipose	tissue	are	hydrolyzed	to	produce	free	Chapter	11;	Metabolism	of	Fatty	Acids		131	Fig.	11.7.	Structure	of	co-enzyme	A	(CoA)	(CoA-SH)	fatty	acids.	In	the	blood,	they	are	transported,	complexed	with	albumin.	These	free	fatty	acids	are	taken	up	by	the
cells,	and	are	then	oxidised	to	get	energy.	A	summary	of	lipid	transport	is	shown	in	Figure	11.6.	BETA	OXIDATION	OF	FATTY	ACIDS	This	process	is	known	as	beta	oxidation,	because	the	oxidation	and	splitting	of	two	carbon	units	occur	at	the	beta-carbon	atom.	The	oxidation	of	the	hydrocarbon	chain	occurs	by	a	sequential	cleavage	of	two	carbon
atoms	(Fray	Knoop,	1904).	Preparative	Steps	for	Beta	Oxidation	The	co-enzyme	A	is	a	complex	molecule	containing	B	complex	vitamin	pantothenic	acid	and	a	molecule	of	beta	mercapto	ethanolamine;	this	SH	group	forms	thioester	bond	in	acyl	CoA	(Fig.11.7).	To	emphasise	the	function	of	the	SH	group,	the	CoA	is	sometimes	written	as	CoA-SH.
Preparative	Step	1:	Activation	of	Fatty	Acids	Fatty	acids	are	activated	to	their	co-enzyme	A	(CoA)	derivative.	This	activation	is	taking	place	in	cytoplasm.	ATP	is	hydrolysed	to	AMP	and	PPi	and	the	energy	from	hydrolysis	of	PPi	drives	the	reaction	forward.	Thus	two	high	energy	bonds	are	utilised	in	this	reaction.	The	enzyme	is	a	thiokinase	or	fatty	acyl
CoA	synthetase	(step	0,	Fig.	11.9).	Acetyl	group	and	acyl	groups	are	different;	see	Box	11.3.	Three	different	enzymes,	one	each	for	short	chain,	medium	chain	and	long	chain	fatty	acids	have	been	identified.	Small	chain	fatty	acids	may	also	be	activated	by	thiophorase	enzyme,	using	succinyl	CoA	(see	under	ketone	bodies).	Preparative	Step	2:	Role	of
Carnitine	Fatty	acids	are	activated	in	the	cytoplasm;	but	the	beta	oxidation	is	in	mitochondria.	So	transport	of	fatty	acids	through	the	mitochondrial	membrane	is	essential.	The	long	chain	fatty	acyl	CoA	cannot	pass	through	the	inner	mitochondrial	membrane.	Therefore	a	transporter,	carnitine	is	involved	in	transfer	of	fatty	acids.	Carnitine	is	beta-
hydroxygamma-trimethyl	ammonium	butyrate,	(CH3)3–N+–CH2–CHOH–CH2–COOH.	It	is	synthesised	from	lysine	and	methionine	in	liver	and	kidney.	Preparative	Step	3:	Carnitine	Acyl	Transferase	The	enzyme	carnitine	acyl	transferase-I	(CAT-I)	will	transfer	the	fatty	acyl	group	to	the	hydroxyl	group	of	carnitine	to	form	acyl	carnitine	(Fig.	11.8)	The
reaction	occurs	on	the	cytosolic	side	of	inner	mitochondrial	membrane.	Preparative	Step	4:	Translocase	A	protein	translocase	will	carry	the	acyl	carnitine	across	the	membrane	to	the	matrix	of	mitochondria.	On	the	matrix	side	of	the	membrane	another	enzyme,	carnitine	acyl	transferase-II	(CAT-II)	will	transfer	the	acyl	group	back	to	co-enzyme	A
molecule	(Fig.	11.8).	Carnitine	is	returned	to	the	cytosolic	side	by	the	translocase.	Box	11.3.	Acetyl	and	Acyl	Groups	are	Different	Acetyl	CoA	is	the	combination	of	acetate	or	acetic	acid	(2	carbon	unit)	with	Co-enzyme	A.	Acyl	CoA	means	acyl	group	(any	fatty	acid,	C4	to	C26	in	length)	combined	with	Coenzyme	A.	Fig.	11.8.	Role	of	carnitine	in	transport
of	acyl	groups.	CAT	=	Carnitine	acyl	transferase	132		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Box	11.4.	Summary	of	Beta	Oxidation	When	one	molecule	of	palmitate	undergoes	betaoxidation,	the	net	reaction	is:	Palmitoyl	CoA	8	Acetyl	CoA	+	7FAD	+	7FADH2	+	7NAD+	+	7NADH	+	7H2O	+	7H+	+	7HSCoA	Clinical	Applications	1.
Medium	chain	and	short	chain	fatty	acids	do	not	require	carnitine	for	transport	across	the	inner	mitochondrial	membrane.	So	medium	chain	and	short	chain	fatty	acids	are	easily	oxidised.	2.	Carnitine	deficiency	is	reported	in	preterm	infants,	in	whom	impaired	fatty	acid	oxidation	is	noticed.	So	more	glucose	is	utilised,	resulting	in	episodes	of
hypoglycemia.	3.	Deficiency	of	translocase:	It	leads	to	defective	metabolism	of	long	chain	fatty	acids.	In	this	condition,	muscle	cramps	are	precipitated	by	fasting,	exercise	and	high	fat	diet.	4.	Inherited	CPT-I	deficiency	affects	only	the	liver,	resulting	in	reduced	fatty	acid	oxidation	and	ketogenesis,	with	hypoglycemia.	CPT-II	deficiency	affects	primarily
skeletal	muscle	and,	when	severe,	the	liver.	The	sulfonylurea	drugs	(glibenclamide	and	tolbutamide),	used	in	the	treatment	of	type	2	diabetes	mellitus,	reduce	fatty	acid	oxidation	and,	therefore,	hyperglycemia	by	inhibiting	CPT-I.	Beta	Oxidation	Steps	The	next	4	reactions	are	sequentially	repeated	for	complete	oxidation	of	fatty	acids.	After	one	round
of	four	metabolic	steps,	one	acetyl	CoA	unit	is	split	off	and	acyl	CoA	with	2	carbon	atoms	less	is	generated.	This	would	undergo	the	same	series	of	reactions	again	until	the	fatty	acid	is	completely	oxidised.	Fig.	11.9.	Beta	oxidation	of	fatty	acids.	Important	to	remember	that	the	first	step	is	FAD	dependent	and	the	third	step	is	NAD+	dependent	fatty
acyl	CoA.	The	L	isomer	alone	is	formed	during	the	hydration	of	the	trans	double	bond.	Step	1:	FAD	Linked	Dehydrogenase	The	fatty	acyl	CoA	is	dehydrogenated	to	a	trans	enoyl	CoA	with	the	FAD	accepting	the	hydrogen	atoms	(step	1,	Fig.	11.9).	FADH2	when	oxidised	in	electron	transport	chain	will	produce	1.5	ATP	molecules.	Step	3:	NAD+
Dependent	Dehydrogenase	The	beta-hydroxy	fatty	acyl	CoA	is	again	oxidised	to	form	beta-keto	fatty	acyl	CoA	(step	3,	Fig.	11.9).	This	dehydrogenase	acts	only	on	L	isomer.	The	NADH	when	oxidised	in	electron	transport	chain	will	generate	2.5	ATPs.	Step	2:	Hydration	This	is	catalysed	by	an	enoyl	CoA	hydratase	(step	2,	Fig.	11.9).	This	step	forms	a
beta-hydroxy	Step	4:	Cleavage	The	beta-keto	fatty	acyl	CoA	now	undergoes	thiolytic	cleavage,	splitting	off	a	molecule	of	acetyl	Chapter	11;	Metabolism	of	Fatty	Acids		133	Fig.	11.10.	Summary	of	beta	oxidation	of	palmitic	acid	(16	C).	It	undergoes	7	cycles,	which	give	rise	to	8	molecules	of	acetyl	CoA	CoA	and	leaving	behind	a	fatty	acid	with	2	carbon
atoms	less	(step	4,	Fig.	11.9).	Further	Cycles	The	newly	formed	fatty	acyl	CoA	will	sequentially	undergo	further	cycles	of	steps	1,	2,	3	and	4	of	beta-oxidation	until	the	fatty	acid	is	completely	converted	to	acetyl	CoA	(Fig.	11.10).	A	summary	is	shown	in	Box	11.4.	Energetics	of	Beta	Oxidation	(ATP	Yield)	Palmitic	acid	(16	C)	needs	7	cycles	of	beta
oxidation	(Fig.	11.10).	So,	it	gives	rise	to	8	molecules	of	acetyl	CoA.	Every	molecule	of	acetyl	CoA	when	oxidised	in	the	TCA	cycle	gives	10	molecules	of	ATP	(Box	11.4).	Each	molecule	of	FADH2	produces	1.5	molecules	of	ATP	and	each	NADH	generates	2.5	molecules	of	ATP,	when	oxidised	in	the	electron	transport	chain.	Hence	the	energy	yield	from
one	molecule	of	palmitate	may	be	calculated	as:	8	acetyl	CoA	×	10	7	FADH2	×	1.5	7	NADH	×	2.5	Gross	total	Net	yield	=	80	ATP	=	10.5	ATP	=	17.5	ATP	=	108	ATP	=	108–2	=	106	ATP	(In	the	initial	activation	reaction,	the	equivalents	of	2	high	energy	bonds	are	utilised).	The	efficiency	of	beta	oxidation	is	about	33%.	The	differences	in	Fig.	11.11.
Metabolism	of	propionyl	CoA	oxidation	of	unsaturated	fatty	acids	are	shown	in	Chapter	13.	Important	Note:	In	the	previous	editions	of	this	textbook,	calculations	were	made	assuming	that	NADH	produces	3	ATPs	and	FADH	generates	2	ATPs.	This	will	amount	to	a	net	generation	of	129	ATP	per	palmitate	molecule.	Recent	experiments	show	that	these
old	values	are	overestimates,	and	net	generation	is	only	106	ATPs.	Regulation	of	Beta	Oxidation	i.	The	availability	of	free	fatty	acid	(FFA)	regulates	the	net	utilisation	through	beta	oxidation.	ii.	The	level	of	FFA,	in	turn,	is	controlled	by	glucagon:insulin	ratio.	Glucagon	increases	FFA	level	and	insulin	has	the	opposite	effect.	iii.	CAT-I	is	the	regulator	of
entry	of	fatty	acid	into	mitochondria.	Malonyl	CoA	inhibits	CAT-I	activity.	Thus	during	de	novo	synthesis	of	fatty	acid,	the	beta	oxidation	is	inhibited.	Defects	in	Beta	Oxidation	Abnormalities	in	transport	of	fatty	acids	into	mitochondria	and	defects	in	oxidation	can	lead	to	deficient	energy	production	by	oxidation	of	long	chain	fatty	acids.	Common
features	are	hypoketotic	hypoglycemia,	hyperammonemia,	skeletal	muscle	weakness	and	liver	diseases.	134		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Acyl	carnitine	accumulates	when	the	transferase	or	translocase	is	deficient.	Dietary	supplementation	of	carnitine	has	been	found	to	improve	the	symptoms	in	some	cases.	Organic
Acidurias	They	are	disorders	of	metabolism	of	fatty	acids,	branched	chain	and	aromatic	amino	acids	and	citric	acid	cycle.	The	incidence	of	"medium	chain	acyl	CoA	dehydrogenase	deficiency"	is	about	1	in	2,500	live	births,	and	is	the	second	most	common	inborn	error	of	metabolism	(WHO,	2003).	They	are	all	characterised	by	the	accumulation	of
organic	acids	in	body	tissues	and	their	excretion	in	urine.	The	patients	present	with	acidosis,	vomiting,	convulsions	and	coma.	The	children	often	die	in	infancy;	in	case	they	survive,	there	is	severe	mental	and	physical	retardation.	Diagnosis	is	confirmed	by	showing	the	presence	of	organic	acids	in	urine	by	chromatography.	Dietary	restriction,	cofactor
therapy	and	substrate	removal	are	the	general	lines	of	management.	Examples	of	these	disorders	are	given	in	Table	11.2.	OXIDATION	OF	ODD	CHAIN	FATTY	ACIDS	The	odd	chain	fatty	acids	are	oxidised	exactly	in	the	same	manner	as	even	chain	fatty	acids.	However,	after	successive	removal	of	2-carbon	units,	at	the	end,	one	3-carbon	unit,	propionyl
CoA	is	produced.	Fate	of	Propionyl	CoA	1.	Carboxylase:	Propionyl	CoA	is	first	carboxylated	to	D-methyl	malonyl	CoA	by	a	biotin	dependent	carboxylase.	Biotin	is	a	member	of	vitamin	B	complex	group.	One	molecule	of	ATP	is	utilised	to	supply	energy	(step	1,	Fig.	11.11).	2.	Racemase:	Then	racemase	acts	upon	D-methyl	malonyl	CoA	to	give	L-methyl
malonyl	CoA	(step	2,	Fig.	11.11).	3.	Mutase:	Then	the	L-methyl	malonyl	CoA	is	rearranged	to	form	succinyl	CoA	by	L-methyl	malonyl	CoA	mutase.	The	reaction	needs	vitamin	B12	co-enzyme	(step	3,	Fig.	11.11).	4.	The	succinyl	CoA	then	enters	TCA	cycle,	finally	converted	to	oxaloacetate,	and	is	used	for	gluconeogenesis.	5.	Propionyl	CoA	is	also	derived
from	the	metabolism	of	valine	and	isoleucine	(see	Chapter	16).	Table	11.2.	Some	important	organic	acidurias	Disorders	Deficient	enzyme	Clinical	features	Methyl	malonic	aciduria	Methyl	malonyl	CoA	mutase	or	B12	co-enzyme	Ketoacidosis,	hypotonia,	hypoglycemia,	hyperammonemia,	hyperuricemia	Propionic	acidemia	Propionyl	CoA	carboxylase
Ketoacidosis,	hypotonia,	vomiting,	lethargy	MCADH	deficiency	Medium	chain	acyl	CoA	dehydrogenase	Acidosis,	hyperammonemia;	hypoglycemia,	fatty	liver.	LCADH	deficiency	Long	chain	acyl	CoA	dehydrogenase	Nonketotic	hypoglycemia,	low	carnitine,	increased	acyl	carnitine	Glutaric	aciduria	Glutaryl	CoA	dehydrogenase	ketoacidosis,	convulsions,
progressive	neurological	defects,	cerebral	palsy.	Propionate	is	Gluconeogenic	Ordinary	fatty	acids	are	cleaved	to	acetyl	CoA	units	which	on	entering	the	Krebs	cycle	are	completely	oxidised	to	CO2,	and	hence	as	a	general	rule,	fatty	acids	cannot	be	used	for	gluconeogenesis.	However	propionate	is	entering	into	the	citric	acid	cycle	at	a	point	after	the
CO2	elimination	steps,	so	propionate	can	be	channelled	to	gluconeogenesis.	Thus	3	carbon	units	from	odd	carbon	fatty	acids	are	gluconeogenic.	Cow's	milk	contains	significant	quantity	of	odd	chain	fatty	acids.	Inborn	Errors	of	Propionate	Metabolism	1.	Propionyl	CoA	carboxylase	deficiency:	It	is	characterised	by	propionic	acidemia,	keto	acidosis,	and
developmental	abnormalities.	2.	Methyl	malonic	aciduria:	Some	patients	respond	to	treatment	with	pharmacological	doses	of	B12.	This	group	will	have	defective	formation	of	adenosyl	B12	with	deficient	mutase	activity.	The	second	type	will	not	respond	to	cyanocobalamin	and	has	deficiency	of	the	enzyme	racemase	or	mutase.	The	methylmalonate
affects	the	metabolism	of	brain	leading	to	mental	retardation	in	these	cases.	Alpha	Oxidation	It	is	a	process	by	which	fatty	acids	are	oxidised	by	removing	carbon	atoms,	one	at	a	time,	from	the	carboxyl	end.	The	process	is	important	in	brain.	Chapter	11;	Metabolism	of	Fatty	Acids		135	Table	11.3.	Difference	in	the	two	pathways	Beta-oxidation	Fig.
11.12.	Phytanic	acid	The	fatty	acid	does	not	need	activation.	Hydroxylation	occurs	at	the	alpha-carbon	atom.	It	is	then	oxidized	to	alpha-keto	acid.	The	keto	acid	then	undergoes	decarboxylation	yielding	a	molecule	of	CO2	and	a	fatty	acid	with	one	carbon	atom	less.	This	process	occurs	in	the	endoplasmic	reticulum,	does	not	require	CoA,	but	does	not
generate	energy.	Some	fatty	acids	undergo	alpha	hydroxylation	in	peroxisomes	also.	Alphaoxidation	is	mainly	used	for	fatty	acids	that	have	a	methyl	group	at	the	beta-carbon,	which	blocks	beta	oxidation.	A	major	dietary	methylated	fatty	acid	is	phytanic	acid	(Fig.	11.12).	It	is	derived	from	phytol	present	in	chlorophyll,	milk	and	animal	fats.	Fatty	acid
synthesis	Site	Mitochondria	Cytoplasm	Intermediates	Present	as	CoA	derivatives	Covalently	linked	to	SH	group	of	ACP	Enzymes	Present	as	independent	proteins	Multienzyme	complex	Sequential	units	2	carbon	units	split	off	as	acetyl	CoA	2	carbon	units	added,	as	3	carbon	malonyl	CoA	Co-enzymes	NAD+	and	FAD	are	reduced	NADPH	used	as
reducing	power	Refsum's	Disease	It	is	a	metabolic	error	due	to	lack	of	alphahydroxylase	(phytanic	acid	oxidase)	so	that	alpha	oxidation	does	not	occur	and	phytanic	acid	accumulates	in	the	tissues.	The	patient	presents	with	severe	neurological	symptoms,	polyneuropathy,	retinitis	pigmentosa,	nerve	deafness	and	cerebellar	ataxia.	Regressions	of
symptoms	are	observed	with	restricted	dietary	intake	of	phytanic	acid.	Milk	is	a	good	source	of	phytanic	acid,	which	may	be	avoided.	Infantile	Refsum's	Disease	It	is	a	peroxisomal	disorder,	similar	to	Zellweger	syndrome	and	adrenoleukodystrophy	(see	Chapter	41).	Hence	phytanic	acid	accumulates	along	with	VLCFA.	Children	do	not	survive	long.
Omega	Oxidation	It	is	a	minor	pathway	taking	place	in	microsomes,	with	the	help	of	hydroxylase	enzymes	involving	NADPH	and	cytochrome	P-450.	The	CH3	group	is	converted	to	CH2OH	and	subsequently	oxidised	with	the	help	of	NAD	+	to	a	COOH	group	to	produce	dicarboxylic	acids.	ω-oxidation	becomes	important	when	β-oxidation	is	defective	and
dicarboxylic	acids	(6C	and	8C	acids)	are	excreted	in	urine	causing	dicarboxylic	aciduria.	Peroxisomal	oxidation	is	described	in	Chapter	13,	under	VLCFA.	Fig.	11.13.	Transfer	of	acetyl	CoA	from	mitochondria	to	cytoplasm	by	malate–oxaloacetate	shuttle.	1	=	citrate	synthetase;	2	=	ATP–citrate	lyase;	3	=	malate	dehydrogenase;	4	=	malic	enzyme	DE
NOVO	SYNTHESIS	OF	FATTY	ACIDS	The	process	of	fatty	acid	synthesis	was	studied	by	Feodor	Lynen,	who	got	Nobel	prize	in	1964.	The	pathway	is	referred	to	as	Lynen's	spiral.	It	is	not	a	reversal	of	oxidation.	Important	differences	in	136		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Fig.	11.14.	Fatty	acid	synthase	complex.	Upper	and
lower	units	are	two	monomers	of	the	complex.	Dotted	line	represents	functional	division	synthesis	and	breakdown	of	fatty	acids	are	given	in	Table	11.3.	Fatty	acids	are	synthesized	mainly	by	a	de	novo	synthetic	pathway	operating	in	the	cytoplasm.	So	it	is	referred	to	as	extramitochondrial	or	cytoplasmic	fatty	acid	synthase	system.	The	major	fatty	acid
synthesised	de	novo	is	palmitic	acid,	the	16C	saturated	fatty	acid.	The	process	occurs	in	liver,	adipose	tissue,	kidney,	brain,	and	mammary	glands.	Each	subunit	of	the	complex	is	organised	into	3	domains	with	7	enzymes	(Fig.	11.14).	Transport	of	Acetyl	CoA	to	Cytoplasm	The	starting	material	for	de	novo	synthesis	is	acetyl	CoA.	It	is	formed	inside	the
mitochondria	from	pyruvate.	The	inner	membrane	is	not	freely	permeable	to	acetyl	CoA.	Hence	the	acetyl	CoA	units	are	delivered	to	the	cytoplasm	as	citrate	(Fig.	11.13).	Citrate	is	transported	from	mitochondria	by	a	tricarboxylic	acid	transporter.	In	the	cytoplasm,	citrate	is	cleaved	to	oxaloacetate	and	acetyl	CoA.	The	enzyme	is	ATP	citrate	lyase.	The
oxaloacetate	can	return	to	the	mitochondria	as	malate	or	pyruvate	(Fig.	11.13).	1st	Domain	or	Condensing	Unit	It	is	the	initial	substrate	binding	site.	The	enzymes	involved	are	beta-keto	acyl	synthase	or	condensing	enzyme	(CE);	acetyl	transferase	(AT)	and	malonyl	trans	acylase	(MT)	(Fig.	11.14).	Fatty	Acid	Synthase	(FAS)	Complex	This	system	exists
as	a	multi-enzyme	complex.	The	enzymes	form	a	dimer	with	identical	subunits.	Advantages	of	Multi-enzyme	Complex	a.	Intermediates	of	the	reaction	can	easily	interact	with	the	active	sites	of	the	enzymes.	b.	One	gene	codes	all	the	enzymes;	so	all	the	enzymes	are	in	equimolecular	concentrations.	c.	So	the	efficiency	of	the	process	is	enhanced.	2nd
Domain	or	Reduction	Unit	It	contains	the	dehydratase	(DH);	enoyl	reductase	(ER);	beta-keto	acyl	reductase	(KR)	and	acyl	carrier	protein	(ACP)	(Fig.	11.14).	The	acyl	carrier	protein	is	a	polypeptide	chain	having	a	phospho-pantotheine	group,	to	which	the	acyl	groups	are	attached	in	thioester	linkage.	So	ACP	acts	like	the	CoA	carrying	fatty	acyl	groups
(Fig.	11.14).	Chapter	11;	Metabolism	of	Fatty	Acids		137	3rd	Domain	or	Releasing	Unit	It	is	involved	in	the	release	of	the	palmitate	synthesised.	It	contains	thio-esterase	(TE)	or	deacylase	(Fig.	11.14).	Step	1:	Carboxylation	of	Acetyl	CoA	The	first	step	in	the	fatty	acid	synthesis	is	the	carboxylation	of	acetyl	CoA	to	form	malonyl	CoA.	The	acetyl	CoA
carboxylase	is	not	a	part	of	the	multienzyme	complex.	But	it	is	the	rate-limiting	enzyme.	Biotin,	a	member	of	B	complex	vitamins,	is	necessary	for	this	reaction	(step	1	in	Fig.	11.15).	The	enzyme	is	allosterically	regulated,	the	major	effectors	being	citrate	(positive)	and	palmitoyl	CoA	(negative).	The	reaction	is	similar	to	carboxylation	of	pyruvate	to	form
oxaloacetate.	The	elongation	of	the	fatty	acid	occurs	by	addition	of	2	carbon	atoms	at	a	time.	But	the	2-carbon	units	are	added	as	3-carbon,	malonyl	units.	The	whole	reaction	sequence	occurs	while	the	intermediates	are	bound	to	ACP	(acyl	carrier	protein).	Step	2:	Three	C	and	Two	C	Units	are	Added	2-A:	The	acetyl	transacylase	(AT	in	Fig.12.14)
catalyses	the	transfer	of	the	acetyl	group	(2	carbons)	to	the	cysteinyl	SH	group	of	the	condensing	enzyme	(CE)	of	the	other	monomer	of	the	fatty	acid	synthase	complex	(step	2A	in	Fig.	11.15).	2-B:	One	molecule	of	acetyl	CoA	(2	carbon)	and	one	molecule	of	malonyl	CoA	(3	carbon)	bind	to	the	multienzyme	complex.	Malonyl	transacylase	(MT	in	Fig.
11.14	)	transfers	the	malonyl	group	to	the	SH	group	of	the	ACP	of	one	monomer	of	the	enzyme	(step	2B	in	Fig.	11.15).	Step	3:	Condensation	The	acetyl	(2C)	and	malonyl	(3C)	units	are	condensed	to	form	beta-keto	acyl	ACP	or	aceto	acetyl	ACP	(4C).	During	this	process	one	carbon	is	lost	as	CO2	(step	3	in	Fig.	11.15).	The	enzyme	is	called	condensing
enzyme	or	keto	acyl	synthase	(CE	in	Fig.	11.14).	Step	4:	Reduction	The	acetoacetyl	ACP	is	reduced	by	NADPH	dependent	beta-keto	acyl	reductase	(KR	in	Fig.	11.14)	to	form	beta-hydroxy	fatty	acyl	ACP	(step	4	in	Fig.	11.15).	Fig.	11.15.	De	novo	synthesis	of	fatty	acid	(Lynen	cycle).	Steps	4	and	6	utilise	NADPH	138		Textbook	of	Biochemistry;	Section	B:
General	Metabolism	Fig.	11.16.	Cascade	activation	of	hormone	sensitive	lipase	Step	5:	Dehydration	It	is	then	dehydrated	by	a	dehydratase	(DH)	to	form	enoyl	ACP	otherwise	known	as	(alpha	beta	unsaturated	acyl	ACP)	(step	5	in	Fig.	11.15).	Step	6:	Second	Reduction	The	enoyl	ACP	is	again	reduced	by	enoyl	reductase	(ER)	utilizing	a	2nd	molecule	of
NADPH	to	form	butyryl	ACP	(step	6	in	Fig.	11.15).	Cycling	of	Reactions	The	butyryl	group	(4C)	is	now	transferred	to	the	SH	group	of	the	condensing	enzyme	on	the	other	monomer	and	a	2nd	malonyl	CoA	molecule	binds	to	the	phospho-pantothenyl	SH	group.	The	sequence	of	reactions,	namely	condensation,	reduction,	dehydration	and	reduction	(steps
3,4,5,6)	are	repeated.	The	cycles	are	repeated	a	total	of	seven	times,	till	the	16-carbon	palmitic	acid	is	formed.	Step	7:	Palmitic	Acid	is	Released	The	thio-esterase	or	de-acylase	activity	(TE)	releases	palmitate	from	the	multienzyme	complex	(step	7	in	Fig.	11.15).	The	end	point	is	Palmitic	acid	(16	C)	in	liver	and	adipose	tissue.	But	in	lactating	mammary
gland,	the	end	products	are	Capric	(10	C)	and	Lauric	(12	C)	acids.	Mother's	milk	contains	these	medium	chain	fatty	acids.	Cow's	milk	contains	odd	numbered	fatty	acids.	Summary	of	De	Novo	Synthesis	The	net	reaction	of	de	novo	synthesis	of	fatty	acid	may	be	summarized	as:	1	Acetyl	CoA	+	7Malonyl	CoA	+14NADPH	+14H+	→	1Palmitate	+	7CO2
+14NADP+	+	8CoA+	6H2O	Fatty	acid	synthesis	is	not	an	exact	reversal	of	beta	oxidation.	A	comparison	of	these	pathways	is	given	in	Table	11.3.	Chapter	11;	Metabolism	of	Fatty	Acids		139	availability	of	citrate	in	the	cytoplasm	is	the	most	important	regulatory	factor	producing	a	short-term	effect.	2.	Acetyl	CoA	Carboxylase	It	is	the	key	enzyme;
citrate	activates	this	enzyme.	The	citrate	level	is	high	only	when	both	acetyl	CoA	and	ATP	are	abundant.	Covalent	modification	is	another	regulatory	mechanism.	Phosphorylation	inactivates	acetyl	CoA	carboxylase	(similar	to	glycogen	synthase	under	the	effect	of	glucagon).	Hence	fatty	acid	synthesis	decreases	when	glucose	level	is	low.	The	enzyme	is
inhibited	by	palmitoyl	CoA,	the	end	product.	3.	Insulin	Favors	Lipogenesis	Insulin	enhances	the	uptake	of	glucose	by	adipocytes	and	increases	the	activity	of	pyruvate	dehydrogenase,	acetyl	CoA	carboxylase	and	glycerol	phosphate	acyl	transferase	(see	Table	24.4).	Insulin	also	depresses	the	hormone	sensitive	lipase	(Fig.	11.16).	Fig.	11.17.	Triacyl
glycerol	synthesis	Co-enzymes	of	Fatty	Acid	Synthesis	An	important	point	to	remember	is	that	the	co-enzyme	utilised	for	de	novo	synthesis	is	NADPH.	The	sources	of	NADPH	for	fatty	acid	synthesis	are:	1.	Pentose	Phosphate	Pathway	This	is	the	main	source.	Tissues	having	active	lipogenesis	(liver,	adipose	tissue,	lactating	mammary	gland)	have	an
active	HMP	shunt	pathway	also.	2.	Malic	Enzyme	Malate	+	NADP+	→	Pyruvate	+	CO2	+	NADPH	+	H+	The	reaction	also	helps	to	transfer	cytoplasmic	oxaloacetate	to	the	mitochondria.	For	every	molecule	of	acetyl	CoA	delivered	to	the	cytoplasm,	one	molecule	of	NADPH	is	formed	and	reducing	equivalents	are	generated	in	cytoplasm	(Fig.	11.13).
Regulation	of	Fatty	Acid	Synthesis	1.	Availability	of	Substrates	Fatty	acid	synthesis	occurs	when	carbohydrate	is	abundant	and	the	level	of	fatty	acids	is	low.	The	4.	Glucagon	inhibits	Lipogenesis	Glucagon	and	epinephrine	inactivate	the	acetyl	CoA	carboxylase	by	phosphorylating	the	enzyme.	Inherited	Disorders	Inherited	defects	in	the	enzymes	of	beta
oxidation	and	ketogenesis	also	lead	to	nonketotic	hypoglycemia,	coma,	and	fatty	liver.	Defects	are	known	in	long-	and	short	chain	3-hydroxyacyl-CoA	dehydrogenase.	3-Ketoacyl-CoA	thiolase	and	HMG-CoA	lyase	deficiency	also	affect	the	degradation	of	leucine,	a	ketogenic	amino	acid.	Dicarboxylic	aciduria	is	characterized	by	the	excretion	of
dicarboxylic	acids	and	by	nonketotic	hypoglycemia.	It	is	caused	by	a	lack	of	mitochondrial	medium-chain	acyl-CoA	dehydrogenase.	Zellweger’s	(cerebrohepatorenal)	syndrome	occurs	in	individuals	with	a	rare	inherited	absence	of	peroxisomes	in	all	tissues.	They	accumulate	C26-C38	polyenoic	acids	in	brain	tissue	and	also	exhibit	a	generalized	loss	of
peroxisomal	functions,	e.g.	impaired	bile	acid	and	ether	lipid	synthesis.	SYNTHESIS	OF	TRIGLYCERIDES	(TAG)	Liver	and	adipose	tissue	are	the	major	sites	of	triacylglycerol	(TAG)	synthesis.	The	TAG	synthesis	in	adipose	tissue	is	for	storage	of	energy	whereas	in	liver	it	is	mainly	secreted	as	VLDL	and	is	transported	to	peripheral	tissues.	The	TAG	is
synthesised	by	esterification	of	fatty	acyl	CoA	with	either	glycerol-3-phosphate	or	dihydroxy	acetone	phosphate	(DHAP)	(Fig.	11.17).	The	glycerol	part	140		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Table	11.4.	Changes	in	adipose	tissue	Well-fed	state	During	fasting	Lipogenesis	increased	Lipolysis	inhibited	Lipoprotein	lipase	active
Insulin	inhibits	HS-lipase	Lipogenesis	inhibited	Lipolysis	increased	Glucagon	activates	HS-lipase	FFA	in	blood	increased	of	the	fat	is	derived	from	the	metabolism	of	glucose.	DHAP	is	an	intermediate	of	glycolysis.	Glycerol-3-phosphate	may	be	formed	by	phosphorylation	of	glycerol	or	by	reduction	of	dihydroxy	acetone	phosphate	(DHAP).	In	adipose
tissue,	glycerol	kinase	is	deficient	and	the	major	source	is	DHAP	derived	from	glycolysis.	However,	in	liver	glycerol	kinase	is	active.	The	fatty	acyl	CoA	molecules	transfer	the	fatty	acid	to	the	hydroxyl	groups	of	glycerol	by	specific	acyl	transferases.	In	addition	to	these	two	pathways,	in	the	intestinal	mucosal	cells	the	TAG	synthesis	occurs	by	the	MAG
pathway.	The	2-MAG	absorbed	is	re-esterified	with	fatty	acyl	CoA	to	form	TAG	(Fig.	11.4).	Esterification	of	fatty	acyl	CoA	with	glycerol	phosphate	to	form	triacyl	glycerol	occurs	at	a	rapid	rate	during	the	fed	state.	Under	conditions	of	fasting,	it	is	seen	that	synthesis	of	triacyl	glycerol	occurs	side	by	side	with	lipolysis,	since	the	free	fatty	acid	level	is
high	in	plasma.	The	glycerol	phosphate	is	derived	from	the	metabolism	of	glucose	in	the	fed	state	by	channeling	dihydroxy	acetone	phosphate,	an	intermediate	of	glycolysis.	In	the	fasting	state,	the	glycerol	phosphate	is	derived	from	dihydroxy	acetone	phosphate	formed	during	gluconeogenesis	(neoglycerogenesis).	The	activity	of	the	enzyme	PEPCK	is
enhanced	in	liver	and	adipose	tissue	during	conditions	of	fasting,	so	that	glycerol	phosphate	is	available	to	esterify	and	store	the	excess	fatty	acid	mobilized.	METABOLISM	OF	ADIPOSE	TISSUE	The	adipose	tissue	serves	as	a	storage	site	for	excess	calories	ingested.	The	triglycerides	stored	in	the	adipose	tissue	are	not	inert.	They	undergo	a	daily
turnover	with	new	triacyl	glycerol	molecules	being	synthesized	and	a	definite	fraction	being	broken	down.	Box	11.4.	Role	of	Liver	in	Fat	Metabolism	1.	Secretion	of	bile	salts.	2.	Synthesis	of	fatty	acid,	triacyl	glycerol	and	phospholipids.	3.	Oxidation	of	fatty	acids.	4.	Production	of	lipoproteins.	5.	Production	of	ketone	bodies.	6.	Synthesis	and	excretion	of
cholesterol.	1.	Adipose	Tissue	in	Well-fed	Condition	i.	Under	well-fed	conditions,	active	lipogenesis	occurs	in	the	adipose	tissue.	ii.	The	dietary	triglycerides	transported	by	chylomicrons	and	the	endogenously	synthesised	triglycerides	from	liver	brought	by	VLDL	are	both	taken	up	by	adipose	tissue	and	esterified	and	stored	as	TAG.	The	lipoprotein
molecules	are	broken	down	by	the	lipoprotein	lipase	present	on	the	capillary	wall.	iii.	In	well-fed	condition,	glucose	and	insulin	levels	are	increased.	GluT4	in	adipose	tissue	is	insulin	dependent.	Insulin	increases	the	activity	of	key	glycolytic	enzymes	as	well	as	pyruvate	dehydrogenase,	acetyl	CoA	carboxylase	and	glycerol	phosphate	acyl	transferase.
The	stimulant	effect	of	insulin	on	the	uptake	of	glucose	by	adipose	tissue,	on	the	glycolysis	and	on	the	utilisation	of	glucose	by	HMP	pathway	also	enhances	lipogenesis.	iv.	Insulin	also	causes	inhibition	of	hormone	sensitive	lipase,	and	so	lipolysis	is	decreased	(Fig.	11.16	and	Table	11.4).	2.	Adipose	Tissue	in	Fasting	Condition	i.	The	metabolic	pattern
totally	changes	under	conditions	of	fasting.	TAG	from	the	adipose	tissue	is	mobilised	under	the	effect	of	the	hormones,	glucagon	and	epinephrine.	ii.	The	cyclic	AMP	mediated	activation	cascade	enhances	the	intracellular	hormone	sensitive	lipase	(Fig.	11.16	and	Table	11.4).	The	phosphorylated	form	of	the	enzyme	is	active	which	acts	on	TAG	and
liberates	fatty	acids.	iii.	Under	conditions	of	starvation,	a	high	glucagon,	ACTH,	glucocorticoids	and	thyroxine	have	lipolytic	effect.	The	released	free	fatty	acids	(FFA)	are	taken	up	by	peripheral	tissues	as	a	fuel.	Chapter	11;	Metabolism	of	Fatty	Acids		141	3.	Adipose	Tissue	and	Diabetes	Mellitus	Lipolysis	is	enhanced	and	high	FFA	level	in	plasma	is
noticed	in	diabetes	mellitus.	The	insulin	acts	through	receptors	on	the	cell	surface	of	adipocytes.	These	receptors	are	decreased,	leading	to	insulin	insensitivity	in	diabetes.	In	type	2	diabetes	mellitus,	there	is	insulin	resistance	and	the	different	insulin	signaling	pathways	are	affected	differently.	Hepatic	gluconeogenesis	occurs	uninhibited	leading	to
hyperglycemia.	However,	increased	mobilization	of	fatty	acids	from	adipose	tissue	and	the	persistently	high	free	fatty	acid	levels	in	the	presence	of	hyperinsulinemia	stimulate	synthesis	of	triacyl	glycerol.	The	overproduction	of	TAG	leads	to	increased	release	of	VLDL	from	liver	causing	hypertriglyceridemia.	The	excess	deposition	of	TAG	in	adipose
tissue	accounts	for	the	obesity	prevalent	in	type	2	diabetes	patients.	Adipokines	(Adipose	Tissue	Derived	Hormones)	Adipokines	are	a	group	of	active	factors	involved	in	maintenance	of	energy	homeostasis	as	well	as	resistance	to	insulin.	The	important	adipokines	are	leptin,	adiponectin,	resistin,	TNF-alpha	(tumor	necrosis	factor)	and	IL-6	(interleukin-
6).	Leptin	is	a	small	peptide,	produced	by	adipocytes.	Leptin	receptors	are	present	in	specific	regions	of	the	brain.	The	feeding	behavior	is	regulated	by	leptin.	A	defect	in	leptin	or	its	receptor,	can	lead	to	obesity.	Leptin	also	prepares	body	to	adapt	for	starvation.	Leptin	regulates	energy	balance	and	exerts	an	insulin	sensitising	effect.	Decreased	level
of	leptin	increases	the	occurrence	of	obesity.	Adiponectin	is	another	polypeptide	which	increases	the	insulin	sensitivity	of	muscle	and	liver	and	exerts	an	antiatherogenic	effect.	Low	levels	of	adiponectin	will	accelerate	atherosclerosis.	Low	levels	are	also	observed	in	patients	with	metabolic	syndrome.	Leptin	and	adiponectin	are	further	discussed	in
Chapter	36	(under	obesity)	and	in	Chapter	48.	Increased	secretion	of	TNF-alpha	and	IL-6	will	decrease	insulin	action	on	muscle	and	liver.	4.	Adipose	Tissue	and	Obesity	The	fat	content	of	the	adipose	tissue	can	increase	to	unlimited	amounts,	depending	on	the	amount	of	excess	calories	taken	in.	This	leads	to	obesity.	Plasma	insulin	level	is	high.	But	the
insulin	receptors	are	decreased;	and	there	is	peripheral	resistance	against	insulin	action.	When	fat	droplets	are	overloaded,	the	nucleus	of	adipose	tissue	cell	is	degraded,	cell	is	destroyed,	and	TAG	becomes	extracellular.	Such	TAG	cannot	be	metabolically	reutilised	and	forms	the	dead	bulk	in	obese	individuals.	White	Adipose	Tissue	It	is	mainly
concerned	with	energy	storage.	It	is	made	up	of	spherical	cells,	with	very	few	mitochondria.	The	triglycerides	form	the	major	component	of	white	adipose	tissue	(about	80%)	with	oleic	acid	being	the	most	abundant	fatty	acid	(50%).	Brown	adipose	tissue	is	involved	in	thermogenesis.	Brown	adipose	tissue	cells	are	polygonal	with	more	abundant
cytoplasm.	The	brown	color	is	due	to	the	presence	of	numerous	mitochondria.	It	is	primarily	important	in	newborn	human	beings	and	adult	hibernating	animals.	Thermogenesis	is	a	process	found	in	brown	adipose	tissue.	Heat	is	liberated	by	uncoupling	oxidation	from	phosphorylation.	So	energy	is	released	as	heat,	instead	of	trapping	it	in	the	high
energy	bonds	of	ATP.	Fig.	11.18.	Liver-adipose	tissue	axis	Fig.	11.19.	Causes	for	fatty	liver	142		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Liver-Adipose	Tissue	Axis	Role	of	liver	in	fat	metabolism	is	shown	in	Box	11.4.	Liver	produces	fatty	acid	and	TAG	(triacyl	glycerol),	which	is	transported	as	VLDL	(very	low	density	lipoprotein)	in	the
blood.	The	fatty	acids	from	VLDL	are	taken	up	by	adipose	tissue	with	the	help	of	lipoprotein	lipase,	and	stored	as	TAG.	This	neutral	fat	is	hydrolysed	by	hormone	sensitive	lipase	into	NEFA,	which	is	carried	by	albumin	in	blood.	The	NEFA	is	utilised	by	the	peripheral	tissues,	excess	of	which	can	be	taken	up	by	liver	cells.	Thus	there	is	a	constant	flux	of
fat	molecules	from	liver	to	adipose	tissue	and	back	(Fig.	11.18).	FATTY	LIVER	AND	LIPOTROPIC	FACTORS	Fatty	liver	refers	to	the	deposition	of	excess	triglycerides	in	the	liver	cells.	The	balance	between	the	factors	causing	fat	deposition	in	liver	versus	factors	causing	removal	of	fat	from	liver	determines	the	outcome.	Causes	of	Fatty	Liver	A	.	Causes
of	fat	deposition	in	liver	1.	Mobilization	of	NEFA	from	adipose	tissue.	2.	Excess	synthesis	of	fatty	acid	from	glucose.	B.	Reduced	removal	of	fat	from	liver	3.	Toxic	injury	to	liver.	Secretion	of	VLDL	needs	synthesis	of	apo	B-100	and	apo	C.	4.	Decreased	oxidation	of	fat	by	hepatic	cells.	An	increase	in	factors	(1)	and	(2)	or	a	decrease	in	factors	(3)	and	(4)
will	cause	excessive	accumulation,	leading	to	fatty	liver.	These	pathways	are	summarised	in	Figure	11.19.	1.	Excessive	mobilization	of	fat	The	capacity	of	liver	to	take	up	the	fatty	acids	from	blood	far	exceeds	its	capacity	for	excretion	as	VLDL.	So	fatty	liver	can	occur	in	diabetes	mellitus	and	starvation	due	to	increased	lipolysis	in	adipose	tissue	(step	1
in	Fig.	11.19).	2.	Excess	calorie	intake	Excess	calories,	either	in	the	form	of	carbohydrates	or	as	fats,	are	deposited	as	fat.	Hence	obesity	may	be	accompanied	by	fatty	liver	(step	2	in	Fig.	11.19).	3.	Toxic	injury	to	liver	i.	In	toxic	injury	to	the	liver	due	to	poisoning	by	compounds	like	carbon	tetrachloride,	arsenic,	lead,	etc.	the	capacity	to	synthesise
VLDL	is	affected	leading	to	fatty	infiltration	of	liver	(step	3	in	Fig.	11.19).	ii.	In	protein	calorie	malnutrition,	amino	acids	required	to	synthesise	apoproteins	may	be	lacking.	Occurrence	of	fatty	liver	in	protein	energy	malnutrition	(PEM)	may	be	due	to	defective	apoprotein	synthesis.	iii.	Hepatitis	B	virus	infection	reduces	the	function	of	hepatic	cells.	4.
Alcoholism	i.	It	is	the	most	common	cause	of	fatty	liver	and	cirrhosis	in	India.	The	metabolism	of	alcohol	is	described	in	Chapter	10.	ii.	Alcohol	is	oxidized	to	acetaldehyde.	This	reaction	produces	increased	quantities	of	NADH,	which	converts	oxalo-acetate	to	malate.	As	the	availability	of	oxalo-acetate	is	reduced,	the	oxidation	of	acetyl	CoA	through
citric	acid	cycle	is	reduced	(block	in	step	4	of	Fig.	11.19).	iii.	So	fatty	acid	accumulates	leading	to	TAG	deposits	in	liver.	5.	Nonalcoholic	Fatty	Liver	Disease	(NAFLD)	and	Nonalcoholic	Steatohepatitis	(NASH)	NAFLD	is	the	most	common	liver	disease,	where	fat	is	accumulated	in	hepatocytes.	High	fat	diet	and	uncontrolled	diabetes	mellitus	are	the
most	common	causes.	As	the	disease	progresses,	inflammatory	reaction	occurs,	which	is	then	termed	as	NASH.	6.	Fatty	liver	progresses	to	cirrhosis	i.	Fat	molecules	infiltrate	the	cytoplasm	of	the	cell	(fatty	infiltration).	These	are	seen	as	fat	droplets,	which	are	merged	together	so	that	most	of	the	cytoplasm	becomes	laden	with	fat.	ii.	The	nucleus	is
pushed	to	a	side	of	the	cell,	nucleus	disintegrates	(karyorrhexis),	and	ultimately	the	hepatic	cell	is	lysed.	iii.	As	a	healing	process,	fibrous	tissue	is	laid	down,	causing	fibrosis	of	liver,	otherwise	known	as	cirrhosis.	Liver	function	tests	(see	Chapter	26)	show	abnormal	values	when	chronic	liver	damage	occurs.	Chapter	11;	Metabolism	of	Fatty	Acids		143
Lipotropic	Factors	They	are	required	for	the	normal	mobilisation	of	fat	from	liver.	Therefore,	deficiency	of	these	factors	may	result	in	fatty	liver.	They	can	afford	protection	against	the	development	of	fatty	liver.	1.	Choline.	Feeding	of	choline	has	been	able	to	reverse	fatty	changes	in	animals.	2.	Lecithin	and	methionine.	They	help	in	synthesis	of
apoprotein	and	choline	formation.	The	deficiency	of	methyl	groups	for	carnitine	synthesis	may	also	hinder	fatty	acid	oxidation.	3.	Vitamin	E	and	selenium	give	protection	due	to	their	anti-oxidant	effect.	4.	Omega	3	fatty	acids	present	in	marine	oils	have	a	protective	effect	against	fatty	liver.	METABOLISM	OF	KETONE	BODIES	Carbohydrates	are
essential	for	the	metabolism	of	fat	or	fat	is	burned	under	the	fire	of	carbohydrates.	The	acetyl	CoA	formed	from	fatty	acids	can	enter	and	get	oxidized	in	TCA	cycle	only	when	carbohydrates	are	available.	During	starvation	and	diabetes	mellitus,	the	acetyl	CoA	takes	the	alternate	fate	of	formation	of	ketone	bodies.	A.	Ketogenesis	Acetoacetate	is	the
primary	ketone	body	while	beta-hydroxy	butyrate	and	acetone	are	secondary	ketone	bodies.	They	are	synthesised	exclusively	by	the	liver	mitochondria.	The	steps	involved	are	shown	in	Figure	11.20.	Step	1.	Condensation	Two	molecules	of	acetyl	CoA	are	condensed	to	form	acetoacetyl	CoA.	Step	2.	Production	of	HMG	CoA	One	more	acetyl	CoA	is
added	to	acetoacetyl	CoA	to	form	HMG	CoA	(beta	hydroxy	beta	methyl	glutaryl	CoA).	The	enzyme	is	HMG	CoA	synthase.	Mitochondrial	HMG	CoA	is	used	for	ketogenesis,	while	cytosolic	fraction	is	used	for	cholesterol	synthesis.	Step	3.	Lysis	Then	HMG	CoA	is	lysed	to	form	acetoacetate.	Acetoacetate	may	also	be	formed	by	the	degradation	of	carbon
skeleton	of	ketogenic	amino	acids	like	leucine,	lysine,	phenylalanine	and	tyrosine.	HMG	CoA	lyase	is	present	only	in	liver.	Fig.	11.20.	Ketone	body	formation	(ketogenesis)	Step	4.	Reduction	Beta-hydroxy	butyrate	is	formed	by	reduction	of	acetoacetate.	Ratio	between	acetoacetate	and	beta	hydroxy	butyrate	is	decided	by	the	cellular	NAD:NADH	ratio.
Step	5.	Spontaneous	decarboxylation	Acetone	is	formed	(see	Fig.	11.20).	B.	Ketolysis	The	ketone	bodies	are	formed	in	the	liver;	but	they	are	utilised	by	extrahepatic	tissues.	The	heart	muscle	and	renal	cortex	prefer	the	ketone	bodies	to	glucose	as	fuel.	Tissues	like	skeletal	muscle	and	brain	can	also	utilise	the	ketone	bodies	as	alternate	sources	of
energy,	if	glucose	is	not	available.	Acetoacetate	is	activated	to	acetoacetyl	CoA	by	thiophorase	enzyme.	Thiophorase	→	Acetoacetate	—————Acetoacetyl	CoA	+	Succinyl	CoA	+	Succinate	144		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	channelled	to	gluconeogenesis.	The	increased	rate	of	lipolysis	is	to	provide	alternate	source	of	fuel.
The	excess	acetyl	CoA	is	converted	to	ketone	bodies.	The	high	glucagon	level	favors	ketogenesis.	The	brain	derives	60-75%	of	energy	from	ketone	bodies	under	conditions	of	prolonged	starvation.	Hyperemesis	(vomiting)	in	early	pregnancy	may	also	lead	to	starvationlike	condition	and	may	lead	to	ketosis.	Fig.	11.21.	Formation,	utilization	and	excretion
of	ketone	bodies	Then	acetoacetyl	CoA	enters	the	beta	oxidation	pathway	to	produce	energy.	Summary	of	ketone	body	metabolism	is	shown	in	Figure	11.21.	KETOSIS	i.	Normally	the	rate	of	synthesis	of	ketone	bodies	by	the	liver	is	such	that	they	can	be	easily	metabolised	by	the	extrahepatic	tissues.	Hence	the	blood	level	of	ketone	bodies	is	less	than	1
mg/dl	and	only	traces	are	excreted	in	urine	(not	detectable	by	usual	tests).	ii.	But	when	the	rate	of	synthesis	exceeds	the	ability	of	extrahepatic	tissues	to	utilise	them,	there	will	be	accumulation	of	ketone	bodies	in	blood.	iii.	This	leads	to	ketonemia,	excretion	in	urine	(ketonuria)	and	smell	of	acetone	in	breath.	All	these	three	together	constitute	the
condition	known	as	ketosis.	Causes	for	Ketosis	1.	Diabetes	Mellitus:	Uncontrolled	diabetes	mellitus	is	the	most	common	cause	for	ketosis.	Even	though	glucose	is	in	plenty,	the	deficiency	of	insulin	causes	accelerated	lipolysis	and	more	fatty	acids	are	released	into	circulation.	Oxidation	of	these	fatty	acids	increases	the	acetyl	CoA	pool.	Enhanced
gluconeogenesis	restricts	the	oxidation	of	acetyl	CoA	by	TCA	cycle,	since	availability	of	oxaloacetate	is	less.	2.	Starvation:	In	starvation,	the	dietary	supply	of	glucose	is	decreased.	Available	oxaloacetate	is	Explanation	for	Ketogenesis	i.	During	starvation	and	diabetes	mellitus,	the	blood	level	of	glucagon	is	increased.	Glucagon	(see	Chapter	24)	inhibits
glycolysis,	activates	gluconeogenesis,	activates	lipolysis,	decreases	malonyl	CoA	level	and	stimulates	ketogenesis.	High	glucagon–insulin	ratio	is	potentially	ketogenic.	ii.	Insulin	(see	Chapter	24)	has	the	opposite	effect;	it	favors	glycolysis,	inhibits	gluconeogenesis,	depresses	lipolysis,	increases	malonyl	CoA	level	and	decreases	ketogenesis.	The	ketone
body	formation	is	regulated	at	the	following	3	levels:	Level	1:	Lipolysis	Free	fatty	acids	are	the	precursors	of	ketone	bodies.	So	factors	regulating	the	mobilisation	of	fatty	acid	from	adipose	tissue	will	also	control	ketogenesis	(Fig.	11.22).	Insulin	inhibits	lipolysis,	while	glucagon	favors	lipolysis.	Level	2:	Entry	of	Fatty	Acid	to	Mitochondria	The	mobilised
fatty	acid	then	enters	mitochondria	for	beta	oxidation.	Carnitine	acyl	transferase	I	(CATI)	regulates	this	entry	(Fig.	11.8).	Malonyl	CoA	is	the	major	regulator	of	CAT-I	activity.	In	diabetes	and	starvation,	glucagon	is	increased,	which	decreases	malonyl	CoA	and	so	beta	oxidation	is	stimulated	(Fig.	11.22).	Level	3:	Oxidation	of	Acetyl	CoA	i.	When	the
above	two	steps	are	increased,	more	acetyl	CoA	is	produced.	Normally,	acetyl	CoA	is	completely	oxidised	in	the	citric	acid	cycle.	In	diabetes	and	starvation,	glucagon	insulin	ratio	is	increased,	and	key	gluconeogenic	enzymes	are	activated.	ii.	When	oxaloacetate	is	diverted	for	gluconeogenesis;	citric	acid	cycle	cannot	function	optimally.	Thus,	on	the
one	hand,	acetyl	CoA	Chapter	11;	Metabolism	of	Fatty	Acids		145	5.	Osmotic	diuresis	induced	by	ketonuria	may	lead	to	dehydration.	6.	Sodium	loss.	The	ketone	bodies	are	excreted	in	urine	as	their	sodium	salt,	leading	to	loss	of	cations	from	the	body.	7.	Dehydration.	The	sodium	loss	further	aggravates	the	dehydration.	8.	Coma.	Dehydration	and
acidosis	contribute	to	the	lethal	effect	of	ketosis.	Diagnosis	of	Ketosis	The	presence	of	ketosis	can	be	established	by	the	detection	of	ketone	bodies	in	urine	by	Rothera's	test.	Supportive	evidence	may	be	derived	from	estimation	of	serum	electrolytes,	acid-base	parameters,	glucose	and	urea	estimation.	Fig.	11.22.	Summary	of	ketosis	is	generated	in
excess,	on	the	other	hand,	its	utilization	is	reduced.	This	excess	acetyl	CoA	is	channelled	into	ketogenic	pathway	(see	Fig.	24.9	also).	iii.	In	both	diabetes	mellitus	and	starvation,	the	oxaloacetate	is	channelled	to	gluconeogenesis;	so	the	availability	of	oxaloacetate	is	decreased.	Hence	acetyl	CoA	cannot	be	fully	oxidised	in	the	TCA	cycle.	Salient
Features	of	Ketosis	1.	Metabolic	acidosis.	Acetoacetate	and	betahydroxy	butyrate	are	acids.	When	they	accumulate,	metabolic	acidosis	results	(see	Chapter	29).	2.	Reduced	buffers.	The	plasma	bicarbonate	is	used	up	for	buffering	of	these	acids.	3.	Kussmaul's	respiration.	Patients	will	have	typical	acidotic	breathing	(Chapter	24)	due	to	compensatory
hyperventilation.	4.	Smell	of	acetone	in	patient's	breath.	Rothera's	test:	Saturate	5	ml	of	urine	with	solid	ammonium	sulfate.	Add	3	drops	of	freshly	prepared	sodium	nitroprusside	followed	by	2	ml	of	liquor	ammonia	along	the	sides	of	the	test	tube.	Development	of	a	purple	ring	at	the	junction	of	the	two	liquids	indicates	the	presence	of	acetone	or
acetoacetic	acid	in	urine.	It	is	not	answered	by	beta	hydroxy	butyrate.	Strip	tests	based	on	the	same	principle	are	also	available.	Gerhadt's	test	for	acetoacetic	acid:	To	5	ml	of	urine,	add	dilute	ferric	chloride	solution	drop	by	drop,	till	a	maximum	precipitate	of	ferric	phosphate	is	obtained.	This	is	to	eliminate	the	phosphates	which	may	obscure	the
color	in	the	test.	Filter.	To	the	filtrate	add	excess	ferric	chloride.	A	red	color	indicates	the	presence	of	acetoacetic	acid.	This	is	not	a	sensitive	test.	Salicylates	will	give	a	false	positive	test.	(There	is	no	specific	test	for	beta	hydroxy	butyric	acid).	Differential	Diagnosis	of	Ketosis	The	urine	of	a	patient	with	diabetic	keto	acidosis	will	give	positive
Benedict's	test	as	well	as	Rothera's	test.	But	in	starvation	ketosis,	Benedict's	test	is	negative,	but	Rothera's	test	will	be	positive.	Management	of	Ketoacidosis	i.	Treatment	is	to	give	insulin	and	glucose.	When	glucose	and	insulin	are	given	intravenously,	potassium	is	trapped	within	the	cells,	and	fatal	hypokalemia	can	occur.	Hence	the	clinician	should
always	monitor	the	electrolytes.	ii.	Administration	of	bicarbonate,	and	maintenance	of	electrolyte	and	fluid	balance	are	very	important	aspects.	See	Chapter	24	also.	146		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	CHAPTER	12	Cholesterol	and	Lipoproteins	CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the
following	topics:	1.	Structure	of	cholesterol	2.	Biosynthesis	of	cholesterol	3.	Plasma	lipids	4.	Chylomicrons	5.	Very	low	density	lipoproteins	6.	Low	density	lipoproteins	7.	High	density	lipoproteins	8.	Free	fatty	acid	9.	Formation	of	bile	acids	and	bile	salts	The	word	cholesterol	is	derived	from	Greek	words,	chole	=	bile;	steros	=	solid;	ol	=	alcohol.	Almost
all	nucleated	cells	(including	arterial	walls)	can	synthesise	cholesterol.	It	is	widely	distributed	in	the	body.	In	a	70	kg	man,	a	total	of	about	140	g	of	cholesterol	is	available;	which	is	roughly	distributed	as	30	g	in	brain	and	nerves,	30	g	in	muscles,	30	g	in	adipose	tissue,	20	g	in	skin,	10	g	in	blood,	10	g	in	liver	and	spleen,	5	g	in	bone	marrow,	3	g	in
alimentary	tract,	and	2	g	in	adrenal	gland.	Cholesterol	is	a	light	yellow	crystalline	solid.	When	the	crystals	are	examined	under	the	microscope,	they	show	a	notched	appearance.	Cholesterol	is	soluble	in	chloroform	and	other	fat	solvents.	It	is	the	most	important	animal	steroid	from	which	other	steroid	compounds	are	formed.	Cholesterol	is	widely
distributed	in	animal	tissues.	It	is	absent	in	prokaryotes.	In	plants,	cholesterol	is	absent,	but	other	plant	sterols	are	present.	In	bacteria	and	plants,	compounds	similar	to	steroids	exist,	known	as	hopanoids.	Cholesterol	was	isolated	from	bile	stones	by	Poulletier	de	la	Salle	in	1758.	Chevreul	ME	Fig.	12.1.	Structure	of	cholesterol	Table	12.1.	Salient
features	of	steroids	Name	of	steroid	Total	no	No	of	carbon	Importance	of	carbon	atoms	in	side	atoms	chain	Cholesterol	27	8	Most	important	animal	sterol	Bile	acids	24	5	Emulsifying	agents	Glucocorticoids	and	Mineralocorticoids	21	2	Influences	metabolism	as	well	as	fluid	and	electrolyte	balance	Testosterone	19	-	Male	sex	hormones	Estrogens	18	-
Female	sex	hormones	characterized	cholesterol	in	1818.	Complete	structure	of	cholesterol	was	enunciated	by	Heinrich	Wieland	in	1918,	who	got	Nobel	prize	in	1927.	Clinical	Significance	of	Cholesterol	The	level	of	cholesterol	in	blood	is	related	to	the	development	of	atherosclerosis	and	myocardial	infarction.	Abnormality	of	cholesterol	metabolism
Box	12.1.	Functions	of	Cholesterol	1.	Cell	membranes:	Cholesterol	is	a	component	of	membranes	and	has	a	modulating	effect	on	the	fluid	state	of	the	membrane.	2.	Nerve	conduction:	Cholesterol	has	an	insulating	effect	on	nerve	fibers.	3.	Bile	acids	and	bile	salts	are	derived	from	cholesterol.	Bile	salts	are	important	for	fat	absorption.	4.	Steroid
hormones:	Glucocorticoids,	androgens	and	estrogens	are	from	cholesterol.	5.	Vitamin	D3	is	from	7-dehydro-cholesterol.	6.	Esterification:	The	OH	group	of	cholesterol	is	esterified	to	fatty	acids	to	form	cholesterol	esters.	This	esterification	occurs	in	the	body	by	transfer	of	a	PUFA	moiety	by	lecithin	cholesterol	acyl	transferase.	Chapter	12;	Cholesterol
and	Lipoproteins		147	Fig.	12.2.	Step	3	of	cholesterol	synthesis	may	lead	to	cardiovascular	accidents	and	heart	attacks.	These	are	explained	in	detail	in	Chapter	25.	Functions	of	choleserol	in	the	body	are	enumerated	in	Box	12.1.	Structure	of	Cholesterol	1.	See	Fig.	12.1.	All	steroids	have	cyclopentano	perhydro	phenanthrene	ring	system.	It	is	a	fused
ring	system	made	up	of	3	cyclohexane	rings	designated	as	A,	B	and	C	and	a	cyclopentane	ring	D.	The	six-membered	rings	are	in	a	phenanthrene	arrangement.	2.	Total	27	carbon	atoms.	3.	One	hydroxyl	group	at	third	position	which	is	characteristic	of	all	sterols.	The	OH	group	is	betaoriented,	projecting	above	the	plane	of	ring.	4.	Double	bond	between
carbon	atoms	5	and	6.	5.	An	eight	carbon	side	chain,	beta-oriented,	attached	to	17th	carbon.	There	are	several	centers	of	asymmetry	and	therefore	the	possible	numbers	of	isomers	are	many.	One	such	isomer	is	produced	when	the	double	bond	between	carbon	atoms	5	and	6	of	cholesterol	is	reduced,	2	possible	isomers	may	be	formed,	e.g.	cholestanol
(where	the	hydrogen	atom	is	alphaoriented,	projecting	below	the	plane	of	the	ring)	or	coprostanol,	where	the	hydrogen	atom	is	beta	oriented,	projecting	above	the	plane	of	the	ring.	Alpha-oriented	groups	are	denoted	by	a	dotted	line,	whereas	the	beta-oriented	groups	are	denoted	by	a	solid	line.	These	saturated	isomers	are	formed	from	cholesterol	in
the	intestine	by	bacterial	reduction.	Fig.	12.3.	Isopentenyl	pyrophosphate;	5	carbon	unit	Absorption	of	Cholesterol	Cholesterol	ester	present	in	the	diet	is	hydrolysed	by	cholesterol-esterase.	The	free	cholesterol	is	incorporated	into	bile	salt	micelle	and	absorbed	into	the	mucosal	cell.	Absorption	needs	micellar	formation.	There	is	a	specific	protein
which	facilitates	the	transport	of	cholesterol	into	the	mucosal	cell	from	the	micelle.	Inside	the	mucosal	cell,	cholesterol	is	re-esterified	and	incorporated	into	chylomicrons.	The	chylomicrons	reach	the	bloodstream	through	lymphatics	(lacteals)	(Chapter	11).	This	dietary	cholesterol	reaches	the	liver	through	chylomicron	remnants.	Plant	sterols
(sitosterol)	decrease	absorption	of	cholesterol.	A	protein	designated	NPC1L1	(Niemann	Pick	C1	Like1)	is	involved	in	the	absorption	of	cholesterol.	The	therapeutic	effect	of	the	drug	Ezetimibe	is	by	interfering	with	the	function	of	the	protein.	ABC	(ATP	binding	cassette	proteins)	transporter	proteins,	ABCG5	(Sterolin	1)	and	ABCG8	(Sterolin	2)
constitute	a	dimeric	unit,	limiting	cholesterol	absorption.	They	promote	the	secretion	of	absorbed	sterols	from	intestinal	epithelium	back	into	the	lumen	and	thus	regulate	the	amount	of	cholesterol	incorporated	into	chylomicrons.	BIOSYNTHESIS	OF	CHOLESTEROL	All	carbon	atoms	of	cholesterol	are	derived	from	acetyl	CoA	(Konrad	Bloch,	1940,
Nobel	prize	in	1964).	The	biosynthetic	pathway	was	described	by	Sir	John	Cornforth	and	Vladimir	Prelog;	both	of	them	got	Nobel	prizes	in	1975.	The	major	sites	of	synthesis	of	cholesterol	are	liver,	adrenal	cortex,	testes,	ovaries	and	intestine.	All	nucleated	cells	can	synthesise	cholesterol,	including	arterial	walls.	The	enzymes	involved	in	the	synthesis
of	cholesterol	are	partly	located	in	the	endoplasmic	reticulum	and	partly	in	the	cytoplasm.	Step	1:	Condensation	The	acetyl	CoA	is	provided	by	the	ATP-citrate	lyase	reaction	as	in	the	case	of	fatty	acid	synthesis.	Two	molecules	of	acetyl	CoA	condense	to	form	acetoacetyl	CoA	catalysed	by	cytoplasmic	acetoacetyl	CoA	synthase	(Chapter	11,	fatty	acid
synthesis).	Step	2:	Production	of	HMG	CoA	A	third	molecule	of	acetyl	CoA	condenses	with	acetoacetyl	CoA	to	form	beta-hydroxy	beta-methyl	glutaryl	CoA	(HMG	CoA).	The	enzyme	is	HMG	CoA	synthase	(Chapter	11,	Ketogeneis).	HMG	CoA	is	present	in	both	cytosol	and	mitochondria	of	liver.	The	mitochondrial	pool	is	used	for	ketogenesis	whereas	the
cytosolic	fraction	is	utilized	for	cholesterol	synthesis.	148		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Fig.	12.5.	Lanosterol	and	Cholesterol	Step	3:	The	Committed	Step	The	reduction	of	HMG	CoA	to	mevalonate	is	catalysed	by	HMG	CoA	reductase.	It	is	a	microsomal	(endoplasmic	reticulum)	enzyme.	It	uses	2	molecules	of	NADPH
(Fig.12.2).	Steps	1	and	2	are	shared	with	ketogenic	pathway;	but	step	3	is	the	first	reaction	that	is	unique	to	the	cholesterol	biosynthetic	pathway.	It	is	the	rate-limiting	step.	Step	4:	Production	of	5	Carbon	Unit	i.	Mevalonate	is	successively	phosphorylated	to	phospho-mevalonate,	to	pyrophosphomevalonate,	then	to	3-phospho-5-
pyrophosphomevalonate.	ii.	This	then	undergoes	decarboxylation	to	give	isopentenyl	pyrophosphate,	a	5	carbon	unit	(Fig.	12.3).	Step	4	requires	3	molecules	of	ATP	(Fig.	12.4;	steps	4-A,	4-B,	4-C	and	4-D).	One	molecule	of	CO2	is	eliminated.	Steps	1,	2,	3	and	4	together	may	be	considered	as	the	first	phase	of	the	cholesterol	synthesis.	Step	5:
Condensation	of	5-Carbon	Units	Details	of	the	reactions	are	shown	in	Figure	12.4,	steps	5-A,	5-B,	5-C	and	5-D.	Thus,	6	numbers	of	5carbon	units	are	condensed	to	form	a	30	carbon	compound,	Squalene.	In	summary	Fig.	12.4.	Cholesterol	biosynthesis	5C	+	5C→10C;	10C+5C→15C;	15C+15C	→	30C	Chapter	12;	Cholesterol	and	Lipoproteins		149	Fig.
12.6A.	Regulation	of	cholesterol	synthesis	Fig.	12.6B.	Regulation	of	HMG	CoA	reductase	Step	6:	Cyclization	6-A.	Squalene	now	undergoes	oxidation	by	epoxidase,	using	molecular	oxygen	and	NADPH	to	form	squalene	epoxide.	6-B.	A	cyclase	converts	it	to	30C	lanosterol	(Fig.	12.5).	It	is	the	first	steroid	compound	synthesised.	for	the	transcription	of
these	genes.	When	cholesterol	levels	are	sufficiently	high,	the	SREBP	remains	as	an	inactive	precursor.	The	SREBP	cleavage	activator	protein	(SCAP),	is	an	intracellular	cholesterol	sensor.	When	cholesterol	is	less,	SCAP	escorts	SREBP	to	Golgi	bodies.	Two	Golgi	proteases	(S1P	and	S2P)	sequentially	cleave	the	SREBP	to	a	protein	which	binds	to	SRE
and	activates	transcription	of	HMG	CoA	reductase	gene.	3.	Covalent	modification:	Short-term	regulation	is	by	covalent	modification	of	the	enzyme.	Cyclic	AMP	mediated	cascade	phosphorylates	the	enzyme	which	is	inactive.	Dephosphorylated	form	is	active.	Further,	the	activity	of	HMG	CoA	reductase	is	also	regulated	by	the	rate	of	degradation	of
enzyme	protein	(Fig.	12.6B).	Step	7:	Cutting	to	size	7-A.	Next,	the	3	additional	methyl	groups	on	carbon	atoms	4	and	14	are	removed	to	produce	zymosterol.	7-B.	Then	the	double	bond	migrates	from	8-9	position	to	5-6	position,	when	desmosterol	is	formed.	Desmosterol	is	present	in	fetal	brain.	It	is	absent	in	adult	brain	and	reappears	in	gliomas	(brain
tumor).	7-C.	Finally,	the	double	bond	in	the	side	chain	(between	carbon	24-25)	is	reduced	by	NADPH	when	cholesterol	is	formed	(Fig.	12.5).	A	summary	of	the	whole	pathway	of	cholesterol	synthesis	is	given	in	Figure	12.4.	Regulation	of	Cholesterol	Synthesis	1.	Regulation	at	transcription:	The	regulatory	enzyme	is	HMG	CoA	reductase.	Long-term
regulation	involves	regulation	of	transcription	of	the	gene	for	HMG	CoA	reductase.	When	sufficient	cholesterol	is	present	in	the	cell,	transcription	of	the	gene	for	HMG	CoA	reductase	is	suppressed,	and	cellular	synthesis	of	cholesterol	is	decreased.	When	cholesterol	in	diet	is	low,	synthesis	is	increased	(Fig.	12.6A).	2.	Cholesterol	regulates	the
expression	of	HMG	CoA	reductase	gene	and	LDLR	(LDL	receptor)	gene.	A	specific	recognition	sequence	known	as	the	sterol	regulatory	element	(SRE)	is	present	in	DNA.	SRE	binding	by	sterol	regulatory	element	binding	protein	(SREBP)	is	essential	4.	Insulin	and	thyroxine	increase	the	activity	of	HMG	CoA	reductase	(Fig.	12.6A).	5.	Cortisol	and
glucagon	decrease	its	activity.	Table	12.2.	Plasma	lipid	profile	(normal	values)	Analyte	Normal	value	Total	plasma	lipids	400-600	mg/dl	Total	cholesterol	140-200	mg/dl	HDL	cholesterol,	male	30-60	mg/dl	HDL	cholesterol,	female	35-75	mg/dl	LDL	cholesterol,	30-39	yrs	80-130	mg/dl	Triglycerides,	male	50-150	mg/dl	Triglycerides,	female	40-150	mg/dl
Phospholipids	150-200	mg/dl	Free	fatty	acids	(FFA)	(NEFA)	10-20	mg/dl	150		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Fig.	12.8.	Comparison	of	sizes	of	lipoproteins	Fig.	12.7.	Comparison	of	electrophoretic	and	ultracentrifuge	patterns	of	lipoproteins	6.	Drugs:	Lovastatin	and	other	"statin"	group	of	drugs	are	competitive	inhibitors	of
HMG	CoA	reductase.	So,	they	are	used	in	clinical	practice	to	reduce	cholesterol	level	in	blood.	Cholesterol	Pool	and	Cholesterol	Metabolism	The	total	body	cholesterol	content	varies	from	130-150	grams.	LDL	(low	density	lipoprotein)	transports	cholesterol	from	the	liver	to	the	peripheral	tissues	and	HDL	(high	density	lipoprotein)	transports
cholesterol	from	tissues	to	liver.	Cells	of	extrahepatic	tissues	take	up	cholesterol	from	LDL.	The	free	cholesterol	released	within	the	cell	has	the	following	fates:	1.	Incorporated	into	cell	membranes.	2.	Metabolised	to	steroid	hormones,	especially	in	adrenal	cortex	and	gonads.	3.	Esterified	with	saturated	fatty	acids	and	stored	in	the	cell.	The	enzyme
ACAT	(acyl	cholesterol	acyl	transferase)	helps	in	this	reaction.	4.	Esterified	with	poly-unsaturated	fatty	acids	(PUFA)	by	the	action	of	LCAT	(lecithin	cholesterol	acyl	transferase)	and	incorporated	into	HDL,	transported	and	finally	excreted	through	liver.	Excretion	of	Cholesterol	Average	diet	contains	about	300	mg	of	cholesterol	per	day.	Body
synthesizes	about	700	mg	of	cholesterol	per	day.	Out	of	this	total	1000	mg,	about	500	mg	of	cholesterol	is	excreted	through	bile.	This	cholesterol	is	partly	reabsorbed	from	intestines.	Vegetables	contain	plant	sterols	which	inhibit	the	re-absorption	of	cholesterol.	The	unabsorbed	portion	is	acted	upon	by	intestinal	bacteria	to	form	cholestanol	and
coprostanol.	These	are	excreted	(fecal	sterols).	Another	500	mg	of	cholesterol	is	converted	to	bile	acids,	which	are	excreted	in	the	bile	as	bile	salts.	Liver	and	Cholesterol	The	liver	has	a	major	role	in	controlling	the	plasma	levels	of	LDL	cholesterol.	1.	Liver	synthesises	cholesterol	2.	Liver	removes	cholesterol	from	Lp	remnants.	3.	Liver	is	the	only
organ	that	can	excrete	cholesterol	through	bile.	4.	Liver	converts	cholesterol	to	bile	acids.	PLASMA	LIPIDS	Total	plasma	lipid	is	400-600	mg/dl.	Normal	values	of	lipid	fractions	are	shown	in	Table	12.2.	Out	of	this,	40%	is	cholesterol;	30%	is	phospholipids;	20%	is	triglycerides.	Since	lipids	are	insoluble	in	water,	they	need	the	help	of	carriers	in	plasma.
Therefore,	they	are	complexed	with	proteins	to	form	lipoproteins.	The	protein	part	of	lipoprotein	is	called	apolipoprotein.	The	lipoproteins	are	usually	abbreviated	as	Lp.	Classification	of	Lipoproteins	Depending	on	the	density	(by	ultra	centrifugation)	or	on	the	electrophoretic	mobility,	the	lipoproteins	in	plasma	are	classified	into	five	major	types	(see
Figs	12.7	and	12.8).	1.	Chylomicrons.	Contains	apoprotein	B-48.	2.	Very	low	density	lipoproteins	(VLDL)	or	prebeta	lipoproteins.	Main	apoprotein	is	B-100.	Chapter	12;	Cholesterol	and	Lipoproteins		151	Table	12.3.	Characteristics	of	different	classes	of	lipoproteins	Chylomicron	VLDL	Density	g/ml	20	mg/dl.	This	may	be	208		Textbook	of	Biochemistry;
Section	B:	General	Metabolism	Box	17.4.	Tests	for	Phenylketonuria	Fig.	17.6.	Oxidation	of	homogentisic	acid	demonstrated	by	chromatography.	Tandem	mass	spectroscopy	is	the	most	reliable	test;	but	is	costly.	B.	Guthrie	test	is	a	rapid	screening	test.	See	Box	17.4.	C.	Ferric	chloride	test:	Urine	of	the	patient	contains	phenyl	ketones	about	500–3000
mg/day.	This	could	be	detected	by	adding	a	drop	of	ferric	chloride	to	the	urine.	A	transient	blue-green	color	is	a	positive	test.	But	this	is	a	less	reliable	test.	D.	DNA	probes	are	now	available	to	diagnose	the	defects	in	phenylalanine	hydroxylase	and	dihydrobiopterin	deficiency.	7.	Treatment	A.	Early	detection	is	very	important.	About	5	units	of	IQ	are
lost	for	each	10-week	delay	in	starting	the	treatment.	B.	The	treatment	is	to	provide	a	diet	containing	low	phenyl	alanine	(10–20	mg/kg	body	weight	per	day).	Food	based	on	tapioca	(cassava)	will	have	low	phenyl	alanine	content.	C.	This	special	diet	is	to	be	continued	during	the	first	decade	of	life;	after	which	the	child	can	have	a	normal	diet.	Life-long
compliance	of	special	diet	is	advised,	though	not	mandatory.	D.	Female	child,	on	growing	to	adulthood	may	become	pregnant	(maternal	hyper	phenyl	alaninemia).	Then	again	special	diet	is	to	be	given,	because	the	increased	phenylalanine	level	will	affect	the	brain	development	of	the	fetus.	Phenyl	ketonuria	Carrier	State	PKU	is	recessive;	the	disease
is	manifested	only	in	homozygous	state.	In	heterozygous	(carrier)	state,	the	phenyl	alanine	hydroxylase	enzyme	is	sufficient	to	metabolise	normal	levels	of	phenylalanine.	But	when	phenyl	alanine	(4	g)	is	injected	intravenously,	the	carriers	will	show	increased	level	in	the	blood	(phenyl	alanine	load	test).	ALKAPTONURIA	The	term	alkaptonuria	arises
from	the	Arabic	word	alkapton	for	‘alkali'	and	Greek	word	‘to	suck	up	oxygen	greedily	in	alkali'.	Guthrie	test	was	developed	in	1961	by	Robert	Guthrie	(1916-1995).	It	is	a	rapid	screening	test.	Certain	strains	of	Bacillus	subtilis	need	phenyl	alanine	as	an	essential	growth	factor.	Bacteria	cannot	grow	in	a	medium	devoid	of	phenyl	alanine.	Bacterial
growth	is	proportional	to	the	phenyl	alanine	content	in	the	patient's	blood.	Guthrie	was	the	father	of	a	mentally	challenged	child	and	had	a	niece	with	PKU.	He	developed	a	rapid	diagnostic	screening	test	for	PKU.	Earlier	in	1934,	Asbjorn	Folling,	a	Norwegian	biochemist	introduced	the	use	of	ferric	chloride	test	in	urine	of	a	mentally	retarded	child
with	decreased	skin	pigmentation	and	mousy	odor	of	urine.	This	is	based	on	the	observation	that	the	urine	becomes	black	on	standing	when	it	becomes	alkaline.	Sir	Archibald	Garrod	in	1902	reported	that	patients	complain	that	their	underwears	are	getting	blackened.	Garrod	concluded	that	the	disease	is	inherited	and	it	is	due	to	the	deficiency	of	the
enzyme	required	for	further	metabolism	of	homogentisic	acid.	Alkaptonuria	and	albinism	are	two	inborn	errors	included	in	Garrod's	tetrad;	the	other	two	being	pentosuria	and	cystinuria.	Garrod	introduced	the	term	"inborn	errors	of	metabolism"	in	1908.	The	condition	had	been	vividly	described	by	Zactus	Luxtanus	in	1649.	Egyptian	mummies	dating
back	2000	BC	had	pigmented	cartilages	due	to	alkaptonuria.	Biochemical	Defect	1.	Alkaptonuria	is	an	autosomal	recessive	condition	with	an	incidence	of	1	in	250,000	births.	2.	The	metabolic	defect	is	the	deficiency	of	homogentisate	oxidase	(step	4,	Fig.	17.2	and	item	2,	Fig.17.7).	This	results	in	excretion	of	homogentisic	acid	in	urine.	3.	It	is
compatible	with	fairly	normal	life.	The	only	abnormality	is	the	blackening	of	urine	on	standing.	The	homogentisic	acid	is	oxidized	by	polyphenol	oxidase	to	benzoquinone	acetate	(Fig.17.6).	It	is	then	polymerized	to	black	colored	alkaptone	bodies.	4.	By	the	3rd	or	4th	decade	of	life,	patient	may	develop	ochronosis	(deposition	of	alkaptone	bodies	in
intervertebral	discs,	cartilages	of	nose,	pinna	of	ear).	Black	pigments	are	deposited	over	the	connective	tissues	including	joint	cavities	to	produce	arthritis.	5.	No	specific	treatment	is	required.	But	minimal	protein	intake	with	phenylalanine	less	than	500	mg/day	is	recommended.	Chapter	17;	Aromatic	Amino	Acids	and	Amino	Acidurias		209	Diagnosis
of	Alkaptonuria	1.	Urine	becomes	black	on	standing	when	it	becomes	alkaline.	Blackening	is	accelerated	on	exposure	to	sunlight	and	oxygen.	The	urine	when	kept	in	a	test	tube	will	start	to	blacken	from	the	top	layer.	2.	Ferric	chloride	test	will	be	positive	for	urine.	3.	Benedict's	test	is	strongly	positive.	Therefore,	alkaptonuria	comes	under	the
differential	diagnosis	of	reducing	substances	in	urine	(Chapter	24).	ALBINISM	1.	The	Greek	word,	albino	means	white.	Albinism	is	an	autosomal	recessive	disease	with	an	incidence	of	1	in	20,000	population	(Fig.17.7).	2.	Tyrosinase	is	completely	absent,	leading	to	defective	synthesis	of	melanin.	3.	The	ocular	fundus	is	hypopigmented	and	iris	may	be
grey	or	red.	There	will	be	associated	photophobia,	nystagmus	and	decreased	visual	acuity.	4.	The	skin	has	low	pigmentation,	and	so	skin	is	sensitive	to	UV	rays.	The	skin	may	show	presence	of	naevi	and	melanomas.	Hair	is	also	white.	5.	Manifestations	are	less	severe	in	tyrosinase	positive	type,	where	the	abnormality	is	in	the	uptake	of	tyrosine	by
melanocytes.	6.	Albinism	may	be	produced	by	the	following	causes:	a.	Melanocyte	deficiency	secondary	to	a	failure	of	melanoblasts	to	colonize	the	skin.	b.	Failure	of	melanocytes	to	form	melanosomes.	c.	Due	to	tyrosinase	deficiency,	melanin	is	not	produced	in	the	melanosomes.	d.	Failure	of	melanosomes	to	form	melanin	owing	to	substrate	deficiency.
e.	Failure	of	melanosomes	to	store	melanin	or	to	transport	melanin	to	keratinocytes.	f.	Excessive	destruction	of	functional	melanosomes.	HYPERTYROSINEMIAS	Hepatorenal	Tyrosinemia	(Tyrosinemia	Type	I)	i.	It	is	also	called	as	tyrosinosis.	It	is	an	autosomal	recessive	condition	with	an	incidence	of	1.5	per	1,000	births.	It	is	due	to	a	deficiency	of
enzyme	fumaryl	aceto	acetate	hydrolase	(No.6	in	Fig.17.2	and	item	3,	Fig.17.7).	ii.	Symptoms	manifest	by	the	first	6	months	of	life	and	death	occurs	rapidly.	Cabbage	like	odor	and	hypoglycemia	and	eventual	liver	failure	are	seen.	There	may	be	mild	mental	retardation.	iii.	Urine	contains	tyrosine,	parahydroxy	phenyl	pyruvic	acid	(p-HPPA)	and	hydroxy
phenyl	lactic	acid;	and	serum	shows	tyrosine.	iv.	Tyrosine	and	phenylalanine	restricted	diet	is	advised.	Oculocutaneous	Tyrosinemia	(Tyrosinemia	Type	II)	It	is	also	known	as	Richner-Hanhart	syndrome.	It	is	due	to	deficiency	of	tyrosine	amino	transferase	(tyrosine	transaminase)	(Step	No.2,	Fig.17.2).	Mental	retardation,	Fig.	17.7.	Summary	of	tyrosine
metabolism	210		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Fig.	17.9.	Synthesis	of	niacin	from	tryptophan;	PRPP=	phospho	ribosyl	pyrophosphate.	(1)	=	quinolinate	phosphoribosyl	transferase.	Fig.	17.8.	Metabolism	of	tryptophan	keratosis	of	palmar	surface,	painful	corneal	lesions	and	photophobia	are	seen.	There	is	increased	excretion
of	tyrosine	and	tyramine	in	urine.	A	diet	low	in	protein	is	advised.	Neonatal	Tyrosinemia	This	is	due	to	the	absence	of	the	enzyme	para	hydroxy	phenyl	pyruvate	hydroxylase	(step	no.3,	Fig.17.2).	This	deficiency	may	cause	transient	hypertyrosinemia	in	the	new-born;	this	will	respond	to	administration	of	ascorbic	acid	and	dietary	protein	restriction.	A
variant	of	the	above	disease	is	called	Hereditary	pHPPA	Oxidase	Deficiency.	This	is	a	more	aggressive	condition.	It	is	characterized	by	neurological	abnormalities	and	excretion	of	tyrosine,	para	hydroxy	phenyl	pyruvic	acid	(pHPPA),	hydroxy	phenyl	lactic	acid	and	hydroxy	phenyl	acetic	acid	in	urine.	Hawkinsinuria	It	is	an	autosomal	dominant	trait,	and
is	due	to	dysfunction	of	pHPPA	oxidase.	It	is	characterized	by	excretion	of	Hawkinsin	in	urine,	a	derivative	of	pHPPA.	A	summary	of	phenyl	alanine	and	tyrosine	metabolism	is	shown	in	Figure	17.7.	TRYPTOPHAN	(TRP)	(W)	Substances	produced	from	tryptophan	are:	1.	Alanine	(glucogenic)	2.	Acetoacetyl	CoA	(ketogenic)	3.	Formyl	group	(One-carbon
unit)	Chapter	17;	Aromatic	Amino	Acids	and	Amino	Acidurias		211	ii.	The	major	metabolic	fate	of	tryptophan	is	to	be	oxidized	by	tryptophan	pyrrolase	(tryptophan	di-oxygenase)	(Step	1,	Fig.	17.8).	It	is	a	hemoprotein.	The	enzyme	is	inducible	by	corticosteroids.	iii.	In	this	major	pathway,	the	total	11	carbon	atoms	of	tryptophan	are	catabolized	as	formyl
group	(1C	which	enters	the	one	carbon	pool),	alanine	(3C,	entering	the	glucose	pathway)	and	acetoacetate	(4C,	going	to	ketogenic	pathway).	So,	tryptophan	is	both	glucogenic	and	ketogenic.	The	remaining	3	carbons	are	removed	as	3	CO2	molecules.	iv.	In	the	major	pathway,	kynureninase	is	an	enzyme	dependent	on	pyridoxal	phosphate	(enzyme	2,
Fig.17.8).	Therefore,	in	vitamin	B6	deficiency,	the	pathway	is	blocked	at	this	level.	This	leads	to	niacin	deficiency	and	manifestations	of	pellagra.	v.	The	accumulated	kynurenine	is	shunted	to	xanthurenic	acid.	So,	in	pyridoxal	deficiency,	xanthurenic	acid	(Fig.17.8)	is	excreted	in	urine.	Fig.	17.10.	Serotonin	and	melatonin	synthesis	4.	5.	6.	7.	8.	Niacin
and	NAD+	Serotonin	Melatonin	Hydroxy	indole	acetic	acid	(excretory	product)	Indican	(excretory	product)	Major	Catabolic	Pathway	of	Tryptophan	i.	In	1890,	Ernst	Stadelmann	discovered	tryptophan;	Hopkins	determined	the	structure	in	1901,	and	established	its	essentiality	for	growth	in	1906.	Tryptophan	is	an	aromatic,	essential	amino	acid	with	an
indole	ring.	Nicotinic	Acid	Pathway	of	Tryptophan	i.	About	97%	molecules	of	tryptophan	are	metabolized	in	the	major	pathway.	About	3%	molecules	are	diverted	at	the	level	of	3-hydroxy	anthranilic	acid,	to	form	NAD+	(Fig.17.9).	ii.	The	enzyme,	QPRT	(quinolinate	phosphoribosyl	transferase)	(step	1,	Fig.17.9)	is	the	rate-limiting	step.	iii.	About	60	mg
of	tryptophan	will	be	equivalent	to	1	mg	of	nicotinic	acid.	The	development	of	pellagra	like	symptoms	(Chapter	34)	in	the	maize	eating	population	is	due	to	tryptophan	deficiency	in	maize.	iv.	Hydroxy	anthranilate	production	is	dependent	on	pyridoxal	phosphate	(enzyme	no.	2,	Fig.17.8).	Hence	in	vitamin	B	6	deficiency,	nicotinamide	deficiency	is	also
manifested.	Serotonin	i.	Serotonin	(5-hydroxy	tryptamine)	is	produced	in	the	brain,	mast	cells,	platelets	and	gastrointestinal	tract	mucosa.	ii.	Tryptophan	is	first	hydroxylated	by	tryptophan	hydroxylase	(step	1,	Fig.17.10).	This	reaction	is	very	much	similar	to	phenylalanine	212		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	hydroxylase
(Fig.17.1).	The	coenzyme	is	tetrahydro	biopterine.	The	tetrahydrobiopterin	is	regenerated	using	NADPH.	iii.	In	the	next	step,	5-hydroxy	tryptophan	is	decarboxylated	to	5-hydroxy	tryptamine	(5HT),	(serotonin).	The	enzyme,	decarboxylase	requires	pyridoxal	phosphate	(step	2,	Fig.	17.10).	iv.	The	effect	of	serotonin	is	dependent	on	the	amount	of
serotonin	available	at	the	synaptic	site.	Part	of	the	serotonin	released	is	again	taken	up	(reuptake).	Selective	serotonin	reuptake	inhibitors	(SSRI)	are	widely	used	in	the	treatment	of	psychiatric	disorders.	v.	Reference	value	of	serotonin	in	blood	in	adult	is	50-200	ng/ml.	The	level	is	increased	in	carcinoid	tumors	(>400	ng/ml),	some	oat	cell	tumors,
dermoids,	cystic	teratoma,	islet	cell	tumors,	medullary	thyroid	tumors.	It	is	decreased	in	Down’s	syndrome,	phenylketonuria,	Parkinson’s	disease,	and	severe	depression	Functions	of	Serotonin	1.	Serotonin	is	an	important	neurotransmitter	in	brain.	In	brain	cells,	serotonin	is	in	bound	form.	5-HT	is	an	antidepressant.	2.	When	ordinary	proteins	are
taken,	all	amino	acids	are	available	in	blood.	This	causes	traffic	jam	in	the	amino	acid	transport	systems	in	brain	cells.	Tryptophan,	the	bulkiest	amino	acid	is	therefore	taken	up	very	slowly.	3.	However,	when	carbohydrate	rich	diet	is	taken,	insulin	secretion	is	increased,	which	will	lower	the	amino	acid	concentration	in	blood.	So	tryptophan	easily
enters	the	brain	cells.	When	tryptophan	is	available	in	brain	in	excess	quantity,	serotonin	may	be	generated	to	induce	sleep.	4.	Carbohydrates	will	induce	sleep,	while	protein	rich	foods	will	cause	alertness.	5.	Serotonin	level	is	found	to	be	low	in	patients	with	depressive	psychosis.	Serotonin	is	involved	in	mood,	sleep,	appetite	and	temperature
regulation.	It	increases	gastrointestinal	motility.	6.	Sensitivity	to	pain	is	reduced	by	serotonin.	Box	17.5.	Melanin	and	Melatonin	are	Different	Melanin	is	the	pigment	of	hair	and	skin;	it	is	synthesized	from	Tyrosine	(Fig.17.3)	Melatonin	is	a	neurotransmitter	synthesized	from	Tryptophan	(Fig.	17.10).	Fig.	17.11.	Major	excretory	products	of	tryptophan
Catabolism	of	Serotonin	Monoamine	oxidase	(MAO)	converts	serotonin	to	5-hydroxy	indole	acetic	acid	(HIAA)	(step	3,	Fig.	17.10).	MAO	will	oxidatively	deaminate	compounds	having	an	amino	group	attached	to	a	carbon	atom.	This	is	similar	to	degradation	of	epinephrine	(step	6,	Fig.17.4).	MAO	inhibitors	(e.g.	iproniazid)	will	cause	mood	elevation.
Small	portion	of	serotonin	is	conjugated	with	sulfate	or	with	glucuronic	acid,	and	excreted	through	urine.	Carcinoid	Tumors	i.	Serotonin	is	produced	by	argentaffin	cells	of	the	gastrointestinal	tract	and	is	necessary	for	GIT	motility.	These	cells	may	grow	into	locally	malignant	argentaffinomas,	otherwise	known	as	carcinoid	tumors.	These	tumors
develop	in	small	intestine	or	in	the	appendix.	ii.	The	patient	complains	of	flushing,	sweating,	intermittent	diarrhea	and	often	has	fluctuating	hypertension.	iii.	Normally,	about	1%	tryptophan	molecules	are	channelled	to	serotonin	synthesis.	But	in	carcinoid	syndrome,	up	to	60%	is	diverted	to	serotonin.	Therefore,	niacin	deficiency	(pellagra)	may	also	be
seen	in	carcinoid	syndrome.	Chapter	17;	Aromatic	Amino	Acids	and	Amino	Acidurias		213	iv.	HIAA	(5-Hydroxy	indole	acetic	acid)	in	Urine	:	After	stopping	all	medications	for	72	hours,	collect	random	fresh	urine.	Exclude	dietary	sources	of	5	HIAA	(Avocado,	banana,	red	plum,	pineapple,	tomato,	cough	syrup	containing	glycerol	guaiacolate,	drugs	like
indomethacin).	Normal	value	is	2-7	mg/day.	It	is	increased	in	carcinoid	tumors	in	the	gut	or	bronchus,	tropical	sprue,	Whipple’s	disease,	oat	cell	carcinoma	of	the	bronchus.	If	urine	5	HIAA	exceeds	25	mg/day,	diagnosis	of	carcinoid	syndrome	can	be	made.	Metastatic	carcinoid	tumor	(functioning)	shows	higher	values	(>350	mg/day).	Since	5	HIAA
secretion	may	be	intermittent,	repeated	testing	is	required.	It	is	decreased	in	depression,	small	intestinal	resection,	phenylketonuria	and	Hartnup	disease.	Melatonin	i.	Serotonin	is	acetylated	(step	4,	Fig.17.10).	ii.	Further	methylated	with	the	help	of	S-adenosyl	methionine	(SAM)	(step	5,	Fig.17.10	and	Box	17.5).	iii.	Pineal	gland	produces	melatonin.	It
is	intimately	connected	with	the	diurnal	variations,	sleep	wake	cycles	and	the	biological	rhythms.	iv.	Melatonin	blocks	MSH	and	ACTH	secretions.	The	activity	of	melatonin	as	a	neurotransmitter	was	discovered	by	Julius	Axelrod	who	was	awarded	Nobel	Prize	in	1970.	v.	Melatonin	as	regulator	molecule:	It	acts	both	as	a	hormone	of	the	pineal	gland	and
as	a	local	regulator	molecule	in	various	tissues.	In	mammals,	various	binding	sites	for	melatonin	have	been	identified,	the	membrane	receptors	MT(1)	and	MT(2),	which	are	of	utmost	chronobiological	importance,	ROR	and	RZR	isoforms	as	nuclear	receptors,	quinone	reductase	2,	calmodulin,	calreticulin,	and	mitochondrial	binding	sites.	The	G	protein-



coupled	receptors	(GPCRs)	MT(1)	and	MT(2)	are	capable	of	signaling	via	different	G	alpha	subforms,	in	particular,	G	alpha	(i)	and	G	alpha	(q),	and	via	G	betagamma.	Multiple	signaling	can	lead	to	the	activation	of	different	cascades	and/or	ion	channels.	Melatonin	frequently	decreases	cAMP,	but	also	activates	phospholipase	C	and	protein	kinase	C,
acts	via	the	MAP	kinase	and	PI3	kinase/Akt	pathways,	modulates	Ca(2+)activated	K(+)	and	voltage-gated	Ca(2+)	channels.	ii.	Absorption	of	aromatic	amino	acids	from	intestine	as	well	as	reabsorption	from	renal	tubules	are	defective.	So	amino	acids	are	excreted	in	urine.	iii.	The	pellagra	like	symptoms	are	due	to	the	deficiency	of	niacin	derived	from
tryptophan.	The	common	manifestations	are	dermatitis	and	ataxia.	iv.	A	diagnosis	is	based	on	amino	aciduria	and	increased	excretion	of	indole	compounds	detected	by	the	Obermeyer	test.	v.	Patients	improve	when	put	on	a	high	protein	diet	with	supplementation	of	niacin	and	minimum	exposure	to	sunlight.	The	neuropsychiatric	manifestations	of
Hartnup's	disease	are	said	to	be	responsible	for	the	sadistic	and	bizarre	behavior	of	emperors	like	Nero	and	Caligula.	A	summary	of	Tryptophan	metabolism	is	shown	in	Figure	17.12.	Fig.	17.12.	Summary	of	tryptophan	metabolism	Putrefaction	of	Tryptophan	Intestinal	bacterial	putrefaction	of	tryptophan	results	in	the	production	of	several	indole
compounds	(Fig.17.11).	These	are	mainly	excreted	in	the	feces	as	skatoxyl.	Some	part	is	absorbed,	detoxified	and	excreted	in	urine	as	indoxyl	and	indican.	Indican	is	the	potassium	salt	of	indoxyl	sulfate.	The	foul	smell	of	feces	and	the	natural	color	of	urine	is	due	to	these	compounds.	Normal	excretion	of	indican	in	urine	is	4-20	mg/day,	which	is
increased	in	Hartnup's	disease.	Liver	and	intestinal	bacteria	can	convert	tryptophan	to	tryptamine,	and	then	to	indole-acetate.	The	major	urinary	excretory	products	of	tryptophan	are	5-hydroxy	indole	acetate	and	indole-3-acetate.	Hartnup's	Disease	i.	The	name	originates	after	the	first	family	in	whom	the	disease	was	described.	It	is	an	inherited
autosomal	recessive	disease.	Fig.	17.13.	Degradation	of	proline	214		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	vitamin	C	deficiency,	hydroxyproline	synthesis	is	reduced,	causing	decreased	strength	of	fibers,	leading	to	scurvy.	The	excretion	of	hydroxyproline	in	urine	is	increased	in	tumors	infiltrating	bones	and	in	diabetic	patients	due
to	enhanced	rate	of	protein	catabolism.	Fig.	17.14.	Metabolic	fates	of	amino	acids	Proline	(Pro)	(P)	and	Hydroxyproline	Proline	is	a	non-essential	glucogenic	amino	acid.	The	catabolic	pathway	of	proline	is	described	in	Figure	17.13.	Proline	does	not	participate	in	the	transaminase	reaction.	Proline	is	made	into	glutamate,	which	enters	the	citric	acid
cycle	for	complete	oxidation.	Proline	dehydrogenase	deficiency	results	in	an	inborn	error	of	metabolism	named	as	type	II	hyperprolinemia.	Due	to	the	deficiency	of	glutamate	semialdehyde	dehydrogenase,	type	II	hyperprolinemia	results.	Both	conditions	are	benign.	Proline	can	be	synthesized	from	glutamic	acid	with	minor	modification	of	the	catabolic
pathway.	For	synthesis	of	proline,	glutamate	is	first	activated	by	phosphorylation	with	the	help	of	ATP.	Glutamate	phosphate	is	reduced	by	NADPH	to	glutamate	semialdehyde,	which	on	removal	of	water	will	give	rise	to	pyrroline-5-carboxylate.	It	has	a	double	bond	in	the	ring.	It	is	further	reduced	with	the	help	of	NADPH	to	form	proline.	Proline	is
incorporated	into	the	protein,	and	then	hydroxylated	to	hydroxy	proline,	by	the	enzyme	prolyl	hydroxylase.	The	hydroxylation	requires	molecular	oxygen,	ascorbate,	iron	and	alpha	ketoglutarate,	which	is	decarboxylated	to	succinate.	One	atom	of	oxygen	molecule	is	incorporated	into	proline	and	the	other	into	succinate.	Hydroxyproline	is	catabolized
more	or	less	similar	to	proline.	The	pathway	is,	hydroxyproline	to	pyrroline-3-hydroxy5-carboxylate,	to	hydroxy-glutamate	semialdehyde,	to	hydroxy-glutamate,	to	keto-hydroxy	glutarate,	which	is	broken	by	an	aldolase	to	glyoxalate	and	pyruvate.	Deficiency	of	hydroxy	proline	dehydrogenase	will	lead	to	hyper	hydroxy	prolinemia.	It	is	also	a	benign
condition.	Proline	and	4-hydroxy	proline	confer	strength	to	fibrous	proteins	like	collagen,	elastin,	keratin,	etc.	(Chapter	52).	In	Fate	of	Carbon	Skeletons	of	Amino	Acids	During	catabolism	of	carbon	skeletons,	amino	acids	may	enter	into	the	TCA	cycle,	when	they	can	be	converted	to	glucose.	In	other	words,	those	amino	acids,	which	give	rise	to	citric
acid	cycle	intermediates	can	be	made	into	glucose.	Hence,	those	amino	acids	entering	into	TCA	cycle,	or	at	pyruvic	acid	level	are	called	glucogenic	amino	acids.	This	is	shown	in	Figure	17.14.	On	the	other	hand,	those	amino	acids	which	produce	acetyl	CoA	are	called	ketogenic	amino	acids.	Acetyl	CoA	entering	into	the	TCA	cycle	is	completely	oxidized.
Therefore,	there	is	no	net	synthesis	of	glucose	from	acetyl	CoA.	So,	acetyl	CoA	is	not	entering	into	the	gluconeogenesis	pathway.	Acetyl	CoA,	however,	can	give	rise	to	ketone	bodies.	Thus,	amino	acids	entering	as	acetyl	CoA	are	known	as	ketogenic	amino	acids.	These	amino	acids	are	shown	in	Figure	17.14.	But	some	amino	acids	are	shown	in	both	the
lists.	Phenyl	alanine,	tyrosine,	tryptophan	and	isoleucine	are	both	glucogenic	and	ketogenic.	This	is	because,	during	their	metabolism,	part	of	the	carbon	skeleton	will	enter	into	some	of	the	TCA	cycle	intermediates;	while	the	other	part	will	generate	acetyl	CoA	(see	Figure	17.14).	AMINO	ACIDURIAS	Amino	acidurias	are	clinically	very	important.	It	is
estimated	that	about	20	to	25%	of	the	inmates	of	lunatic	asylums	are	suffering	from	one	of	the	amino	acidurias.	Most	of	them	manifest	as	mental	retardation.	It	is	important	to	remember	that	the	mental	retardation	could	be	prevented,	if	the	condition	is	diagnosed	immediately	after	the	birth,	and	adequate	treatment	is	started.	Delay	in	diagnosis	for
each	week	will	appreciably	reduce	the	intelligence	quotient.	A	selected	list	of	amino	acidurias	is	shown	in	Table	17.1.	Several	inborn	errors	of	metabolism	with	neurological	defects	are	associated	with	cerebral	dysmorphogenesis.	This	may	be	due	to:	a.	Accumulation	of	neurotoxic	intermediate,	e.g.	nonketotic	hyperglycinemia	(NKH),	sulfite	oxidase
deficiency	b.	Defective	energy	metabolism;	PDH	deficiency	c.	Defective	membrane	and	cell	signaling	pathways,	e.g.	Smith's	disease.	d.	Defects	of	subcellular	organelle,	e.g.	peroxisomal	biogenesis	disorders.	Chapter	17;	Aromatic	Amino	Acids	and	Amino	Acidurias		215	Table	17.1.	Amino	acidurias	(MR	=	mental	retardation)	Disorder	Incidence
Abnormality	or	absence	of	Clinical	Substance	manifestation	in	blood	Substance	in	urine	Treatment	Phenyl	ketonuria	(type	I)	1:10,000	Phenylalanine	hydroxylase	MR,	hypertonia,	seizure	Phenyl	alanine	Phenyl	pyruvate	Dietary	restriction	of	Phe	Hypertyrosinemia	(type	I)	1.5	:1,000	Fumaryl	acetoacetate	hydrolase	MR;	hepatorenal	damage	Tyrosine;
Methionine	Tyrosine,	PHPPA	Restrict	Phe	and	Tyr	Alkaptonuria	1:250,000	Homogentisic	acid	oxidase	Arthritis,	cartilage	Homogentisic	acid	Homogentisic	acid	Nil	Homocystinuria	(type	1)	1:200,000	Cystathionine	beta	synthase	MR,	Ectopia	lentis	Homocysteine;	Methionine	Homocystine	Cysteine	↑	Methionine	↓	Homocystinuria	(type	2)	Methyl
transferase	MR	Homocysteine	Homocystine	Folate	Homocystinuria	(type	3)	Methylene	THFA	reductase	MR	Homocysteine	Homocystine	Folate	Histidinemia	1:10,000	Histidase	Mild	MR;	speech	defect	Histidine;	alanine	Imidazole	pyruvic	acid	Restrict	Histidine	Maple	syrup	urine	disease	1:100,000	Branched	chain	keto	acid	decarboxylase	MR;	Maple
syrup	odor;	acidosis	Val;	Leu;	Ile;	keto	acids	Val;	Leu;	lle;	keto	acids	Restrict	Val;	Leu;	IIe	Methyl	malonic	aciduria	1:20,000	Methyl	malonyl	CoA	mutase	MR;	ketosis;	hypotonia	Methyl	malonic	acid	Methyl	maVitamin	Ionic	acid;	B12	ketonebodies	Cystathioninuria	1:70,000	Cystathionase	Benign	Cystathionine	Cystathionine	Hyper	prolinemia	II
1:200,000	Proline	dehydrogenase	Seizures	Proline	Proline;	OH-proline	Citrullinemia	1:70,000	Argininosuccinate	synthetase	MR;vomiting	seizure;	Ammonia;	citrulline	Citrulline	Low	protein;	high	Arg	Argininemia	1:100,000	Arginase	Spastic	diplegia	Arginine;	ammonia	Arginine,	ornithine	Low	protein	diet	Hyper	ornithinemia	Very	rare	Ornithine
decarboxylase	Vomiting;	lethargy	Ornithine;	ammonia	Ornithine	do	OTC	deficiency	1:70,000	Ornithine	transcarbamoylase	Lethargy;	convulsion	Ammonia	Orotic	acid;	uracil;gln	do	CPS	I	deficiency	1:200,000	Carbamoyl	phosphate	synthetase	I	Vomiting;	lethargy	Ammonia;	glutamine	Glutamine	do	Arginino	succinic	aciduria	1:75,000	Arginino	succinate
lyase	Vomiting;	trichorrhexis	nodosa	Arginino	succinate;	citrulline	Arginino	succinate;	citrulline	Arginine	↑	Protein	↓	None	required	216		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	CHAPTER	18	CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Citric	acid	cycle	2.	Significance	of	citric	acid
cycle	3.	Regulation	of	citric	acid	cycle	4.	Integration	of	metabolism	Before	1937,	Car	Martias,	Fray	Knoop	and	Albert	SzentGyorgyi	had	elucidated	most	of	the	reactions	described	in	this	chapter.	The	complete	cycle	was	proposed	by	Sir	Hans	Krebs	in	1937	(Nobel	Prize,	1953).	The	cycle	is	therefore	named	after	him.	Please	note	that	the	name	is	Krebs
cycle	(there	is	no	apostrophe).	Krebs	proposed	the	original	name	as	TCA	(tricarboxylic	acid)	cycle,	because	he	was	not	sure	whether	citric	acid	is	a	member	of	the	cycle.	Later,	Ogston	(1948)	showed	that	the	tri-carboxylic	acid	in	question	is	indeed	citric	acid,	and	so	the	name	citric	acid	cycle	was	given	later.	Scheele	in	1780	had	isolated	citric	acid
from	citrus	fruits.	Functions	of	the	Citric	Acid	Cycle	1.	It	is	the	final	common	oxidative	pathway	that	oxidizes	acetyl	CoA	to	CO2.	2.	It	is	the	source	of	reduced	coenzymes	that	provide	the	substrate	for	the	respiratory	chain.	3.	It	acts	as	a	link	between	catabolic	and	anabolic	pathways	(amphibolic	role).	4.	It	provides	precursors	for	synthesis	of	amino
acids	and	nucleotides.	5.	Components	of	the	cycle	have	a	direct	or	indirect	controlling	effect	on	key	enzymes	of	other	pathways.	Citric	Acid	Cycle	Reactions	of	the	Cycle	Preparatory	steps	Acetyl	CoA	enters	the	cycle,	and	is	completely	oxidized.	During	this	process,	energy	is	trapped.	The	sources	of	acetyl	CoA	are	shown	in	Figure	18.1.	Pyruvate
derived	from	glycolysis	is	oxidatively	decarboxylated	to	acetyl	CoA	by	pyruvate	dehydrogenase	(Fig.	9.22).	This	is	the	link	between	the	TCA	cycle	and	glycolysis.	The	pyruvate	dehydrogenase	reaction	occurs	in	the	mitochondria.	Pyruvate	with	the	help	of	a	carrier	can	enter	the	mitochondria	from	the	cytoplasm.	The	acetyl	CoA	derived	from	beta
oxidation	is	formed	in	the	mitochondria	itself.	All	the	enzymes	of	citric	acid	cycle	are	located	inside	the	mitochondria.	1st	Step:	Formation	of	Citric	Acid	The	4	carbon,	oxaloacetate	condenses	with	2	carbon,	acetyl	CoA	to	form	6	carbon	compound,	the	citrate	(a	tricarboxylic	acid).	The	enzyme	is	citrate	synthase	(step	1,	Fig.18.2).	The	hydrolysis	of	the
thio-ester	bond	in	acetyl	CoA	drives	the	reaction	forward.	This	is	an	irreversible	step.	However,	body	can	reverse	this	step	by	another	enzyme,	ATP-citrate	lyase	(see	Fig.11.13).	2nd	Step:	Formation	of	Isocitrate	Citrate	is	isomerized	to	isocitrate	by	aconitase	(Step	2,	Fig.18.2).	This	reaction	is	a	two-step	process.	At	first,	one	water	molecule	is	removed
from	Fig.	18.1.	Sources	and	utilization	of	acetyl	CoA	Chapter	18;	Citric	Acid	Cycle		217	Fig.	18.2.	Krebs	cycle	or	citric	acid	cycle	or	tricarboxylic	acid	cycle	218		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	citrate	forming	cis	aconitate;	a	transient	compound	with	a	very	short	half-life.	Immediately,	one	water	molecule	is	added	to	aconitate
to	form	isocitrate.	Thus	the	position	of	the	hydroxyl	group	is	shifted.	3rd	Step:	Formation	of	Alpha	Ketoglutarate	i.	This	reaction	is	a	two-step	process,	both	catalyzed	by	the	same	enzyme,	isocitrate	dehydrogenase	(Step	3,	Fig.18.2).	In	the	first	part	of	the	reaction,	isocitrate	is	dehyrogenated	to	form	oxalosuccinate.	It	is	an	unstable	compound	which
undergoes	spontaneous	decarboxylation	to	form	alpha	ketoglutarate.	ii.	The	NADH	generated	in	this	step	is	later	oxidized	in	electron	transport	chain	(ETC)	to	generate	ATPs.	iii.	Isocitrate	(6	carbons)	undergoes	oxidative	decarboxylation	to	form	alpha	ketoglutarate	(5	carbons).	In	this	reaction,	one	molecule	of	CO2	is	liberated.	iv.	The	isocitrate
dehydrogenase	has	isoenzymes;	the	mitochondrial	form	utilizes	NAD+,	while	cytoplasmic	enzyme	is	NADP+	dependent.	4th	Step:	Formation	of	Succinyl	CoA	i.	Next,	alpha	ketoglutarate	is	oxidatively	decarboxylated	to	form	succinyl	CoA	by	the	enzyme	alpha	ketoglutarate	dehydrogenase	(step	4,	Fig.18.2).	Fig.	18.4.	Reactions	of	oxaloacetate	ii.	The
NADH	thus	generated	enters	into	ETC	to	generate	ATPs.	iii.	Another	molecule	of	CO2	is	removed	in	this	step.	iv.	This	is	the	irreversible	step	in	the	whole	reaction	cycle.	v.	The	enzyme	alpha	keto	glutarate	dehydrogenase	is	a	multi-enzyme	complex	having	3	enzyme	proteins	and	5	coenzymes.	This	is	similar	to	the	pyruvate	dehydrogenase	reaction
(Compare	Figure	18.3	with	Figure	9.22).	The	first	two	enzyme	activities	are	similar	to	the	corresponding	components	of	Pyruvate	dehydrogenase	complex	and	the	3rd	enzyme	is	the	same	in	both	complexes.	This	reaction	is	summarized	in	Figure	18.3.	5th	Step:	Generation	of	Succinate	The	next	reaction	involves	a	substrate	level	phosphorylation
whereby	a	high	energy	phosphate	is	generated	from	the	energy	trapped	in	the	thio-ester	bond	of	succinyl	CoA.	The	enzyme	is	succinate	thiokinase	(step	5,	Fig.18.2).	A	molecule	of	GDP	is	phosphorylated	to	GTP	and	succinate	is	formed.	The	GTP	can	be	converted	to	ATP	by	reacting	with	an	ADP	molecule:	GTP	+	ADP	→	GDP	+	ATP	Succinyl	CoA
metabolism	is	shown	in	Figure	11.11	and	Figure	34.13.	Fig.	18.3.	Alpha	ketoglutarate	dehydrogenase	reaction;	compare	it	with	Figure	9.22	6th	Step:	Formation	of	Fumarate	Succinate	is	dehydrogenated	to	fumarate,	an	unsaturated	dicarboxylic	acid,	by	succinate	dehydrogenase	(step	6,	Fig.18.2).	The	hydrogen	atoms	are	accepted	by	FAD.	The	FADH2
then	enters	into	ETC	to	generate	ATPs.	The	enzyme	is	Chapter	18;	Citric	Acid	Cycle		219	Fig.	18.5.	Summary	of	Krebs	citric	acid	cycle.	Enzymes	are	numbered.	Reactions	number	3	and	4	are	carbon	dioxide	elimination	steps.	Physiological	regulatory	steps	are:	Step	No.1	(citrate	synthase)	is	physiologically	inhibited	by	ATP.	Step	No.3	(ICDH)	is
inhibited	by	NADH	and	activated	by	ADP.	Steps	where	energy	is	trapped	are	marked	with	the	coenzyme	and	the	number	of	ATP	generated	during	that	reaction.	A	total	of	10	ATPs	are	generated	during	one	cycle.	Recent	work	shows	that	in	the	electron	transport	chain,	NADH	may	produce	only	2	½	ATPs	and	FADH	only	1	½	ATPs	7th	Step:	Formation	of
Malate	The	formation	of	malate	from	fumarate	is	catalyzed	by	fumarase	(step	7,	Fig.18.2).	The	reaction	involves	the	addition	of	a	water	molecule.	Only	L-malate	is	formed.	Oxaloacetate	as	a	junction	point	i.	Oxaloacetate	may	be	viewed	as	a	catalyst,	which	enters	into	the	reaction,	causes	complete	oxidation	of	acetyl	CoA	and	comes	out	of	it	without	any
change.	ii.	Oxaloacetate	is	an	important	junction	point	in	metabolism.	Various	reactions	of	oxaloacetate	are	shown	in	Figure	18.4.	Significance	of	citric	acid	cycle	is	shown	in	Box	18.1.	8th	Step:	Regeneration	of	Oxaloacetate	Finally	malate	is	oxidized	to	oxaloacetate	by	malate	dehydrogenase	(Step	8,	Fig.18.2).	The	co-enzyme	is	NAD+.	The	NADH	is
generated	in	this	step,	which	enters	the	electron	transport	chain,	when	ATPs	are	produced.	The	oxaloacetate	can	further	condense	with	another	acetyl	CoA	molecule	and	the	cycle	continues	(Fig.	18.2).	SIGNIFICANCE	1.	Complete	Oxidation	of	Acetyl	CoA	CO2	removal	steps	During	the	citric	acid	cycle,	two	carbon	dioxide	molecules	are	removed	in	the
following	reactions:	A.	Step	3,	isocitrate	(oxalosuccinate)	to	alpha	ketoglutarate	B.	Step	4,	alpha	ketoglutarate	to	succinyl	CoA	(Fig.18.5).	a	flavoprotein.	The	succinate	dehydrogenase	is	competitively	inhibited	by	malonate	(Fig.	5.19).	220		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Box	18.1.	Significance	of	Citric	Acid	Cycle	Fig.	18.6.
Flame	needs	a	wick;	oxidation	of	fat	needs	carbohydrate	Fig.	18.7.	Fat	cannot	be	converted	to	glucose	Acetyl	CoA	contains	2	carbon	atoms.	These	two	carbon	atoms	are	now	removed	as	CO2	in	steps	3	and	4.	Net	result	is	that	acetyl	CoA	is	completely	oxidized	during	one	turn	of	cycle.	2.	ATP	Generating	Steps	in	TCA	Cycle	There	are	3	NADH
molecules	generated	during	one	cycle,	each	of	them	will	give	rise	to	2	½	ATPs	on	oxidation	by	electron	transport	chain	(ETC);	so	altogether	they	will	give	3	×	2	½	=	7	½	(7.5)	high	energy	phosphates.	The	FADH2	will	generate	1½	molecules	of	ATP.	In	addition,	one	molecule	of	GTP	(equivalent	to	one	molecule	of	ATP)	is	formed	by	substrate	level
phosphorylation.	Hence,	per	turn	of	the	cycle,	10	high	energy	phosphates	are	produced.	These	steps	are	marked	in	Figure	18.5	and	in	Table	18.1.	The	summary	is	shown	in	Box	18.2.	Note:	Recent	work	shows	that	in	the	electron	transport	chain,	NADH	produces	only	2.5	ATPs	and	FADH	only	1.5	ATPs.	The	old	values	(used	in	the	Table	18.1.	ATP
generation	steps	Step	Reactions	no.	3	Isocitrate	→	alpha	ketoglutarate	4	Alpha	ketoglutarate	→	succinyl	CoA	CoATPs	enzyme	(oldcalculation)	ATPs	(new	calculation)	1.	2.	3.	4.	5.	6.	7.	8.	Complete	oxidation	of	acetyl	CoA	ATP	generation	Final	common	oxidative	pathway	Integration	of	major	metabolic	pathways	Fat	is	burned	on	the	wick	of
carbohydrates	Excess	carbohydrates	are	converted	as	neutral	fat	No	net	synthesis	of	carbohydrates	from	fat	Carbon	skeletons	of	amino	acids	finally	enter	the	citric	acid	cycle	9.	Amphibolic	pathway	10.	Anaplerotic	role	previous	editions	of	this	textbook)	are	also	given	for	comparison	in	Table	18.1.	Alpha	ketoglutarate	dehydrogenase	reaction	is	the
only	one	irreversible	step	in	the	cycle.	The	free	energy	changes	of	the	reactions	of	the	cycle	are	such	that	the	cycle	will	operate	spontaneously	in	the	clockwise	direction.	Only	about	33%	of	energy	liberated	is	trapped	as	ATP.	The	rest	is	used	to	keep	the	body	temperature	at	a	higher	level	than	the	environment.	3.	Final	Common	Oxidative	Pathway
Citric	acid	cycle	may	be	considered	as	the	final	common	oxidative	pathway	of	all	foodstuffs.	As	shown	in	Figure	18.9,	all	the	major	ingredients	of	foodstuffs	are	finally	oxidized	through	the	TCA	cycle.	Almost	all	the	biochemical	processes	use	ATP	for	meeting	energy	needs—muscle	contraction,	active	transport,	biosynthetic	reactions,	etc.	A
thermodynamically	unfavorable	reaction	when	coupled	with	hydrolysis	of	ATP	becomes	favorable.	4.	Integration	of	Major	Metabolic	Pathways	i.	Carbohydrates	are	metabolized	through	glycolytic	pathway	to	pyruvate,	then	converted	to	acetyl	CoA,	which	enters	the	citric	acid	cycle.	Box	18.2.	Stoichiometry	of	the	TCA	Cycle	NADH	3	2.5	NADH	3	2.5	5
Succinyl	CoA	→	Succinate	GTP	1	1	6	Succinate	→	Fumarate	FADH2	2	1.5	8	Malate	→	Oxaloacetate	NADH	3	2.5	Total	12	10	Acetyl	CoA	Oxaloacetate	FAD	3	NAD+	GDP	+	Pi	2	CO2	+	CoA-SH	Oxaloacetate	FADH2	3	NADH	GTP	Chapter	18;	Citric	Acid	Cycle		221	Fig.	18.8.	Efflux	of	TCA	cycle	intermediates	Fig.	18.9.	Influx	of	TCA	cycle	intermediates	ii.
Fatty	acids	through	beta	oxidation,	are	broken	down	to	acetyl	CoA	and	then	enter	this	cycle.	iii.	Glucogenic	Amino	acids	after	transamination	enter	at	some	points	in	this	cycle	(Fig.18.9).	Ketogenic	amino	acids	are	converted	into	acetyl	CoA.	iv.	The	integration	of	metabolism	is	achieved	at	junction	points	by	key	metabolites	(Fig.18.9).	Ketogenic	amino
acids	are	converted	into	acetyl	CoA.	Several	pathways	can	converge	at	this	point	with	the	result	that	carbon	atoms	from	one	source	can	be	used	for	synthesis	of	another.	Important	intermediates	are	acetyl	CoA	and	oxaloacetate	(see	Figs	18.1	and	18.4).	CoA	to	fatty	acid.	However,	fat	cannot	be	converted	to	glucose	because	pyruvate	dehydrogenase
reaction	(pyruvate	to	acetyl	CoA)	is	an	absolutely	irreversible	step	(Fig.18.7).	5.	Fat	is	Burned	on	the	Wick	of	Carbohydrates	The	oil	in	a	lamp	by	itself	cannot	be	lighted;	the	flame	needs	a	wick	(Fig.18.6).	Similarly	in	the	body,	oxidation	of	fat	(acetyl	CoA)	needs	the	help	of	oxaloacetate.	One	passage	of	cycle	oxidizes	acetyl	CoA	into	two	CO2	molecules.
Here	oxaloacetate	acts	as	a	true	catalyst;	it	enters	the	cycle	and	is	regenerated	in	the	end.	The	major	source	of	oxalo-acetate	is	pyruvate	(carbohydrate).	Hence	carbo-hydrates	are	absolutely	required	for	oxidation	of	fats,	or	fats	are	burned	in	the	fire	of	carbohydrates.	6.	Excess	Carbohydrates	are	Converted	to	Neutral	Fat	Excess	calories	are	deposited
as	fat	in	adipose	tissue.	The	pathway	is	glucose	to	pyruvate	to	acetyl	7.	No	Net	Synthesis	of	Carbohydrates	from	Fat	Acetyl	CoA	entering	in	the	cycle	is	completely	oxidized	to	CO2	by	the	time	the	cycle	reaches	succinyl	CoA	(Fig.	18.2).	So,	acetyl	CoA	is	completely	broken	down	in	the	cycle.	Thus	acetyl	CoA	cannot	be	used	for	gluconeogenesis.
Therefore,	there	is	no	net	synthesis	of	carbohydrates	from	fat	(Fig.	18.7).	8.	Amino	Acids	Finally	Enter	the	TCA	Cycle	Some	amino	acids,	such	as	leucine,	catabolized	to	acetyl	CoA;	are	not	converted	to	glucose,	because	pyruvate	to	acetyl	CoA	reaction	is	irreversible.	The	acetyl	CoA	molecules	either	enter	the	TCA	cycle	and	are	completely	oxidized,	or
are	channeled	to	ketone	body	formation.	Hence	they	are	called	as	ketogenic	amino	acids	(Fig.	18.9).	Glucogenic	amino	acids	also	get	converted	to	intermediates	of	TCA	cycle.	9.	Amphibolic	Pathway	All	other	pathways	such	as	beta	oxidation	of	fat	or	glycogen	synthesis	are	either	catabolic	or	anabolic.	But	TCA	cycle	is	truly	amphibolic	(both	catabolic
and	anabolic)	in	nature.	(Greek,	amphi	=	both).	222		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Table	18.2.	Metabolic	defects	of	oxidative	metabolism	Enzymes	Reactions	catalyzed	Abnormalities	Pyruvate	dehydrogenase	Pyruvate	→	acetyl	CoA	Lactic	acidosis	Neurological	disorders	Acyl	CoAdehydrogenase	Fatty	acyl	CoA	→	alpha,
betaunsaturated	fatty	acyl	CoA	Pyruvate	carboxylase	Pyruvate	→	Oxaloacetate	Organic	aciduria,	glutaric	aciduria,	acidosis,	hypoglycemia	Electron	flow	from	FAD	→	CoQ	affected	Oxaloacetate	needed	for	sparking	TCA	cycle	is	deficient.	Lactic	acidosis,	hyperammonemia	and	hyperalaninemia	There	is	a	continuous	influx	(pouring	into)	(Fig.18.9)	and	a
continuous	efflux	(removal)	of	4-carbon	units	from	the	TCA	cycle	(Fig.18.8).	In	a	traffic	circle,	many	roads	converge	and	traffic	flows	towards	one	direction.	Since	various	compounds	enter	into	or	leave	from	TCA	cycle,	it	is	sometimes	called	as	“metabolic	traffic	circle”.	Important	anabolic	reactions	related	with	citric	acid	cycle	are:	a.	Oxaloacetate	is
the	precursor	of	aspartate	b.	Alpha	ketoglutarate	can	be	made	into	glutamate	c.	Succinyl	CoA	is	used	for	synthesis	of	heme	d.	Mitochondrial	citrate	is	transported	to	cytoplasm,	where	it	is	cleaved	into	acetyl	CoA,	which	then	is	the	starting	point	of	fatty	acid	synthesis	(Fig.11.13).	10.	Anaplerotic	Role	of	TCA	Cycle	The	citric	acid	cycle	acts	as	a	source
of	precursors	of	biosynthetic	pathways,	e.g.	heme	is	synthesized	from	succinyl	CoA	and	aspartate	from	oxaloacetate.	To	counterbalance	such	losses,	and	to	keep	the	concentrations	of	the	4-carbon	units	in	the	cell,	anaplerotic	reactions	are	essential.	This	is	called	anaplerotic	role	of	TCA	cycle	(Greek	word,	ana	=	up;	plerotikos	=	to	fill).	Anaplerotic
reactions	are	"filling	up"	reactions	or	"influx"	reactions	or	"replenishing"	reactions	which	supply	4-carbon	units	to	the	TCA	cycle	(Fig.	18.9).	The	important	anaplerotic	reactions	are:	a.	Pyruvate	to	oxaloacetate	by	pyruvate	carboxylase	enzyme	(Fig.	9.24).	It	needs	ATP.	b.	Glutamate	is	transaminated	to	alpha	keto–	glutarate;	and	aspartate	to
oxaloacetate.	Other	important	amino	acids	entering	the	TCA	cycle	are	shown	in	Figure	18.9.	c.	Pyruvate	can	be	carboxylated	to	malate	by	NADP+	dependent	malic	enzyme.	Regulation	of	the	Citric	Acid	Cycle	1.	Citrate	and	citrate	synthase	The	formation	of	citrate	from	oxaloacetate	and	acetyl	CoA	is	an	important	part	of	control	(step	1,	Fig.18.5).	ATP
acts	as	an	allosteric	inhibitor	of	citrate	synthase.	Citrate	allosterically	inhibits	PFK,	the	key	enzyme	of	glycolysis;	stimulates	fructose-1,6-bisphosphatase,	a	key	enzyme	of	gluconeogenesis	and	activates	acetyl	CoA	carboxylase,	key	enzyme	of	fatty	acid	synthesis.	2.	Availability	and	cellular	need	of	ATP	When	the	energy	charge	of	the	cell	is	low,	the	cycle
operates	at	a	faster	rate.	The	cycle	is	tightly	coupled	to	the	respiratory	chain	providing	ATP.	The	Krebs	cycle	is	the	largest	generator	of	ATP	among	metabolic	pathways.	Anaerobiasis	(hypoxia)	will	inhibit	ETC,	when	NADH	and	FADH2	are	accumulated,	which,	in	turn,	will	cause	inhibition	of	TCA	cycle.	3.	Isocitrate	dehydrogenase	Step	3,	(Fig.18.5).
ADP	acts	as	a	positive	modifier	enhancing	the	binding	of	substrate.	NADH	is	an	inhibitor.	4.	Alpha	ketoglutarate	dehydrogenase	It	is	inhibited	by	succinyl	CoA	and	NADH.	Inhibitors	of	TCA	Cycle	The	above-said	mechanisms	are	physiological	and	regulatory	in	nature.	But	the	following	are	toxic	or	poisonous	(non-physiological)	agents	which	inhibit	the
reactions.	These	are	shown	in	Figure	18.5.	A.	Aconitase	(citrate	to	aconitate)	is	inhibited	by	fluoro-acetate.	This	is	non-competitive	inhibition.	B.	Alpha	ketoglutarate	dehydrogenase	(alpha	ketoglutarate	to	succinyl	CoA)	is	inhibited	by	Arsenite.	This	again	is	non-competitive	inhibition.	C.	Succinate	dehydrogenase	(succinate	to	fumarate)	is	inhibited	by
malonate;	this	is	competitive	inhibition.	Metabolic	Defects	Related	to	Krebs	Cycle	Though	extremely	rare,	some	enzyme	deficiency	states	have	been	found	to	affect	the	operation	of	TCA	cycle.	These	are	given	in	Table	18.2.	CHAPTER	19	Biological	Oxidation	and	Electron	Transport	Chain	CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer
questions	on	the	following	topics:	1.	Redox	potentials	2.	Biological	oxidation	3.	Enzymes	and	coenzymes	4.	High	energy	compounds	5.	Organization	of	electron	transport	chain	6.	Chemi-osmotic	theory	7.	Proton	pump	8.	ATP	synthase	9.	Inhibitors	of	ATP	synthesis	Stages	of	Oxidation	of	Foodstuffs	First	Stage	Digestion	in	the	gastrointestinal	tract
converts	the	macromolecules	into	small	units.	For	example,	proteins	are	digested	to	amino	acids.	This	is	called	primary	metabolism	(Fig.	19.1).	Second	Stage	The	products	of	digestion	are	absorbed,	catabolized	to	smaller	components,	and	ultimately	oxidized	to	CO	2.	The	reducing	equivalents	are	mainly	generated	in	the	mitochondria	by	the	final
common	oxidative	pathway,	citric	acid	cycle.	In	this	process,	NADH	and	FADH2	are	generated.	This	is	called	secondary	or	intermediary	metabolism.	Third	Stage	These	reduced	equivalents	(NADH	and	FADH2)	enter	into	the	electron	transport	chain	(ETC),	or	Respiratory	chain,	where	energy	is	released.	This	is	the	tertiary	metabolism	or	internal
respiration	or	cellular	respiration	(Fig.	19.1).	The	energy	production	by	complete	oxidation	of	one	molecule	of	glucose	is	2850	kJ/mol	and	that	of	palmitate	is	9781	kJ/mol.	This	energy	is	then	used	by	body	for	synthetic	reactions	(Fig.	19.2).	Fig.	19.1.	Oxidation	of	foodstuffs	in	three	stages	Phototrophs	harvest	the	energy	of	light	(plants).	Chemotrophs
harvest	energy	from	oxidation	of	fuel	molecules.	Principles	of	bioenergetics	and	thermodynamics	are	described	in	Chapter	1.	Redox	Potentials	Redox	potential	of	a	system	is	the	electron	transfer	potential	E0´.	Oxidation	is	defined	as	the	loss	of	electrons	and	reduction	as	the	gain	in	electrons.	When	a	substance	exists	both	in	the	reduced	state	and	in
the	oxidized	state,	the	pair	is	called	a	redox	couple.	Fig.	19.2.	ATP	generation.	Food	is	catabolized;	energy	from	food	is	trapped	as	ATP;	it	is	then	used	for	anabolic	reactions	224		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Box	19.1.	Summary	of	Bioenergetics	1.	Free	energy	is	a	measure	of	the	energy	available	to	perform	useful	work.	2.
ΔG	can	predict	the	direction	of	a	chemical	reaction.	3.	Chemical	reactions	can	be	coupled	which	allows	an	energetically	unfavorable	reaction	to	proceed	to	conclusion.	4.	ΔG	measured	under	physiological	conditions	may	be	different	from	that	at	a	standard	state.	The	redox	potential	of	this	couple	is	estimated	by	measuring	the	electromotive	force
(EMF)	of	a	sample	half	cell	connected	to	a	standard	half	cell.	The	sample	half	cell	contains	one	molar	solution	each	of	the	reductant	and	oxidant.	The	reference	standard	half	cell	has	1	M	H+	solution	in	equilibrium	with	hydrogen	gas	at	one	atmosphere	pressure.	The	reference	half	cell	has	a	reduction	potential	of	zero	meV.	Negative	and	Positive	Redox
Potential	When	a	substance	has	lower	affinity	for	electrons	than	hydrogen,	it	has	a	negative	redox	potential.	If	the	substance	has	a	positive	redox	potential,	it	has	a	higher	affinity	for	electrons	than	hydrogen.	Thus	NADH,	a	strong	reducing	agent,	has	a	negative	redox	potential	(–	0.32	V	),	whereas	a	strong	oxidant	like	oxygen	has	a	positive	redox
potential	(+0.82	V).	Table	20.1	gives	the	redox	potentials	of	some	of	the	important	redox	couples	of	the	biological	system.	A	summary	is	given	in	Box	19.1.	Substrate	Level	Phosphorylation	Here	energy	from	a	high	energy	compound	is	directly	transferred	to	nucleoside	diphosphate	to	form	a	triphosphate	without	the	help	of	electron	transport	chain,
e.g.	Table	19.1.	Redox	potentials	Oxidant	Reductant	E0'	(in	V)	NADH	+	H+	–	0.32	Cytochrome	b++	+	0.07	Coenzyme	Q	Coenzyme	QH2	+	0.10	Cytochrome	c+++	Cytochrome	c++	+	0.22	+++	++	+	0.29	NAD+	Cytochrome	b	Cytochrome	a	½	O2	+	2H	+++	Cytochrome	a	H2O	+	0.82	a.	Bisphospho	glycerate	kinase	(Fig.	9.11);	b.	Pyruvate	kinase
(Fig.	9.13)	c.	Succinate	thiokinase	(Fig.18.2).	ATP	generation	is	coupled	with	a	more	exergonic	metabolic	reaction.	BIOLOGICAL	OXIDATION	The	transfer	of	electrons	from	the	reduced	coenzymes	through	the	respiratory	chain	to	oxygen	is	known	as	biological	oxidation.	Energy	released	during	this	process	is	trapped	as	ATP.	This	coupling	of	oxidation
with	phosphorylation	is	called	oxidative	phosphorylation.	In	the	body,	this	oxidation	is	carried	out	by	successive	steps	of	dehydrogenations.	Electron	Transport	Chain	The	electron	flow	occurs	through	successive	dehydrogenase	enzymes,	together	known	as	electron	transport	chain	(ETC).	The	electrons	flow	from	electronegative	potential	(-0.32)	to
electropositive	potential	(+	0.82).	A	summary	is	shown	in	Figure	19.13.	Energetics	of	Oxidative	Phosphorylation	The	E´0	and	G0´	of	biological	oxidation	may	be	calculated	as	follows:	½	O2	+	2H+	→	H2O	(E´0	=	+	0.82)	NAD+	+	H+	+	2e	→	NADH	(E´0	=	–	0.32)	When	these	two	equations	are	computed;	½	O2	+	NADH	+	H+	→	H2O	+	NAD+;	E´0	=
1.14	V	ΔG0'´	=	–nF	E´0	=	–2	x	23.06	x	1.14	=	–52.6	kcal/mol	The	free	energy	change	between	NAD+	and	water	is	equal	to	53	kcal/mol.	This	is	so	great	that,	if	this	much	energy	is	released	at	one	stretch,	body	cannot	utilize	it.	Hence	with	the	help	of	ETC	assembly,	the	total	energy	change	is	released	in	small	increments	so	that	energy	can	be	trapped
as	chemical	bond	energy,	ATP	(Fig.19.2).	ENZYMES	AND	COENZYMES	All	the	enzymes	involved	in	this	process	of	biological	oxidation	belong	to	the	major	class	of	oxidoreductases.	They	can	be	classified	into	the	following	5	headings:	1.	Oxidases	These	enzymes	catalyze	the	removal	of	hydrogen	from	substrates,	but	only	oxygen	can	act	as	acceptor	of
hydrogen,	so	that	water	is	formed.	AH2	+	½	O2	––––––→	A	+	H2O	Chapter	19;	Biological	Oxidation	and	Electron	Transport	Chain		225	This	group	includes	cytochrome	oxidase	(terminal	component	of	ETC),	tyrosinase,	polyphenoloxidase,	catechol	oxidase	and	monoamine	oxidase.	2.	Aerobic	Dehydrogenases	These	enzymes	catalyze	the	removal	of
hydrogen	from	a	substrate,	but	oxygen	can	act	as	the	acceptor.	These	enzymes	are	flavoproteins	and	the	product	is	usually	hydrogen	peroxide.	→	A	+	H2	O	2	AH2	+	O2	––––––––	These	flavoproteins	contain	either	FMN	or	FAD	as	prosthetic	group.	Examples	are	L-amino	acid	oxidase	which	catalyses	the	oxidative	deamination	of	L-amino	acids	(Fig.
14.10)	and	Xanthine	oxidase	(Fig.	39.15).	3.	Anaerobic	Dehydrogenases	These	enzymes	catalyze	the	removal	of	hydrogen	from	a	substrate	but	oxygen	cannot	act	as	the	hydrogen	acceptor.	They,	therefore,	require	coenzymes	as	acceptors	of	the	hydrogen	atoms.	When	the	substrate	is	oxidized,	the	coenzyme	is	reduced.	3-a.	NAD+	linked
dehydrogenases:	NAD+	is	derived	from	nicotinic	acid,	a	member	of	the	vitamin	B	complex	(see	Chapter	34).	When	the	NAD+	accepts	the	two	hydrogen	atoms,	one	of	the	hydrogen	atoms	is	removed	from	the	substrate	as	such.	The	other	hydrogen	atom	is	split	into	one	hydrogen	ion	and	one	electron.	The	electron	is	also	accepted	by	the	NAD+	so	as	to
neutralize	the	positive	charge	on	the	coenzyme	molecule.	The	remaining	hydrogen	ion	is	released	into	the	surrounding	medium	(Fig.	19.3).	H2	–	–	–	–	–→	–	H	+	H+	+	e–	AH2	+	NAD+	→	A	+	NADH	+	H+	+	The	NAD	(Fig.19.13):	linked	dehydrogenases	are	i.	Glyceraldehyde-3-phosphate	dehydrogenase	ii.	Isocitrate	dehydrogenase	iii.	Malate
dehydrogenase	iv.	Glutamate	dehydrogenase	v.	Beta	hydroxy	acyl	CoA	dehydrogenase	vi.	Pyruvate	dehydrogenase	vii.	Alpha	keto	glutarate	dehydrogenase	3-b.	NADP+	linked	dehydrogenases:	NADPH	cannot	be	oxidized	with	concomitant	production	of	energy.	These	are	taking	part	in	reductive	biosynthetic	reactions	like	fatty	acid	synthesis	and
cholesterol	synthesis.	An	example	of	NADPH	linked	dehydrogenase	is	the	glucose6-phosphate	dehydrogenase	(Fig.10.1)	3-c.	FAD-linked	dehydrogenases:	When	FAD	is	the	coenzyme,	(unlike	NAD+),	both	the	hydrogen	atoms	are	attached	to	the	flavin	ring.	Examples:	i.	Succinate	dehydrogenase	(step	6,	Fig.18.2)	ii.	Fatty	acyl	CoA	dehydrogenase
(Fig.11.9)	iii.	Glycerolphosphate	dehydrogenase	(Fig.19.6)	3-d.	Cytochromes:	All	the	cytochromes,	except	cytochrome	oxidase,	are	anaerobic	dehydrogenases.	(Cytochrome	oxidase	is	an	oxidase,	see	above).	All	cytochromes	are	hemoproteins	having	iron	atom.	Cytochrome	b,	cytochrome	c1,	and	cytochrome	c	are	in	mitochondria	while	cytochrome	P-
450	and	cytochrome	b5	are	in	endoplasmic	reticulum.	4.	Hydroperoxidases	4-a.	Peroxidase:	Examples	of	peroxidases	are	glutathione	peroxidase	in	RBCs	(a	selenium	containing	enzyme),	leukocyte	peroxidase	and	horse	radish	peroxidase.	Peroxidases	remove	free	radicals	like	hydrogen	peroxide	(see	Chapter	20).	H2O2	+	AH2	––––	(peroxidase)	––→
2H2O	+	A	4-b.	Catalase:	Catalases	are	hemoproteins.	Peroxisomes	are	subcellular	organelles	having	both	aerobic	dehydrogenases	and	catalase.	→	2H2O2	+	O2	2H2O2	–––––––––	(catalase)	––––––	5.	Oxygenases	5-a.	Mono-oxygenases:	These	are	otherwise	called	mixed	function	oxidases.	Here,	one	oxygen	atom	is	incorporated	into	the	substrate	and	the
other	oxygen	atom	is	reduced	to	water.	These	enzymes	are	also	called	hydroxylases	because	OH	group	is	incorporated	into	the	substrate.	A-H+	O2+	BH2	––	(hydroxylase)	––→	A-OH+	H2O+	B	i.	ii.	iii.	iv.	Fig.	19.3.	NAD+	accepts	H2	Phenylalanine	hydroxylase	Tyrosine	hydroxylase	Tryptophan	hydroxylase	(Fig.	17.10)	Microsomal	cytochrome	P-450
mono-oxygenase	is	concerned	with	drug	metabolism.	v.	Mitochondrial	cytochrome	P-450	mono-oxygenase.	226		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Table	19.2.	High-energy	compounds	Energy	rich	compound	Energy	release	in	kJ/mol	Phosphate	Compounds	1.	Nucleotides:	(ATP,	GTP,	UTP,	UDP-glucose)	ATP	to	AMP	+	PPi	ATP	to
ADP	+	Pi	2.	Creatine	phosphate	3.	Arginine	phosphate	4.	1,3-bisphospho	glycerate	5.	Phospho	enol	pyruvate	6.	Inorganic	pyrophosphate	7.	Carbamoyl	phosphate	8.	Amino	acyl	adenylate	(amino	acyl	AMP)	ΔG	´	in	kcal/mol	0	–	45.6	kj	–	30.5	–	43.1	–10.7	kcal	–	7.3	–10.5	–	49.4	–	61.9	–	7.3	–	51.4	–10.1	–14.8	Sulfur	Compounds	9.	CoA	derivatives:	Acetyl
CoA	Succinyl	CoA	Fatty	acyl	CoA	HMG	CoA	10.	S-adenosyl	methionine	(SAM)	11.	Adenosine	phosphosulfate	(active	sulfate).	–12.3	–	7.5	–	7.0	The	figure	"450"	denotes	that	it	absorbs	light	at	450	nm,	when	the	heme	combines	with	carbon	monoxide.	It	is	required	for	steroid	hydroxylation	in	adrenal	cortex,	testis	and	ovary.	v.	Nitric	oxide	synthase	(Fig.
16.6).	5-b.	Di-oxygenases:	They	are	enzymes	which	incorporate	both	atoms	of	a	molecule	of	oxygen	into	the	substrate,	e.g.	tryptophan	pyrrolase	and	homogentisic	acid	oxidase	(Fig.	17.8).	→	AO2	A	+	O2	––––––	HIGH	ENERGY	COMPOUNDS	These	compounds	when	hydrolyzed	will	release	a	large	quantity	of	energy,	that	is,	they	have	a	large	ΔG0'´.	The
high	energy	bond	in	compounds	is	usually	indicated	by	a	squiggle	bond	(~).	The	free	energy	of	hydrolysis	ΔG0´	of	an	ordinary	bond	varies	from	–1	to	–6	kcal/mol.	For	example,	glucose-6-phosphate	has	a	free	energy	of	only	13.8	kJ/mol	(–3.3	kcal/mol).	On	the	other	hand,	the	free	energy	of	high	energy	bonds	varies	from	>25	kJ/mol	(–7	to	–15	kcal/	mol).
High	energy	compounds	are	listed	in	Table	19.2.	Adenosine	Triphosphate	(ATP)	i.	ATP	is	the	universal	currency	of	energy	within	the	living	cells.	Structure	of	ATP	is	shown	in	Figure	5.3.	ii.	The	hydrolysis	of	ATP	to	ADP	(under	standard	conditions)	releases	–30.5	kJ/mol	or	–7.3	kcal/mol	(ΔG0´	=	–	7.3).	The	energy	in	the	ATP	is	used	to	drive	all
endergonic	(biosynthetic)	reactions.	The	energy	efficiency	of	the	cell	is	comparable	to	any	machine	so	far	invented.	ATP	captures	the	chemical	energy	released	by	the	combustion	of	nutrients	and	transfers	it	to	synthetic	reactions	that	require	energy.	iii.	At	rest,	Na+-K+	-ATPase	(see	Chapter	2)	uses	up	one-third	of	all	ATP	formed.	Other	energy
requiring	processes	are,	biosynthesis	of	macromolecules,	muscle	contractions,	cellular	motion	using	kinesin,	dyenin,	etc.	iv.	ATP	is	continually	being	hydrolyzed	and	regenerated.	An	average	person	at	rest	consumes	and	regenerates	ATP	at	a	rate	of	approximately	3	molecules	per	second,	i.e.	about	1.5	kg/day	!	At	this	juncture,	it	is	interesting	to	review
different	types	of	reactions	undergone	by	ATP.	1.	Glucose	+	ATP	→	Glucose-6-phosphate	+	ADP	Here	ATP	is	hydrolyzed	to	ADP	level	and	phosphate	is	incorporated	in	the	product	(Fig.	9.5).	2.	Pyruvate	+	CO2	+	ATP	→	Oxaloacetate	+	ADP	+	Pi	Here	ATP	is	hydrolyzed	to	ADP	level,	but	phosphate	is	released	(Fig.	9.24).	3.	Fatty	acid	+	CoA	+	ATP	→
Fatty	acyl	CoA	+	AMP	+	PPi	The	ATP	is	hydrolyzed	to	AMP	level,	but	pyrophosphate	is	released	(Fig.	11.9).	4.	Ribose-5-P+ATP	→	Phosphoribosyl	pyrophosphate	+	AMP	Although	ATP	is	hydrolyzed	to	AMP	level,	the	pyrophosphate	is	added	to	the	substrate	(Fig.	39.11).	Chapter	19;	Biological	Oxidation	and	Electron	Transport	Chain		227	Table	19.3.
Location	of	enzymes	in	mitochondria	Mitochondria,	outer	membrane:	Mono	amino	oxidase	Acyl	CoA	synthetase	Phospholipase	A2	In	between	outer	and	inner	membrane:	Adenylate	kinase	Creatine	kinase	Inner	membrane,	outer	surface:	Glycerol-3-phosphate	dehydrogenase	Inner	membrane,	inner	surface:	Succinate	dehydrogenase	Enzymes	of
respiratory	chain	Soluble	matrix:	Enzymes	of	citric	acid	cycle	Enzymes	of	beta	oxidation	of	fatty	acid	5.	Amino	acid	+	ATP	→	Aminoacyl	adenylate	+	PPi	Here	AMP	group	is	incorporated	into	the	product	(see	Chapter	41).	6.	Methionine	+	ATP	→	S-adenosyl	methionine	+	PPi	+	Pi	Here	adenosyl	group	is	incorporated	into	the	product	(see	Fig.	15.14).
Cyrus	Fiske	and	Yellapragada	Subba	Row	discovered	ATP	in	1929;	Karl	Lohmann	showed	its	importance	in	muscle	contraction	in	1929.	In	1941,	Fritz	Lipmann	(Nobel	Prize,	1953)	showed	that	ATP	is	the	universal	carrier	of	chemical	energy	in	the	cell	and	coined	the	expression	“energy	rich	phosphate	bonds”.	Alexander	Todd	(Nobel	Prize,	1957)
elucidated	its	structure.	Creatine	Phosphate	Phosphocreatine	(Creatine	phosphate	or	CP)	provides	a	high	energy	reservoir	of	ATP	to	regenerate	ATP	rapidly	by	the	Lohmann’s	reaction,	catalyzed	by	creatine	kinase.	ATP	+	Creatine		Phosphocreatine	+	ADP	+	ΔG0’	43.1	kJ/mol	(-10.5	kcal/mol).	The	reaction	is	mitochondrial	and	of	special	significance	in
the	myocardium	which	has	a	high	energy	requirement,	about	6	kg	of	ATP	per	day.	Energy	transfer	to	the	heart’s	myofibrils	is	by	creatine	kinase	energy	shuttle,	since	being	a	smaller	molecule	than	ATP,	CP	can	rapidly	diffuse	from	the	myocardium	to	the	myofibrils.	Storage	forms	of	high	energy	phosphates,	such	as	creatine	phosphate	and	arginine
phosphate	are	called	Phosphagens.	Creatine	phosphate	is	mainly	seen	in	skeletal	muscle,	heart,	and	brain.	Fig.	19.4.	Mitochondria	Structure	of	Mitochondrion	The	electron	transport	chain	is	functioning	inside	the	mitochondria.	The	mitochondrion	is	a	subcellular	organelle	having	the	outer	and	inner	membranes	enclosing	the	matrix	(Fig.	19.4).	The
inner	membrane	is	highly	selective	in	its	permeability,	containing	specific	transport	proteins.	Certain	enzymes	are	specifically	localized	in	mitochondria	(Table	19.3).	The	inner	membrane	contains	the	respiratory	chain	and	translocating	systems.	The	knob	like	protrusions	represent	the	ATP	synthase	system	(Fig.19.4).	ORGANIZATION	OF	ELECTRON
TRANSPORT	CHAIN	i.	In	the	electron	transport	chain,	or	respiratory	chain,	the	electrons	are	transferred	from	NADH	to	a	chain	of	electron	carriers.	The	electrons	flow	from	the	more	electronegative	components	to	the	more	electropositive	components.	ii.	All	the	components	of	electron	transport	chain	(ETC)	are	located	in	the	inner	membrane	of
mitochondria.	iii.	There	are	four	distinct	multi-protein	complexes;	these	are	named	as	complex-I,	II,	III	and	IV.	These	are	connected	by	two	mobile	carriers,	co-enzyme	Q	and	cytochrome	C.	iv.	The	arrangement	is	schematically	represented	in	Figure	19.7.	The	sequence	of	reaction	is	depicted	in	Box	19.2.	NADH	Generation	The	NADH	is	generated
during	intermediary	metabolism	(Fig.	19.13).	A	detailed	list	of	the	reactions	using	NADH	is	given	in	Box	34.3.	228		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Malate	Aspartate	Shuttle	Mitochondrial	membrane	is	impermeable	to	NADH.	The	NADH	equivalents	generated	in	glycolysis	are	therefore	to	be	transported	from	cytoplasm	to
mitochondria	for	oxidation.	This	is	achieved	by	malate-aspartate	shuttle	or	malate	shuttle,	which	operates	mainly	in	liver,	kidney	and	heart.	The	cycle	is	operated	with	the	help	of	enzymes	malate	dehydrogenase	(MDH)	and	aspartate	amino	transferase	(Fig.19.5).	From	one	molecule	of	NADH	in	the	mitochondria,	2½	ATP	molecules	are	generated.
Glycerol-3-phosphate	Shuttle	In	skeletal	muscle	and	brain,	the	reducing	equivalents	from	cytoplasmic	NADH	are	transported	to	mitochondria	as	FADH2	through	glycerol-3-phosphate	shuttle	(Fig.	19.6).	Hence	only	1½	ATPs	are	generated	when	this	system	is	operating.	1.	ETC	Complex-I	i.	It	is	also	called	NADH-CoQ	reductase	or	NADH	dehydrogenase
complex.	It	is	tightly	bound	to	the	inner	membrane	of	mitochondria.	ii.	It	contains	a	flavoprotein	(Fp),	consisting	of	FMN	as	prosthetic	group	and	an	iron-sulphur	protein	(Fe-S).	NADH	is	the	donor	of	electrons,	FMN	accepts	them	and	gets	reduced	to	FMNH2	(Fig.19.8).	Two	electrons	and	one	hydrogen	ion	are	transferred	from	NADH	to	the	flavin
prosthetic	group	of	the	enzyme.	NADH	+	H+	+	FMN	→	FMNH2	+	NAD+	Fig.	19.5.	Mitochondrial	transport	of	NADH	by	MalateAspartate	Shuttle.	MDH	=	malate	dehydrogenase.	AST	=	Aspartate	amino	transferase.	Glu=	Glutamic	acid.	AKG	=	alpha	keto	glutaric	acid.	1=	Malate	transporter.	2=Glutamate	aspartate	transporter	Box	19.2.	Summary	of
Electron	Flow	in	ETC	Complex	I:	NADH	→	FMN	→	Fe-S	→	CoQ	→	Complex	II:	Succinate	→	FAD	→	Fe-S	→	CoQ	→	Complex	III:	CoQ	→	Fe-S	→	cyt.b	→	cyt.c1	→	cyt.	c	Complex	IV:	Cyt.	c	→	cyt	a-a3	→	O2	iii.	The	electrons	from	FMNH2	are	then	transferred	to	Fe-S.	The	electrons	are	then	transferred	to	coenzyme	Q	(ubiquinone)	(CoQ).	iv.	Overall	function	of
this	complex	is	to	collect	the	pair	of	electrons	from	NADH	and	pass	them	to	CoQ.	The	reactions	are	shown	in	Fig.	19.8.	v.	There	is	a	large	negative	free	energy	change;	the	energy	released	is	12	kcal/mol.	This	is	utilized	to	drive	4	protons	out	of	the	mitochondria.	2.	Complex	II	or	Succinate-Q-Reductase	The	reaction	in	Complex-II	is	represented	in
Fig.19.9.	The	electrons	from	FADH2	enter	the	ETC	at	the	level	of	coenzyme	Q.	This	step	does	not	liberate	enough	energy	to	act	as	proton	pump.	In	other	words,	substrates	oxidized	by	FAD-linked	enzymes	bypass	complex-I.	The	three	major	enzyme	systems	that	transfer	their	electrons	directly	to	ubiquinone	from	the	FAD	prosthetic	group	are:	i.
Succinate	dehydrogenase,	(step	6,	Fig.18.2)	ii.	Fatty	acyl	CoA	dehydrogenase	(step	1,	Fig.11.9)	iii.	Mitochondrial	glycerol	phosphate	dehydrogenase	(Fig.19.6).	Fig.	19.6.	Glycerol-3-phosphate	shuttle	in	muscle	and	brain	Chapter	19;	Biological	Oxidation	and	Electron	Transport	Chain		229	Fig.	19.9.	Complex	II;	Succinate-Q-reductase	ii.	During	this
process	of	transfer	of	electron,	the	iron	in	heme	group	shuttles	between	Fe3+	and	Fe2+	forms.	iii.	The	free	energy	change	is	–10	kcal/mol;	and	4	protons	are	pumped	out.	Fig.	19.7.	Summary	of	electron	flow	3.	Coenzyme	Q	i.	The	ubiquinone	(Q)	is	reduced	successively	to	semiquinone	(QH)	and	finally	to	quinol	(QH2).	ii.	It	accepts	a	pair	of	electrons
from	NADH	or	FADH	2	through	complex-I	or	complex-II	respectively	(see	Figs	19.7	and	19.13).	iii.	Coenzyme	Q	is	a	quinone	derivative	having	a	long	isoprenoid	tail.	The	chain	length	of	the	tail	is	different	in	various	species,	mammals	have	10	isoprene	units	(Fig.	19.10).	Two	molecules	of	cytochrome	c	are	reduced.	iv.	The	Q	cycle	thus	facilitates	the
switching	from	the	two	electron	carrier	ubiquinol	to	the	single	electron	carrier	cytochrome	c.	4.	Complex	III	or	Cytochrome	Reductase	i.	This	is	a	cluster	of	iron-sulphur	proteins,	cytochrome	b	and	cytochrome	c1,	both	contain	heme	prosthetic	group.	The	sequence	of	reaction	inside	the	Complex	III	is	shown	in	Figure	19.11.	Fig.	19.8.	Complex	I	or
NADH-CoQ	reductase	(NADH	dehydrogenase	complex)	5.	Cytochrome	c	It	is	a	peripheral	membrane	protein	containing	one	heme	prosthetic	group.	The	term	cytochrome	is	derived	from	Greek,	meaning	cellular	colors.	It	is	one	of	the	highly	conserved	proteins	among	different	species.	Axel	Theorell	(Nobel	Prize,	1955)	isolated	it.	Cytochrome	c	collects
electrons	from	Complex	III	and	delivers	them	to	Complex	IV.	6.	Complex	IV	or	Cytochrome	Oxidase	i.	It	contains	different	proteins,	including	cytochrome	a	and	cytochrome	a3.	The	Complex	IV	is	tightly	bound	to	the	mitochondrial	membrane.	ii.	The	reaction	is	depicted	in	Figure	19.12.	Four	electrons	are	accepted	from	cytochrome	c,	and	passed	on	to
molecular	oxygen.	4	H+	+	O2	+	4	Cyt.C-Fe++	→	2	H2O	+	4	Cyt.C+++	iii.	2	protons	are	pumped	out	to	the	intermembrane	space.	iv.	Cytochrome	oxidase	has	4	redox	centers,	namely,	a,	a3,	CuA	and	CuB.	The	electron	transfer	in	this	complex	is	as	shown	Fig.	19.10.	Addition	of	H+	to	coenzyme	Q	230		Textbook	of	Biochemistry;	Section	B:	General
Metabolism	Fig.	19.11.	Complex	III	or	cytochrome	reductase	(Cytochrome	b-c1	complex)	of	respiratory	chain	Cyto	c	CuA	Cyto	a	Cyto	a3	CuB	Cytochrome	oxidase	contains	2	heme	groups	and	2	copper	ions.	The	two	heme	groups	are	denoted	as	cytochrome-a	and	cytochrome	a-3.	The	functional	unit	of	the	enzyme	is	a	single	protein,	and	is	referred	to	as
cytochrome	a--a3.	The	sequential	arrangement	of	members	of	electron	transport	chain	is	shown	in	Box	19.2	and	Figure	19.13.	P:O	Ratio	The	P:O	ratio	is	defined	as	the	number	of	inorganic	phosphate	molecules	incorporated	into	ATP	for	every	atom	of	oxygen	consumed.	When	a	pair	of	electrons	from	NADH	reduces	an	atom	of	oxygen	(½	O2),	2.5	mol
of	ATP	are	formed	per	0.5	mol	of	O2	consumed.	This	results	in	harnessing	of	energy	required	for	production	of	only	2.5	ATP	from	NADH	and	1.5	ATP	from	FADH2.	Current	Concept,	Energetics	of	ATP	Synthesis	The	free	energy	released	by	electron	transport	through	complex	I	to	IV	must	be	conserved	in	a	form	that	ATP	synthase	can	perform	energy
coupling.	The	energy	of	electron	transfer	is	used	to	drive	protons	out	of	the	matrix	by	the	complexes	I,	III	and	IV	that	are	proton	pumps.	The	proton	gradient	thus	created	is	maintained	across	the	inner	mitochondrial	membrane	till	electrons	are	transferred	to	oxygen	to	form	water.	The	electrochemical	potential	of	this	gradient	is	used	to	synthesize
ATP.	According	to	the	estimated	free	energy	of	synthesis,	it	was	presumed	that	around	3	protons	are	required	per	ATP	synthesized.	Hence	when	one	NADH	transfers	its	electrons	to	oxygen,	10	protons	are	pumped	out.	This	would	account	for	the	synthesis	of	approximately	3	ATP.	Similarly	the	oxidation	of	1	FADH	2	is	accompanied	by	the	Fig.	19.12.
Complex	IV	(cytochrome	oxidase)	of	respiratory	chain	pumping	of	6	protons,	accounting	for	2	molecules	of	ATP.	However,	Peter	Hinkle	recently	proved	that	the	actual	energy	production	is	less,	because	there	is	always	leakage	of	protons.	This	results	in	harnessing	of	energy	required	for	the	production	of	2.5	ATP	from	NADH	and	1.5	ATP	from	FADH2.
The	synthesis	of	one	ATP	molecule	is	driven	by	the	flow	of	3	protons	through	the	ATP	synthase	(see	below).	When	NADH	is	oxidized,	10	hydrogen	ions	(protons)	are	pumped	out	(Fig.	19.13).	According	to	recent	findings,	one	NADH	may	generate	only	2.5	ATP;	and	one	FADH2	may	generate	only	1.5	ATP.	So,	one	molecule	of	glucose	will	generate	only
32	ATPs.	The	traditional	values	and	the	new	values	are	compared	in	Table	19.4.	(Please	note	that	there	is	no	change	in	the	values	of	ATP	generation	by	substrate	level	phosphorylation).	Energy	efficiency	of	glucose	oxidation	giving	32	molecules	of	ATP	and	palmitate	giving	106	molecules	of	ATP	is	given	as	34%	and	33%	respectively.	Sites	of	ATP
Synthesis	Traditionally,	the	sites	of	ATP	synthesis	are	marked,	as	site	1,	2	and	3,	as	shown	in	Figure	19.13.	But	now	it	is	known	that	ATP	synthesis	actually	occurs	when	the	proton	gradient	is	dissipated,	and	not	when	the	protons	are	pumped	out	(Fig.	19.15).	Table	19.4.	ATP	generation,	old	and	new	values	ATP	generation	by	oxidation	of	Old	value
Presently	accepted	NADH	3	2.5	FADH	2	1.5	Glucose	38	32	Acetyl	CoA	12	10	Palmitate	129	106	Chapter	19;	Biological	Oxidation	and	Electron	Transport	Chain		231	CHEMI-OSMOTIC	THEORY	The	coupling	of	oxidation	with	phosphorylation	is	termed	oxidative	phosphorylation.	Peter	Mitchell	in	1961	(Nobel	Prize,	1978)	proposed	this	theory	to	explain
the	oxidative	phosphorylation.	The	transport	of	protons	from	inside	to	outside	of	inner	mitochondrial	membrane	is	accompanied	by	the	generation	of	a	proton	gradient	across	the	membrane.	Protons	(H+	ions)	accumulate	outside	the	membrane,	creating	an	electrochemical	potential	difference	(Fig.19.15).	This	proton	motive	force	drives	the	synthesis
of	ATP	by	ATP	synthase	complex	(Fig.19.14).	PROTON	PUMP	AND	ATP	SYNTHESIS	The	proton	pumps	(complexes	I,	III	and	IV)	expel	H+	from	inside	to	outside	of	the	inner	membrane.	Fig.	19.14.	ATP	synthase.	Protons	from	outside	pass	through	the	pore	of	Fo	into	the	matrix,	when	ATP	is	synthesized	So,	there	is	high	H	+	concentration	outside	the
inner	membrane.	This	causes	H+	to	enter	into	mitochondria	through	the	channels	(Fo);	this	proton	influx	causes	ATP	synthesis	by	ATP	synthase	A	summary	is	shown	in	Figure	19.15.	Fig.	19.13.	Components	and	sequence	of	reactions	of	electron	transport	chain	232		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Fig.	19.15.	Summary	of
ATP	synthesis.	One	mitochondrion	is	depicted,	with	inner	and	outer	membranes.	ETC	complexes	will	push	hydrogen	ions	from	matrix	into	the	intermembrane	space.	So,	intermediate	space	has	more	H+	(highly	acidic)	than	matrix.	So,	hydrogen	ions	tend	to	leak	into	matrix	through	Fo.	Then	ATPs	are	synthesized.	I,	II,	III,	IV	=	components	of	ETC	The
pH	outside	the	mitochondrial	inner	membrane	is	1.4	units	lower	than	inside.	Further,	outside	is	positive	relative	to	the	inside	(+0.14	V).	See	Fig.19.15.	The	proton	motive	force	(PMF)	is	0.224	V	corresponding	to	a	free	energy	change	of	5.2	kcal/mol	of	protons.	Mechanism	of	ATP	synthesis:	Translocation	of	protons	carried	out	by	the	Fo	catalyses	the
formation	of	phospho-anhydride	bond	of	ATP	by	F1.	Coupling	of	the	dissipation	of	proton	gradient	with	ATP	synthesis	(oxidative	phosphorylation)	is	through	the	interaction	of	F1	and	Fo.	ATP	SYNTHASE	(COMPLEX	V)	It	is	a	protein	assembly	in	the	inner	mitochondrial	membrane.	It	is	sometimes	referred	to	as	the	5th	Complex	(Figs	19.14	and	19.15).
Proton	pumping	ATP	synthase	(otherwise	called	F1-Fo	ATPase)	is	a	multisubunit	transmembrane	protein.	It	has	two	functional	units,	named	as	F1	and	Fo.	It	looks	like	a	lollipop	since	the	membrane	embedded	Fo	component	and	F1	are	connected	by	a	protein	stalk.	Binding	Change	Mechanism	The	binding	change	mechanism	proposed	by	Paul	Boyer
(Nobel	Prize,	1997)	explains	the	synthesis	of	ATP	by	the	proton	gradient.	The	ATP	synthase	is	a	“molecular	machine”,	comparable	to	a	“water-driven	hammer,	minting	coins”.	Fo	is	the	wheel;	flow	of	protons	is	the	waterfall	and	the	structural	changes	in	F1	lead	to	ATP	coin	being	minted	for	each	turn	of	the	wheel.	The	F1	has	3	conformation	states	for
the	alphabeta	functional	unit:	Fo	Unit:	The	"o"	is	pronounced	as	"oh";	and	not	as	"zero".	The	"o"	stands	for	oligomycin,	as	Fo	is	inhibited	by	oligomycin.	Fo	unit	spans	inner	mitochondrial	membrane.	It	serves	as	a	proton	channel,	through	which	protons	enter	into	mitochondria	(Fig.19.14).	Fo	unit	has	4	polypeptide	chains	and	is	connected	to	F1.	Fo	is
water	insoluble	whereas	F1	is	a	water	soluble	peripheral	membrane	protein.	F1	Unit:	It	projects	into	the	matrix.	It	catalyses	the	ATP	synthesis	(Fig.	19.14).	F1	unit	has	9	polypeptide	chains,	(3	alpha,	3	beta,	1	gamma,	1	sigma,	1	epsilon).	The	alpha	chains	have	binding	sites	for	ATP	and	ADP	and	beta	chains	have	catalytic	sites.	ATP	synthesis	requires
Mg++	ions.	O	state	-	Does	not	bind	substrate	or	products	L	state	–	Loose	binding	of	substrate	and	products	T	state	–	Tight	binding	of	substrate	and	products	According	to	this	theory,	the	3	beta	subunits	(catalytic	sites),	are	in	three	functional	states:	O	form	is	open	and	has	no	affinity	for	substrates.	L	form	binds	substrate	with	sluggish	affinity.	T	form
binds	substrate	tightly	and	catalyses	ATP	synthesis.	As	protons	translocate	to	the	matrix,	the	free	energy	is	released,	and	this	is	harnessed	to	interconvert	these	3	states.	The	bond	is	synthesized	in	the	T	state	and	ATP	is	released	in	the	O	state.	The	sequence	of	events	is	as	follows.	Chapter	19;	Biological	Oxidation	and	Electron	Transport	Chain		233
Fig.	19.16.	The	binding	change	mechanism	for	ATP	synthase.	F1	has	3	chemically	identical	but	conformationally	distinct	functional	states.	"O"	means	open	conformation	with	no	affinity	for	substrates	and	is	catalytically	inactive.	"L"	binds	ligands	loosely	and	catalytically	sluggish.	"T"	binds	ligands	tightly	and	catalytically	active.	1=	ADP	and	Pi	binds	to
"L"	site.	Then	energy	dependent	conformational	change	occurs.	2=	ATP	is	synthesized;	conformation	is	again	changed.	3=	ATP	is	released	with	confirmation	change.	4=	old	confirmation	regained	and	cycle	continues	1.	ADP	and	Pi	bind	to	L	binding	site	2.	L	T	conversion	is	by	energy	driven	conformational	change	that	catalyses	the	formation	of	ATP	3.
T	state	reverts	to	O	state	when	ATP	is	released.	4.	L	state	is	regenerated	for	further	ADP	binding.	For	the	complete	rotation	of	F1	head	through	the	3	states,	10	protons	are	translocated.	Protons	entering	the	system,	cause	conformational	changes	in	the	F1	particle.	Initially	the	ADP	and	Pi	are	loosely	bound	to	the	catalytic	site	on	F1.	As	the	Fo	accepts
protons,	the	affinity	for	ADP	is	increased	(step	1,	Fig.19.16).	Further	conformational	change	induces	catalytic	activity,	and	ATP	is	synthesized	(step	2,	Fig.19.16).	This	moves	protons	to	the	matrix	side.	As	the	ATPs	are	released,	the	original	conformation	of	the	enzyme	is	assumed	(step	3,	Fig.19.16).	Then	ADP	is	again	bound	and	the	cycle	repeats	(step
4,	Fig.19.16).	The	energy	surplus	produced	by	the	proton	gradient	is	stored	as	chemical	energy	in	ATP.	The	energy	requiring	step	is	not	at	the	synthesis	of	ATP,	but	energy	is	required	for	the	conformational	changes.	Regulation	of	ATP	Synthesis	The	availability	of	ADP	regulates	the	process.	When	ATP	level	is	low	and	ADP	level	is	high,	oxidative
phosphorylation	proceeds	at	a	rapid	rate.	This	is	called	respiratory	control	or	acceptor	control.	The	major	source	of	NADH	and	FADH2	is	the	citric	acid	cycle,	the	rate	of	which	is	regulated	by	the	energy	charge	of	the	cell.	INHIBITORS	OF	ATP	SYNTHESIS	a.	Site	Specific	Inhibitors:	(Table	19.5;	Fig.19.17)	b.	Inhibitors	of	Oxidative	Phosphorylation:
Fig.	19.17.	Inhibitors	of	electron	transport	chain	and	oxidative	phosphorylation.	Abbreviations	are	shown	in	Table	19.5	234		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Table	19.5.	Compounds	which	affect	electron	transport	chain	and	oxidative	phosphorylation	1.	Complex	I	to	Co-Q	specific	inhibitors	i.	Alkylguanides	(guanethide),
hypotensive	drug	ii.	Rotenone,	insecticide	and	fish	poison	iii.	Barbiturates	(amobarbital),	sedative	iv.	Chlorpromazine,	tranquilizer	v.	Piericidin,	antibiotic	2.	Complex	II	to	Co-Q	i.	Carboxin	3.	Complex	III	to	cytochrome	c	inhibitors	i.	BAL	(British	anti	lewisite),	antidote	of	war	gas	ii.	Naphthoquinone	iii.	Antimycin	4.	Complex	IV	inhibitors	i.	Carbon
monoxide,	inhibits	cellular	respiration	ii.	Cyanide	(CN–)	iii.	Azide	(N3–)	iv.	Hydrogen	sulphide	(H2S)	5.	Site	between	succinate	dehydrogenase	and	Co-Q	i.	Carboxin,	inhibits	transfer	of	ions	from	FADH2	ii.	Malonate,	competitive	inhibitor	of	succinate	DH	6.	Inhibitors	of	oxidative	phosphorylation	i.	Atractyloside,	inhibits	translocase	ii.	Oligomycin,
inhibits	flow	of	protons	through	Fo	iii.	Ionophores,	e.g.	Valinomycin	7.	Uncouplers	i.	2,4-dinitrophenol	(2,4-DNP)	ii.	2,4-dinitrocresol	(2,4-DNC)	iii.	CCCP(chlorocarbonylcyanidephenyl	hydrazone)	8.	Physiological	uncouplers	i.	Thyroxine,	in	high	doses	ii.	Thermogenin	in	brown	adipose	tissue	b-i.	Atractyloside	inhibits	the	translocase	where	as	oligomycin
inhibits	the	Fo	(Table	19.5).	b-ii.	Ionophores	are	lipid	soluble	compounds	that	increase	the	permeability	of	lipid	bilayers	to	certain	ions.	There	are	two	types	of	ionophores;	mobile	ion	carries	(e.g.	valinomycin)	and	channel	formers	(e.g.	gramicidin).	Valinomycin	allows	potassium	to	permeate	mitochondria	and	dissipate	the	proton	gradient.	b-iii.	The
toxicity	of	cyanide	is	due	to	its	inhibitory	effect	on	the	terminal	cytochrome	which	brings	cellular	respiration	to	a	standstill.	c.	Uncouplers	of	Oxidative	Phosphorylation:	Uncouplers	will	allow	oxidation	to	proceed,	but	the	energy	instead	of	being	trapped	by	phosphorylation	Fig.	19.18.	Important	mitochondrial	membrane	transporters.	1	=	PYT	(pyruvate
transporter);	2	=	TCT	(tricarboxylate	transporter);	3	=	ANT	(adenine	nucleotide	transporter)	is	dissipated	as	heat.	This	is	achieved	by	removal	of	the	proton	gradient.	(Table	19.5;	Fig.	19.17).	The	uncoupling	of	oxidative	phosphorylation	is	useful	biologically.	In	hibernating	animals	and	in	newborn	human	infants,	the	liberation	of	heat	energy	is
required	to	maintain	body	temperature.	In	Brown	adipose	tissue,	thermogenesis	is	achieved	by	this	process.	Thermogenin,	a	protein	present	in	the	inner	mitochondrial	membrane	of	adipocytes,	provides	an	alternate	pathway	for	protons.	It	is	one	of	the	uncoupling	proteins	(UCP).	Thyroxine	is	also	known	to	act	as	a	physiological	uncoupler.
Mitochondrial	Transport	Systems	The	inner	membrane	is	highly	selective	in	its	permeability	characteristics.	So,	there	are	several	transmembrane	protein	systems,	to	transport	specific	molecules	in	and	out	of	the	mitochondrial	membrane.	Some	important	transporters	are	shown	in	Figure	19.18.	Pyruvate	carrier	is	a	symport	system	(pyruvate	and
hydrogen	ions	to	same	side).	Tricarboxylate	carrier	is	an	antiport	system,	carrying	malate	and	citrate	in	the	opposite	directions	(Fig.19.18).	Certain	enzymes	are	specifically	localized	in	mitochondria	(Table	19.3).	Creatine	Phosphate	Shuttle	ATP	generated	inside	the	mitochondria	is	brought	outside	the	mitochondria	by	the	creatine	phosphate	shuttle
(Fig.	19.19).	Chapter	19;	Biological	Oxidation	and	Electron	Transport	Chain		235	Fig.	19.19.	Creatine	phosphate	shuttle.	1	=	CKm	(muscle	creatine	kinase);	2	=	CKmt	(mitochondrial	creatine	phosphate);	3	=	ANT	(adenine	nucleotide	transporter);	C	=	creatine;	CP	=	creatine	phosphate	Fig.	19.20.	Role	of	mitochondria	in	apoptosis	ATP	is	first
transported	through	inner	mitochondrial	membrane	by	adenine	nucleotide	transporter.	Then	the	high	energy	bond	of	ATP	is	exchanged	with	creatine	by	mitochondrial	isoenzyme	of	creatine	kinase.	The	creatine	phosphate	thus	generated	is	then	transported	through	the	pores	of	outer	mitochondrial	membrane.	Inside	the	cytoplasm,	creatine	phosphate
is	again	exchanged	with	ATP	by	muscle	isoenzyme	of	creatine	kinase.	Mitochondrial	Permeability	Transition	Pore	(MPTP)	Cytochrome	C	is	also	the	mediator	of	apoptosis	(programmed	cell	death).	Since	cytochrome	C	is	a	peripheral	membrane	protein,	it	is	loosely	bound	to	mitochondria.	So,	it	is	released	from	the	mitochondria	when	the	mitochondrial
membrane	permeabilization	(MMP)	occurs.	This	can	happen	in	response	to	an	oxidant	stress	due	to	ROS,	increase	in	calcium	concentration	in	mitochondria	or	any	other	form	of	stress.	As	the	membrane	permeability	increases,	there	is	transient	opening	of	a	mitochondrial	permeability	transition	pore	(MPTP).	However,	if	the	injury	is	only	transient,	the
pore	closes.	But	if	the	pore	remains	open,	it	results	in	dissipation	of	mitochondrial	proton	gradient,	ATP	depletion	and	release	of	cytochrome	C.	This	cytochrome	C	acts	as	a	trigger	for	apoptosis	by	forming	an	apoptosome	complex	with	other	pro-apoptotic	factors.	The	initiator	caspase	is	then	activated	leading	to	activation	of	effector	caspases,	and
finally	the	cell	death	in	the	intrinsic	pathway	(see	Fig.19.20).	Reperfusion	injury	can	also	result	from	generation	of	ROS	which	leads	to	activation	(opening	)	of	MPTP	and	resultant	events	can	lead	to	necrosis.	In	myocardial	and	cerebral	ischemia,	the	core	of	the	damaged	tissue	undergoes	necrosis,	but	the	surrounding	tissue	which	is	not	initially
damaged	can	undergo	delayed	apoptosis.	MPTP	is	located	at	the	contact	site	between	the	inner	and	outer	mitochondrial	membranes.	It	is	made	up	of	Voltage	Dependent	Anion	Channel	(VDAC)	located	in	the	outer	membrane,	Adenine	Nucleotide	Translocase	(ANT)	located	in	the	inner	membrane	and	Cyclophilin–D	(CyP-D).	Diseases	Associated	with
Mitochondria	Mitochondrial	DNA	is	inherited	cytoplasmically	and	is	therefore	transmitted	maternally	(Table	41.6).	OXPHOS	(oxidative	phosphorylation)	diseases	are	described	in	Chapter	41.	Mutations	in	mitochondrial	DNA	are	responsible	for	the	following	diseases.	1.	Lethal	infantile	mitochondrial	ophthalmoplegia	2.	Leber's	hereditary	optic
neuropathy	(LHON)	3.	Myoclonic	epilepsy	4.	Mitochondrial	encephalomyopathy	lactic	acidosis	stroke	like	episodes	(MELAS)	Unlike	nuclear	DNA,	there	are	hundreds	of	copies	of	mitochondrial	genes	per	cell	(heteroplasmy).	Leber's	hereditary	optic	myopathy	is	characterised	by	blindness	in	young	males.	It	is	caused	by	a	single	base	mutation	in	NADH
Coenzyme	Q	reductase.	Streptomycin	induced	deafness	is	also	found	to	be	due	to	a	mutation	in	the	mitochondrial	rRNA.	236		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	CHAPTER	20	Free	Radicals	and	Anti-Oxidants	CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Reactive	oxygen	species
2.	Generation	of	free	radicals	3.	Damage	produced	by	free	radicals	4.	Free	radical	scavenger	enzyme	systems	5.	Clinical	significance	6.	Lipid	peroxidation	7.	Anti-oxidants	The	outermost	orbital	in	an	atom	or	molecule	contains	two	electrons,	each	spinning	in	opposite	directions.	The	chemical	covalent	bond	consists	of	a	pair	of	electrons,	each
component	of	the	bond	donating	one	electron	each.	Fig.	20.2.	Some	free	radicals.	Please	compare	hydroxyl	radical	(free	radical)	with	hydroxyl	ion,	which	is	not	a	free	radical.	Also	compare	oxygen	with	superoxide	anion	Definition	A	free	radical	is	a	molecule	or	molecular	fragment	that	contains	one	or	more	unpaired	electrons	in	its	outer	orbital	(Fig.
20.1).	Free	radical	is	generally	represented	by	a	superscript	dot,	(R•	).	Oxidation	reactions	ensure	that	molecular	oxygen	is	completely	reduced	to	water.	The	products	of	partial	reduction	of	oxygen	are	highly	reactive	and	create	havoc	in	the	living	systems.	Hence,	they	are	also	called	Reactive	oxygen	species	or	ROS.	The	following	are	members	of	this
group:	i.	Superoxide	anion	radical	(O2--•	)	(Fig.	20.2)	ii.	Hydroperoxyl	radical	(HOO•	)	(Fig.	20.2)	iii.	iv.	v.	vi.	vii.	viii.	Fig.	20.1.	Left	side	=	normal	oxygen	atom	with	all	paired	electrons;	one	electron	is	in	the	process	of	jumping	out.	Right	side	=	free	radical,	with	an	unpaired	electron	Hydrogen	peroxide	(H2O2)	(Fig.	20.2)	Hydroxyl	radical	(OH•)	(Fig.
20.2)	Lipid	peroxide	radical	(ROO•)	Singlet	oxygen	(	1O2)	Nitric	oxide	(NO•)	Peroxy	nitrite	(ONOO--•).	Out	of	this,	hydrogen	peroxide	and	singlet	oxygen	are	not	free	radicals	(they	do	not	have	superscript	dot).	However,	because	of	their	extreme	reactivity,	they	are	included	in	the	group	of	reactive	oxygen	species	(Table	20.1).	Fig.	20.3.	Generation	of
ROS	in	macrophages	Chapter	20;	Free	Radicals	and	Anti-Oxidants		237	The	sequential	univalent	reduction	steps	of	oxygen	may	be	represented	as:	Table	20.1.	Reactive	oxygen	species	(ROS)	Name	of	ROS	Symbol	Half-life	at	37°C	Superoxide	O2--•	10-6	sec	Hydrogen	peroxide	H2O2	Important	characteristics	of	the	ROS	are:	a.	Extreme	reactivity.	b.
Short	life	span.	c.	Generation	of	new	ROS	by	chain	reaction.	d.	Damage	to	various	tissues.	Generation	of	Free	Radicals	i.	They	are	constantly	produced	during	the	normal	oxidation	of	foodstuffs,	due	to	leaks	in	the	electron	transport	chain	in	mitochondria.	About	1-4%	of	oxygen	taken	up	in	the	body	is	converted	to	free	radicals.	Mitochondrial	ROS
production	is	modulated	largely	by	the	rate	of	electron	flow	through	respiratory	chain	complexes.	ii.	Some	enzymes	such	as	xanthine	oxidase	(Fig.	39.15)	and	aldehyde	oxidase	form	superoxide	anion	radical	or	hydrogen	peroxide.	iii.	NADPH	oxidase	in	the	inflammatory	cells	(neutrophils,	eosinophils,	monocytes	and	macrophages)	produces	superoxide
anion	by	a	process	of	respiratory	burst	during	phagocytosis	(Fig.	20.3).	The	superoxide	is	converted	to	hydrogen	peroxide	and	then	to	hypochlorous	acid	(HClO)	with	the	help	of	superoxide	dismutase	(SOD)	and	myeloperoxidase	(MPO).	The	superoxide	and	hypochlorous	ions	are	the	final	effectors	of	bactericidal	action.	This	is	a	deliberate	production	of
free	radicals	by	the	body.	Along	with	the	activation	of	macrophages,	the	consumption	of	oxygen	by	the	cell	is	increased	drastically;	this	is	called	respiratory	burst.	In	chronic	granulomatous	disease	(CGD),	the	NADPH	oxidase	is	absent	in	macrophages	and	neutrophils.	In	this	condition,	macrophages	ingest	bacteria	normally,	but	cannot	destroy	them.
However,	streptococci	and	pneumococci	themselves	produce	H2O2.	Therefore,	they	are	destroyed	by	the	myeloperoxidase	system	of	the	macrophages.	But	staphylococci	being	catalase	positive	can	detoxify	H2O2	in	the	macrophages	and	therefore	are	not	destroyed	Minutes	Hydroxyl	OH•	Hydroperoxyl	HOO•	Alkoxyl	RO•	10-6	sec	Peroxyl	ROO•	Sec
Singlet	oxygen	1	10-6	sec	Ozone	O3	Nitric	oxide	NO•	O2	Sec	Peroxynitrite	ONOO	Nitrogen	dioxide	NO2	Nitronium	ion	10-9	sec	+	2	NO	Sec	--•	103	sec	Sec	Sec	in	such	persons.	Hence,	recurrent	pyogenic	infection	by	staphylococci	are	common	in	chronic	granulomatous	disease.	iv.	Macrophages	also	produce	NO	from	arginine	by	the	enzyme	nitric
oxide	synthase	(Fig.	16.6).	This	is	also	an	important	anti-bacterial	mechanism.	v.	Peroxidation	is	also	catalyzed	by	lipooxygenase	in	platelets	and	leukocytes.	vi.	lonizing	radiation	damages	tissues	by	producing	hydroxyl	radicals,	hydrogen	peroxide	and	superoxide	anion.	H2O	––––	(gamma,	UV	radiation)	––––→	H'	+	OH'	vii.	Light	of	appropriate
wavelengths	can	cause	photolysis	of	oxygen	to	produce	singlet	oxygen.	viii.	The	capacity	to	produce	tissue	damage	by	H2O2	is	minimal	when	compared	to	other	free	radicals	(by	definition,	H	2O2	is	not	a	free	radical).	But	in	presence	of	free	iron,	H2O2	can	generate	OH•	(hydroxyl	radical)	which	is	highly	reactive	(Fig.	20.5).	ix.	Cigarette	smoke
contains	high	concentrations	of	various	free	radicals.	x.	Inhalation	of	air	pollutants	will	increase	the	production	of	free	radicals.	These	facts	are	summarized	in	Figure	20.4.	xi.	Under	hypoxic	conditions,	the	mitochondrial	respiratory	chain	also	produce	nitric	oxide	238		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Free	Radical	Scavenger
Systems	1.	Superoxide	dismutase	(SOD)	The	reaction	is	depicted	in	Figure	20.6.	The	mitochondrial	SOD	is	manganese	dependent;	cytoplasmic	enzyme	is	copper-zinc	dependent.	SOD	is	a	non-heme	protein.	A	defect	in	SOD	gene	is	seen	in	patients	with	amyotrophic	lateral	sclerosis	(Lou	Gehrig's	disease;	named	after	the	American	baseball	captain	who
succumbed	to	the	illness).	2.	Glutathione	peroxidase	In	the	next	step,	the	H2O2	is	removed	by	glutathione	peroxidase	(POD)	(Fig.	20.6).	It	is	a	selenium	dependent	enzyme.	Fig.	20.4.	Formation	of	free	radicals	(NO),	which	can	generate	other	reactive	nitrogen	species	(RNS).	Excess	ROS	and	RNS	can	lead	to	oxidative	and	nitrosative	stress.	Low	levels
of	both	species	function	in	hypoxic	signaling	pathways,	which	have	important	implications	for	cancer,	inflammation	and	a	variety	of	other	diseases.	3.	Glutathione	reductase	The	oxidized	glutathione,	in	turn,	is	reduced	by	the	glutathione	reductase	(GR),	in	presence	of	NADPH	(Fig.	20.6).	This	NADPH	is	generated	with	the	help	of	glucose-6-phosphate
dehydrogenase	(GPD)	in	HMP	shunt	pathway	(Fig.	10.1).	Therefore	in	GPD	deficiency,	the	RBCs	are	liable	to	lysis,	especially	when	oxidizing	agents	are	administered	(drug	induced	hemolytic	anemia).	4.	Catalase	When	H2O2	is	generated	in	large	quantities,	the	enzyme	catalase	is	also	used	for	its	removal.	Catalase	→	O2	+	2	H2O	2	H2O2	––––––––––
Fig.	20.5.	Reactions	involved	in	ROS.	Note:	Fenton	reaction	and	Haber-Weiss	reactions	are	dependent	on	iron	Fig.	20.6.	Free	radical	scavenging	enzymes.	SOD	=	super	oxide	dismutase.	POD	=peroxidase.	GSH	=	glutathione.	GR=	glutathione	reductase.	GPD=	glucose-6-phosphate	dehydrogenase	Chapter	20;	Free	Radicals	and	Anti-Oxidants		239	5.
Polyphenols	Consumption	of	polyphenol-rich	fruits,	vegetables,	and	beverages	is	beneficial	to	human	health.	Dietary	polyphenols	represent	a	wide	variety	of	compounds	that	occur	in	fruits,	vegetables,	wine,	tea	and	chocolate.	They	contain	flavones,	isoflavones,	flavonols,	catechins	and	phenolic	acids.	They	act	as	agents	having	antioxidant,
antiapoptosis,	anti-aging,	anticarcinogenic,	antiinflammatory,	anti-atherosclerotic	effect.	They	are	protective	against	cardiovascular	diseases.	Work	from	author’s	lab	suggests	that	grape	polyphenols	can	prevent	brain	damage	due	to	alcohol.	Oral	administration	of	grape	polyphenol	extract	ameliorates	cerebral	ischemia	induced	neuronal	damage.
Grape-seed	procyanidins	prevent	lowgrade	inflammation	by	modulating	cytokine	expression	in	rats.	Damage	Produced	by	Reactive	Oxygen	Species	Free	radicals	are	extremely	reactive.	Their	mean	effective	radius	of	action	is	only	30	Å.	Their	half-life	is	only	a	few	milliseconds.	When	a	free	radical	reacts	with	a	normal	compound,	other	free	radicals	are
generated.	This	chain	reaction	leads	to	thousands	of	events	(see	propagation	phase	below).	Peroxidation	of	PUFA	(poly	unsaturated	fatty	acids)	in	plasma	membrane	leads	to	loss	of	membrane	functions.	Lipid	peroxidation	and	consequent	degradation	products	such	as	malon	dialdehyde	(-CHO-CH	2	-CHO-)	are	seen	in	biological	fluids.	Almost	all
biological	macromolecules	are	damaged	by	the	free	radicals	(Fig.	20.7).	Thus,	oxidation	of	sulfhydryl	group	containing	enzymes,	Fig.	20.7.	Damages	by	reactive	oxygen	species	loss	of	function	and	fragmentation	of	proteins	are	noticed.	Polysaccharides	undergo	degradation.	DNA	is	damaged	by	strand	breaks.	The	DNA	damage	may	directly	cause
inhibition	of	protein	and	enzyme	synthesis	and	indirectly	cause	cell	death	or	mutation	and	carcinogenesis	(Fig.	20.7).	CLINICAL	SIGNIFICANCE	1.	Chronic	Inflammation	Chronic	inflammatory	diseases	such	as	rheumatoid	arthritis	are	self-perpetuated	by	the	free	radicals	released	by	neutrophils.	ROS	induced	tissue	damage	appears	to	be	involved	in
pathogenesis	of	chronic	ulcerative	colitis,	chronic	glomerulonephritis,	etc.	2.	Acute	Inflammation	At	the	inflammatory	site,	activated	macrophages	produce	free	radicals.	Respiratory	burst	and	increased	activity	of	NADPH	oxidase	are	seen	in	macrophages	and	neutrophils.	3.	Respiratory	Diseases	Breathing	of	100%	oxygen	for	more	than	24	hrs
produces	destruction	of	endothelium	and	lung	edema.	This	is	due	to	the	release	of	free	radicals	by	activated	neutrophils.	In	premature	newborn	infants,	prolonged	exposure	to	high	oxygen	concentration	is	responsible	for	bronchopulmonary	dysplasia.	Adult	respiratory	distress	syndrome	(ARDS)	is	characterized	by	pulmonary	edema.	It	is	produced
when	neutrophils	are	recruited	to	lungs	which	subsequently	release	free	radicals.	Cigarette	smoke	contains	free	radicals.	Soot	attracts	neutrophils	to	the	site	which	releases	more	free	radicals,	leading	to	lung	damage.	4.	Diseases	of	the	Eye	Retrolental	fibroplasia	(retinopathy	of	prematurity)	is	a	condition	seen	in	premature	infants	treated	with	pure
oxygen	for	a	long	time.	It	is	caused	by	free	radicals,	causing	thromboxane	release,	sustained	vascular	contracture	and	cellular	injury.	Cataract	formation	is	related	with	aging	process.	Cataract	is	partly	due	to	photochemical	generation	of	free	radicals.	Tissues	of	the	eye,	including	the	lens,	has	high	concentration	of	free	radical	scavenging	enzymes.
240		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	5.	Reperfusion	Injury	Reperfusion	injury	after	myocardial	ischemia	is	caused	by	free	radicals.	During	ischemia,	the	activity	of	xanthine	oxidase	is	increased.	When	reperfused,	this	causes	conversion	of	hypoxanthine	to	xanthine	and	superoxide	anion.	At	the	same	time,	the	availability	of



scavenging	enzymes	is	decreased,	leading	to	aggravation	of	myocardial	injury	(Fig.	20.8).	Allopurinol,	a	xanthine	oxidase	inhibitor,	reduces	the	severity	of	reperfusion	injury.	6.	Atherosclerosis	and	Myocardial	Infarction	Low	density	lipoproteins	(LDL)	are	deposited	under	the	endothelial	cells,	which	undergo	oxidation	by	free	radicals.	This	attracts
macrophages.	Macrophages	are	then	converted	into	foam	cells.	This	initiates	the	atherosclerotic	plaque	formation	(see	Chapter	25).	Anti-oxidants	offer	some	protective	effect.	7.	Shock-related	Injury	Release	of	free	radicals	from	phagocytes	damage	membranes	by	lipid	peroxidation.	They	release	leukotrienes	from	platelets	and	proteases	from
macrophages.	All	these	factors	cause	increased	vascular	permeability,	resulting	in	tissue	edema.	Anti-oxidants	have	a	protective	effect.	8.	Skin	Diseases	Certain	plant	products,	called	psoralens	are	administered	in	the	treatment	of	psoriasis	and	leukoderma.	When	the	drug	is	applied	over	the	affected	skin	and	then	irradiated	by	UV	light,	singlet	oxygen
is	produced	with	clinical	benefit.	9.	Carcinogenesis	and	Treatment	Free	radicals	produce	DNA	damage,	and	accumulated	damages	lead	to	somatic	mutations	and	malignancy.	Cancer	is	treated	by	radiotherapy	(see	Chapter	53).	Irradiation	produces	reactive	oxygen	species	in	the	cells	which	trigger	the	cell	death.	Fig.	20.8.	Explanation	for	reperfusion
injury	10.	Aging	Process	Reactive	oxygen	metabolites	(ROM)	play	a	pivotal	role	in	the	degenerative	brain	disorders	such	as	Parkinsonism,	Alzheimer's	dementia	and	multiple	sclerosis.	Cumulative	effects	of	free	radical	injury	cause	gradual	deterioration	in	aging	process.	Lipid	Peroxidation	1.	Initiation	Phase	Polyunsaturated	fatty	acids	(PUFA)	present
in	cell	membranes	are	easily	destroyed	by	peroxidation.	During	the	initiation	phase,	the	primary	event	is	the	production	of	R'	(carbon	centered	radical)	(PUFA	radical)	or	ROO'	(lipid	peroxide	radical)	by	the	interaction	of	a	PUFA	molecule	with	free	radicals	generated	by	other	means	(Fig.	20.9).	→	R'	+	H2O	(Reaction	1-A)	RH	+	OH'	–––––––	metal	ion	→
ROO'	+	H+	(Reaction	1-B)	ROOH	–––––––	The	R'	and	ROO'	,	in	turn,	are	degraded	to	malon	dialdehyde	(3	carbon).	It	is	estimated	as	an	indicator	of	fatty	acid	breakdown	by	free	radicals.	2.	Propagation	Phase	The	carbon	centered	radical	(R'	)	rapidly	reacts	with	molecular	oxygen	forming	a	peroxyl	radical	(ROO')	which	can	attack	another
polyunsaturated	lipid	molecule.	R'	+	O2	→	ROO'	(Reaction	No.2)	ROO'	+	RH	→	ROOH	+	R'	(Reaction	No.3)	The	net	result	of	reactions	2	and	3	is	the	conversion	of	R'	to	ROOH	(a	hydroperoxide).	But	there	is	simultaneous	conversion	of	a	carbon	centered	radical	to	a	peroxyl	radical,	ROO•.	This	would	lead	to	continuous	production	of	hydroperoxide	with
consumption	of	equimolecular	quantities	of	PUFA.	One	free	radical	generates	another	free	radical	in	the	neighboring	molecule;	a	"chain	reaction"	or	"propagation"	is	initiated.	This	is	sometimes	called	"death	kiss"	by	free	radicals.	Accumulation	of	such	lipid	damages	lead	to	the	destruction	of	fine	architecture,	and	integrity	of	the	membranes.	3.
Termination	Phase	The	reaction	would	proceed	unchecked	till	a	peroxyl	radical	reacts	with	another	peroxyl	radical	to	form	inactive	products.	Chapter	20;	Free	Radicals	and	Anti-Oxidants		241	TO'	+	ROO'	→	inactive	products	(Reaction	6)	Fig.	20.9.	Peroxidation	of	poly	unsaturated	fatty	acids	ROO'	+	ROO'	→	RO--OR	+	O2	(Reaction	4-A)	R'	+	R'	→	R--R
(Reaction	4-B)	ROO'	+	R'	→	RO--OR	(Reaction	4-C)	Role	of	Anti-Oxidants	Apart	from	the	scavenging	enzymes	described	earlier,	there	are	two	types	of	anti-oxidants:	a.	Preventive	anti-oxidants:	They	will	inhibit	the	initial	production	of	free	radicals.	They	are	catalase,	glutathione	peroxidase,	and	ethylene	diamine	tetra-acetate	(EDTA).	b.	Chain	breaking
anti-oxidants:	They	can	inhibit	propagative	phase.	They	include	superoxide	dismutase,	uric	acid	and	vitamin	E.	Alpha	tocopherol	(T-OH)	(vitamin	E)	would	intercept	the	peroxyl	free	radical	and	inactivate	it	before	a	PUFA	can	be	attacked.	T-OH	+	ROO'	→	TO'	+	ROOH	(Reaction	5)	The	phenolic	hydrogen	of	the	alpha	tocopherol	reacts	with	the	peroxyl
radical,	converting	it	to	a	hydroperoxide	product.	The	tocoperoxyl	radical	thus	formed	is	stable	and	will	not	propagate	the	cycle	any	further.	The	tocoperoxyl	radical	can	react	with	another	peroxyl	radical	getting	converted	to	inactive	products.	Vitamin	E	(Alpha	tocopherol)	acts	as	the	most	effective	naturally	occurring	chain	breaking	antioxidant	in
tissues.	Vitamin	E	is	described	in	Chapter	33.	Only	traces	of	tocopherol	is	required	to	protect	considerable	amounts	of	polyunsaturated	fat	(1	tocopherol	molecule	per	1000	lipid	molecules).	But	it	is	seen	from	reaction	5	and	6	that	while	acting	as	anti-oxidant,	alpha	tocopherol	is	consumed.	Hence,	it	has	to	be	replenished	by	daily	dietary	supply.	Anti-
oxidants	1.	Vitamin	E	is	the	lipid	phase	antioxidant.	2.	Vitamin	C	is	the	aqueous	phase	antioxidant.	3.	Ceruloplasmin	can	act	as	an	antioxidant	in	extracellular	fluid	(Chapter	28).	4.	Caffeine	is	another	effective	anti-oxidant.	5.	Cysteine,	glutathione	and	vitamin	A	are	minor	antioxidants.	Beta	carotene	can	act	as	a	chain	breaking	antioxidant,	but	is	less
effective	than	alpha	tocopherol.	Anti-oxidants	used	as	therapeutic	agents	1.	Vitamin	E	2.	Vitamin	C	3.	Dimethyl	thio	urea	4.	Dimethyl	sulfoxide	5.	Allopurinol	Commercial	Use	of	Anti-oxidants	Anti-oxidants	are	regularly	used	in	food	industry	to	increase	the	shelf-life	of	products.	Commercially	used	food	preservatives	are	Vitamin	E,	propyl	gallate,
butylated	hydroxy	anisole	(BHA)	and	butylated	hydroxy	toluene	(BHT).	They	prevent	oxidative	damage	of	oils,	particularly	those	containing	PUFA	and	prevent	rancidity.	Related	Topics	Details	of	nitric	oxide	are	described	in	Chapter	16.	242		Textbook	of	Biochemistry,	Section	B:	General	Metabolism	CHAPTER	21	Heme	Synthesis	and	Breakdown
CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Structure	of	heme	2.	Biosynthesis	of	heme	3.	Porphyrias	4.	Bilirubin	metabolism	5.	Plasma	bilirubin	6.	Jaundice	Red	blood	cells	(RBC)	are	biconcave	discs,	with	a	diameter	of	about	7	microns.	RBCs	live	for	about	120	days	in	peripheral	circulation,	during
which	time	they	traverse	about	160	km!	In	a	70	Kg	person,	there	will	be	about	25	x	1012	RBCs	and	750	g	of	hemoglobin	(Hb).	100	ml	blood	contains	about	14.5	g	of	Hb.	Mature	RBC	is	non-nucleated;	have	no	mitochondria	and	does	not	contain	TCA	cycle	enzymes.	However,	the	glycolytic	pathway	is	active	which	provides	energy	and	2,3-
bisphosphoglycerate	(2,3-BPG).	The	HMP	shunt	pathway	provides	the	NADPH.	Human	erythropoietin,	a	glycoprotein	with	molecular	weight	of	34	kD,	is	the	major	stimulator	of	erythropoiesis.	It	is	synthesized	in	kidney	and	is	released	in	response	to	hypoxia.	RBC	formation	in	the	bone	marrow	requires	amino	acids,	iron,	copper,	folic	acid,	vitamin	B	12,
vitamin	C,	pyridoxal	phosphate	and	pantothenic	acid;	they	are	used	as	hematinics	in	clinical	practice.	The	polypeptide	chains	are	usually	two	alpha	and	two	beta	chains.	Hemoglobin	has	a	molecular	weight	of	about	67,000	Daltons.	Each	gram	of	Hb	contains	3.4	mg	of	iron.	Heme	is	present	in	a.	Hemoglobin	b.	Myoglobin	c.	Cytochromes	d.	Peroxidase
e.	Catalase	f.	Tryptophan	pyrrolase	g.	Nitric	oxide	synthase	Heme	is	produced	by	the	combination	of	iron	with	a	porphyrin	ring.	Chlorophyll,	the	photosynthetic	green	pigment	in	plants	is	magnesium-porphyrin	complex.	Structure	of	Heme	i.	Heme	is	usually	pronounced	as	“heem”.	Heme	is	a	derivative	of	the	porphyrin.	Porphyrins	are	cyclic
compounds	formed	by	fusion	of	4	pyrrole	rings	linked	by	methenyl	(=CH–)	bridges	(Fig.	21.1).	ii.	Since	an	atom	of	iron	is	present,	heme	is	a	ferroprotoporphyrin.	The	pyrrole	rings	are	named	as	I,	II,	III,	IV	and	the	bridges	as	alpha,	FUNCTION	OF	HEME	Hemoglobin	is	a	conjugated	protein	having	heme	as	the	prosthetic	group	and	the	protein,	the
globin.	It	is	a	tetrameric	protein	with	4	subunits,	each	subunit	having	a	prosthetic	heme	group	and	the	globin	polypeptide.	Fig.	21.1.	Pyrrole	ring	Fig.	21.2.	Porphyrin	ring	Chapter	21;	Heme	Synthesis	and	Breakdown		243	Table	21.1.	Porphyrins	of	biological	importance.	See	also	Figure	21.3	for	the	structure	of	heme	Name	of	Porphyrin	Order	of
substituents	from	1st	to	8th	positions	Uroporphyrin	I	A,P,	A,P,	A,P,	A,P	Uroporphyrin	III	A,P,	A,P,	A,P,	P,A	Coproporphyrin	I	M,P,	M,P,	M,P,	M,P	Coproporphyrin	III	M,P,	M,P,	M,P,	P,M	Protoporphyrin	III	M,V,	M,V,	M,P,	P,M	(A	=	acetyl;	P	=	propionyl;	M	=	methyl;	V	=	vinyl)	beta,	gamma	and	delta.	The	possible	areas	of	substitution	are	denoted	as	1	to
8	(Fig.	21.2).	iii.	When	the	substituent	groups	have	a	symmetrical	arrangement	(1,3,5,7	and	2,4,6,8)	they	are	called	the	I	series.	The	III	series	have	an	asymmetrical	distribution	of	substituent	groups	(1,3,5,8	and	2,4,6,7).	iv.	Type	III	is	the	most	predominant	in	biological	systems.	It	is	also	called	series	9,	because	Fischer,	the	pioneer	in	porphyrin
chemistry	has	placed	it	as	the	9th	in	a	series	of	15	possible	isomers.	Hans	Fischer	synthesized	heme	in	laboratory	in	1920	(Nobel	prize,	1930).The	usual	substitutions	are:	a.	propionyl	(–CH2–CH2–COOH)	group	b.	acetyl	(–CH2–COOH)	group	c.	methyl	(–CH3)	group	d.	vinyl	(–CH=CH2)	group.	Complete	structure	of	heme	is	shown	in	Figure	21.3.
BIOSYNTHESIS	OF	HEME	Heme	can	be	synthesized	by	almost	all	the	tissues	in	the	body.	Heme	is	synthesized	in	the	normoblasts,	Fig.	21.3.	Structure	of	heme	Fig.	21.4.	Step	1	in	heme	synthesis	but	not	in	the	matured	erythrocytes.	The	pathway	is	partly	cytoplasmic	and	partly	mitochondrial.	Step	1:	ALA	synthesis	The	synthesis	starts	with	the
condensation	of	succinyl	CoA	and	glycine	in	the	presence	of	pyridoxal	phosphate	to	form	delta	amino	levulinic	acid	(ALA)	(Fig.	21.4).	Hence	anemia	may	be	manifested	in	pyridoxal	deficiency.	The	enzyme	ALA	synthase	is	located	in	the	mitochondria	and	is	the	rate-limiting	enzyme	of	the	pathway.	Step	2:	Formation	of	PBG	Next	few	reactions	occur	in
the	cytoplasm.	Two	molecules	of	ALA	are	condensed	to	form	porphobilinogen	(PBG).	The	condensation	involves	removal	of	2	molecules	of	water	and	the	enzyme	is	ALA	dehydratase	(Fig.	21.5,	step	2).	Porphobilinogen	is	a	monopyrrole.	The	enzyme	contains	zinc	and	is	inhibited	by	lead.	Step	3:	Formation	of	UPG	Condensation	of	4	molecules	of	the
PBG,	results	in	the	formation	of	the	first	porphyrin	of	the	pathway,	namely	uroporphyrinogen	(UPG).	Condensation	occurs	in	a	head-to-tail	manner,	so	that	a	linear	tetrapyrrole	is	produced;	this	is	named	as	hydroxy	methyl	bilane	(HMB).	The	enzyme	for	this	reaction	is	PBG-deaminase	(otherwise	called	Uroporphyrin	I	synthase	or	HMB	synthase).	HMB
molecule	will	cyclise	spontaneously	to	form	uroporphyrinogen	I.	It	is	converted	to	uroporphyrinogen	III	by	the	244		Textbook	of	Biochemistry,	Section	B:	General	Metabolism	Fig.	21.6.	Summary	of	heme	biosynthesis.	The	numbers	denote	the	enzymes.	Part	of	synthesis	is	in	mitochondria,	and	the	rest	in	cytoplasm	enzyme,	uroporphyrinogen	III
synthase.	When	the	fusion	occurs,	the	III	series	of	isomers	are	predominantly	formed;	and	only	the	III	series	are	further	utilized.	The	pyrrole	rings	are	joined	together	by	methylene	bridges	(-CH2-),	which	are	derived	from	the	alpha	carbon	of	glycine.	During	this	deamination	reaction	4	molecules	of	ammonia	are	removed	(Fig.	21.5,	step	3).
Porphyrinogens	are	colorless,	but	are	readily	oxidized	to	porphyrins,	which	are	colored	compounds.	Step	4:	Synthesis	of	CPG	The	UPG-III	is	next	converted	to	coproporphyrinogen	(CPG-III)	by	decarboxylation.	Four	molecules	of	CO	2	are	eliminated	by	uroporphyrinogen	decarboxylase.	The	acetate	groups	(CH2–COOH)	are	decarboxylated	to	methyl
(CH3)	groups	(Fig.	21.5,	step	4).	Step	5:	Synthesis	of	PPG	Further	metabolism	takes	place	in	the	mitochondria.	CPG	is	oxidized	to	protoporphyrinogen	(PPG-III)	by	coproporphyrinogen	oxidase.	This	enzyme	specifically	acts	only	on	type	III	series,	and	not	on	type	I	series.	Two	propionic	acid	side	chains	are	Fig.	21.5.	Steps	of	heme	synthesis	Fig.	21.7.	In
the	heme	molecule,	iron	atom	is	coordinately	linked	with	nitrogen	atoms	Chapter	21;	Heme	Synthesis	and	Breakdown		245	Fig.	21.8.	Shunt	bilirubin	oxidatively	decarboxylated	to	vinyl	groups	(step	5,	Fig.	21.5).	This	reaction	requires	molecular	oxygen.	Step	6:	Generation	of	PP	The	Protoporphyrinogen-III	is	oxidized	by	the	enzyme	protoporphyrinogen
oxidase	to	protoporphyrin-III	(PP-III)	in	the	mitochondria.	The	oxidation	requires	molecular	oxygen.	The	methylene	bridges	(–CH2)	are	oxidised	to	methenyl	bridges	(–CH=)	and	colored	porphyrins	are	formed.	Protoporphyrin-9	is	thus	formed.	Step	7:	Generation	of	Heme	The	last	step	in	the	formation	of	heme	is	the	attachment	of	ferrous	iron	to	the
protoporphyrin.	The	enzyme	is	heme	synthase	or	ferrochelatase	which	is	also	located	in	mitochondria.	Iron	atom	is	coordinately	linked	with	5	nitrogen	atoms	(4	nitrogen	of	pyrrole	rings	of	protoporphyrin	and	1st	nitrogen	atom	of	a	histidine	residue	of	globin).	The	remaining	valency	of	iron	atom	is	satisfied	with	water	or	oxygen	atom	(Fig.	21.7).	A
summary	of	the	pathway	is	shown	in	Figure	21.6.	When	the	ferrous	iron	(Fe	++)	in	heme	gets	oxidized	to	ferric	(Fe+++)	form,	hematin	is	formed,	which	loses	the	property	of	carrying	the	oxygen.	Heme	is	red	in	color,	but	hematin	is	dark	brown.	Regulation	of	Heme	Synthesis	1.	ALA	synthase	is	regulated	by	repression	mechanism.	Heme	inhibits	the
synthesis	of	ALA	synthase	by	acting	as	a	co-repressor	(Fig.	42.8).	2.	ALA	synthase	is	also	allosterically	inhibited	by	hematin.	When	there	is	excess	of	free	heme,	the	Fe++	is	oxidized	to	Fe+++	(ferric),	thus	forming	hematin.	3.	The	compartmentalization	of	the	enzymes	(Fig.	21.6)	of	heme	synthesis	makes	the	regulation	easier	for	the	regulation.	The
ratelimiting	enzyme	is	in	the	mitochondria.	The	steps	1,5,6,	and	7	are	taking	place	inside	mitochondria,	while	the	steps	2,3	and	4	are	in	cytoplasm.	4.	Drugs	like	barbiturates	induce	heme	synthesis.	Barbiturates	require	the	heme	containing	cytochrome	p450	for	their	metabolism.	Out	of	the	total	heme	synthesized,	two	thirds	are	used	for	cytochrome
p450	production.	5.	The	steps	catalyzed	by	ferrochelatase	and	ALA	dehydratase	are	inhibited	by	lead.	6.	INH	(Isonicotinic	acid	hydrazide)	that	decreases	the	availability	of	pyridoxal	phosphate	may	also	affect	heme	synthesis.	7.	High	cellular	concentration	of	glucose	prevents	induction	of	ALA	synthase.	This	is	the	basis	of	administration	of	glucose	to
relieve	the	acute	attack	of	porphyrias.	8.	ALA	synthase	(ALAS)	have	both	erythroid	and	non-erythroid	(hepatic)	forms.	Erythroid	form	is	called	ALAS2;	it	is	not	induced	by	the	drugs	that	affect	ALAS1.	Erythroid	form	is	not	subject	to	feedback	inhibition	by	heme.	Shunt	Bilirubin	When	15N	or	14C	labelled	glycine	is	injected,	this	is	incorporated	into
heme	and	into	RBCs.	After	100-120	days,	when	RBCs	are	lysed,	the	radiolabelled	Hb	level	is	decreased,	along	with	consequent	rise	in	radioactive	bilirubin.	However,	about	15%	of	radioactive	bilirubin	is	excreted	within	about	10	days	(Fig.	21.8).	This	is	called	Shunt	bilirubin.	This	is	the	formation	of	bilirubin	from	heme	in	bone	marrow,	without	being
incorporated	into	Hb.	This	is	the	result	of	ineffective	erythropoiesis.	In	porphyrias,	especially	in	the	erythropoietic	varieties,	the	shunt	bilirubin	will	be	increased.	Disorders	of	Heme	Synthesis	Porphyrias	are	a	group	of	inborn	errors	of	metabolism	associated	with	the	biosynthesis	of	heme.	(Greek	‘porphyria'	means	purple).	These	are	characterized	by
increased	production	and	excretion	of	porphyrins	and/or	their	precursors	(ALA	+	PBG).	Most	of	the	porphyrias	are	inherited	246		Textbook	of	Biochemistry,	Section	B:	General	Metabolism	Table	21.2.	Features	of	important	types	of	porphyrias	Type	Enzyme	defect	Inheritance	Excretion	in	urine	Other	salient	features	Acute	intermittent	porphyria	(AIP)
PBG-deaminase	(UPG-1	synthase)	(enzyme	3)	Autosomal	dominant	Precursors,	ALA	and	PBG.	No	color	on	voiding	Most	common	porphyria	(1	in	10,000).	Hepatic	porphyria.	Abdominal	and	neurological	manifestations.	No	photosensitivity.	Congenital	erythropoietic	porphyria	UPG-cosynthase	(enzyme	3b)	Autosomal	recessive	UP	and	CP;	Portwine
appearance	Marked	photosensitivity.	Erythrodontia	Incidence,	rare.	Porphyria	cutanea	tarda	UPG-decarboxylase	(enz	4)	Autosomal	dominant	Uroporphyrins	Urine	colored.	Second	most	common;	incidence	1	in	25,000.	Photosensitivity.	Hereditary	coproporphyria	CPG-III-oxidase	(enzyme	5)	Autosomal	dominant	UP	and	CP	excreted	in	urine	and	feces.
Colored	urine.	Symptoms	similar	to	AIP;	but	milder.	Photosensitivity	is	also	seen.	Hereditary	protoporphyria	Heme	synthase	or	Ferrochelatase	(enzyme	7)	Autosomal	dominant	Neither	porphyrins	nor	precursors	are	excreted	in	urine.	Protoporphyrin	increased	in	plasma,	RBCs	and	feces.	RBCs	show	fluorescence.	PBG	=	Porphobilinogen;	CP	=
Coproporphyrin;	ALA	=	delta	amino	levulinic	acid;	UP	=	uroporphyrins.	(Enzyme	numbers	are	given	as	shown	in	Figure	21.9)	as	autosomal	dominant	traits	(Table	21.2).	Porphyrias	may	be	broadly	grouped	into	3	types:	a.	Hepatic	porphyrias	b.	Erythropoietic	porphyrias	c.	Porphyrias	with	both	erythropoietic	and	hepatic	abnormalities.	This
classification	is	based	on	the	major	site,	where	the	enzyme	deficiency	is	manifested.	The	clinical	manifestations	vary.	Porphyrias	in	general,	are	not	associated	with	anemia.	Acute	Intermittent	Porphyria	(AIP)	1.	It	is	inherited	as	an	autosomal	dominant	trait.	PBG-deaminase	(uroporphyrinogen-I-synthase)	is	deficient	(Table	21.2	and	Fig.	21.9).	2.	This
leads	to	a	secondary	increase	in	activity	of	ALA	synthase,	since	the	end-product	inhibition	is	not	effective.	3.	The	levels	of	ALA	and	PBG	are	elevated	in	blood	and	urine.	As	they	are	colorless	compounds,	urine	is	colorless	when	voided,	but	the	color	is	increased	on	standing	due	to	photo-oxidation	of	PBG	to	porphobilin.	Hence	urine	samples	for	PBG
estimation	should	be	freshly	collected	and	transported	in	dark	bottles.	Porphyrins	are	not	excreted	or	elevated	in	blood;	so	there	is	no	photosensitivity.	4.	As	the	name	indicates,	the	symptoms	appear	intermittently	and	they	are	quite	vague.	Hence	it	is	at	times	called	the	"little	imitator".	Most	commonly,	patients	present	with	acute	abdominal	pain.	The
patients	often	land	up	with	the	surgeon	as	a	case	of	acute	abdomen	and	on	Fig.	21.9.	Enzyme	deficiencies	in	porphyrias	several	instances	exploratory	laparotomies	had	been	done.	5.	Women	have	less	severe	manifestations	before	menarche	and	after	menopause.	Thus,	the	female	sex	hormones	have	a	stimulatory	effect	on	ALA	synthase.	6.	An	attack	is
precipitated	by	starvation	and	symptoms	are	alleviated	by	a	high	carbohydrate	diet.	Drugs	like	barbiturates,	which	are	known	to	induce	ALA	synthase,	can	precipitate	an	attack.	Chapter	21;	Heme	Synthesis	and	Breakdown		247	Table	21.3.	Diagnosis	of	porphyrias	with	neurovisceral	manifestations	Disease	and	enzyme	defect	Laboratory	findings
ALAD-porphyria;	(ALA	dehydratase	deficiency)(Enz	2)	Urine	ALA	++	Urine	PBG	normal	RBC	HMBS	normal	AIP	(HMBS	or	PBG	deaminase	(Enzyme	3)	Urine	ALA	++	Urine	PBG	++	Plasma	porphyrins	normal	HCP;	Coproporphyrinogen	oxidase	deficiency,Enz	5	Urine	ALA	normal	Urine	PBG	++	Plasma	porphyrins	normal	VP;	Protoporphyrinogen
oxidase	deficiency	(Enzyme	6)	Urine	ALA	normal	Urine	PBG	+++	Urine	porphyrins	++	Plasma	porphyrins	++	ALA	=	amino	levulinic	acid;	ALAD	=	amino	levulinic	acid	dehydratase;	PBG	=	porphobilinogen;	HMBS	=	hydroxymethyl	bilane	synthase	(PBG	deaminase);	AIP	=	acute	intermittent	porphyria;	HCP	=	hereditary	coproporphyria;	VP	=
variegate	porphyria.	7.	Another	group	may	have	neurological	manifestations	like	sensory	and	motor	disturbances,	confusion	and	agitation.	Some	patients	may	present	with	psychiatric	problems	and	may	be	treated	accordingly.	It	is	said	that	King	George	III	(1760-1820)	was	suffering	from	mania	due	to	porphyria.	Many	of	his	obstinate	decisions,
including	the	ones	which	led	to	war	of	American	independence,	were	made	when	he	had	acute	attacks	of	intermittent	porphyria.	ALA	synthase	(ALAS)	deficiency	It	is	the	key	enzyme	of	the	pathway	(see	enzyme	No.1	in	Fig.	21.9).	It	is	inhibited	by	heme	in	nonerythroid	cells.	Defective	gene	leads	to	Pyridoxine	responsive	sideroblastic	anemia.
Administration	of	porpyrinogenic	drugs	(barbiturates,	ethanol,	anticonvulsants)	depletes	heme;	so	feedback	inhibition	on	ALAS	is	removed.	This	in	turn	leads	to	excessive	production	of	heme	intermediaries	causing	neurological	porphyrias.	Porphyrin	precursors	and	porphyrins	in	urine	and	feces	are	normal.	Definitive	diagnosis	is	by	demonstration	of
mutation	in	erythroid	ALA	synthase.	ALA	dehydratase	(Porphobilinogen	synthase)	deficiency	See	enzyme	No.	2	in	Figure	21.9.	This	condition	is	very	rare.	Features	are	similar	to	AIP	(abdominal	pain	and	neuropathy).	Differential	diagnosis	are	lead	poisoning	(inhibit	ALA	dehydratase)	and	tyrosinemia	Type	I	(accumulation	of	succinyl	acetone	which	is
structurally	similar	to	ALA).	Characteristic	features	are	increased	plasma	ALA,	increased	urine	ALA	and	coproporphyrin	III,	decreased	ALAD	in	erythrocytes.	Prenatal	diagnosis	is	by	ALAD	activity	in	cultured	chorionic	villi.	Table	21.4.	Diagnosis	of	porphyrias	with	cutaneous	manifestations	Disease	and	enzyme	defect	Laboratory	findings	PCT	(UPG
decarboxylase	deficiency)	(Enzyme	4)	RBC	uroporphyrin	++	Plasma	uroporphyrins	++	Urine	uroporphyrin	++	CEP	(UPG	III	synthase	deficiency)	(Enzyme	3b)	RBC	UP	and	CP	++	Plasma	UP	and	CP	++	Urine	UP	and	CP	++	EPP	(Ferrochelatase	deficiency)	(Enzyme	7)	RBC	protoporphyrin	+	Plasma	porphyrin	+	Urine	protoporphyrin	+	PCT	=
Porphyria	cutanea	tarda;	UPG	=	uroporphyrinogen;	CEP	=	congenital	erythropoietic	porphyria;	UP=	uroporphyrin;	CP	=	coproporphyrin;	EPP	=	erythropoietic	protoporphyria	Congenital	Erythropoietic	Porphyria	It	is	inherited	as	an	autosomal	recessive	trait	(Table	21.2).	(See	enzyme	No.	3b	in	Figure	21.9).	Normally	the	type	III	isomer	is	produced	in
larger	amounts,	but	in	this	condition,	type	I	isomer	is	formed	considerably.	They	are	converted	to	porphyrins	type	I.	This	would	lead	to	ineffective	feedback	inhibition	which	further	increases	the	rate	of	formation	of	type	I	porphyrins.	Their	level	in	blood	increases	leading	to	photosensitivity.	Their	excretion	in	urine	makes	the	urine	dark	red	in	color
(port	wine	appearance).	The	major	manifestations	relate	to	the	skin	due	to	the	photo-	Table	21.5.	Causes	of	acquired	porphyrias	Conditions/agents	Enzyme	inhibited	Ethanol,	lead,	some	malignancies.	PBG	synthase	(ALA	accumulated)	Some	malignancies.	and	ALA	Hydroxymethyl	bilane	synthase	(PBG	accumulated)	Chronic	renal	failure,	some
malignancies.	UPG	decarboxylase	(UP	accumulated)	Diet,	liver	disease,	chronic	renal	failure,	some	malignancies,	hexachloro	benzene,	lead,	mercury,	arsenic.	CPG	oxidase	(CP	accumulated)	Iron	deficiency	anemia,	lead,	aluminium.	Ferrochelatase	(PP	accumulated)	PBG	=	porphobilinogen;	ALA	=	amino	levulinic	acid;	PBG	=	porphobilinogen;	UPG	=
uroporphyrinogen;	UP	=	uroporphyrin;	CPG	=	coproporphyrinogen;	CP	=	coproporphyrin;	PP	=	protoporphyrin	248		Textbook	of	Biochemistry,	Section	B:	General	Metabolism	Table	21.6.	Urinary	excretion	of	porphyrins	Upper	limit	of	normal	excretion	value	Increased	in	Urine	μg/24	hr	Feces	μg/g	ALA	4000	Nil	Acute	intermittent	porphyria	PBG	1500
Nil	do	CP	200	50	Erythropoietic	porphyria	UP	25	50	Acquired	porphyria	PP	Nil	100	Box	21.1.	Bile	Pigments	and	Bile	Salts	Bile	pigments	are	Bilirubin	and	Biliverdin.	They	are	the	breakdown	products	of	heme;	they	are	useless	excretory	products.	Bile	salts	are	the	sodium	salts	of	bile	acids	(glycocholate	and	taurocholate).	They	are	produced	from
cholesterol;	they	help	in	the	absorption	of	fat.	Both	bile	pigments	and	bile	salts	are	present	in	the	bile.	do	sensitization	by	the	presence	of	porphyrins	in	the	capillaries.	Reactive	oxygen	species	(free	radicals)	are	the	cause	for	cell	destruction	(Chapter	20).	Repeated	attacks	of	dermatitis	and	scarring	lead	to	a	typical	facial	deformity	often	referred	to	as
'monkey	face'.	Repeated	ulceration	and	scarring	may	cause	mutilation	of	nose,	ear	and	cartilage.	This	may	mimic	leprosy.	When	UV	light	is	reflected	on	to	teeth	a	red	fluorescence	is	seen;	this	is	called	erythrodontia.	Ferrochelatase	deficiency	(Erythropoietic	protoporphyria)	See	enzyme	No.7	in	Figure	21.9.	It	is	characterized	by	increased	free
protoporphyrin	in	RBC	and	decreased	ferrochelatase	activity	in	cultured	lymphocytes.	RBCs	exhibit	red	fluorescence	at	620	nm.	Accumulation	of	porphyrin	precursors,	ALA	and	porphobilinogen	leads	to	neurovisceral	manifestations.	Accumulated	uroporphyrin	and	coproporphyrin	cause	delayed	bullous	lesions.	On	the	other	hand,	being	more	lipophilic,
protoporphyrin	associates	with	cell	membranes	and	causes	burning	sensation	and	inflammatory	reaction	in	skin	exposed	to	sun.	Hence	biochemical	diagnosis	of	porphyria	will	be	considered	based	on	the	major	clinical	features,	namely:	(a)	neurovisceral	(Table	21.3)	and	(b)	cutaneous	(Table	21.4)	manifestations.	The	salient	features	of	different	types
of	porphyrias	are	given	in	Tables	21.2	to	21.4).	Acquired	Porphyrias	Porphyria	can	result	from	lead	poisoning.	Most	of	the	paints	contain	lead	more	than	the	permitted	levels.	Children	suck	painted	toys;	and	they	get	the	poison.	Causes	of	acquired	porphyrias	are	listed	in	Table	21.5.	The	toxic	effect	of	lead	is	due	to	inhibition	of	ferro	chelatase.	So,
there	is	decreased	level	of	heme	with	consequent	increased	activity	of	ALA	synthase.	A	characteristic	difference	from	congenital	porphyrias	is	that	there	is	associated	anemia	in	the	acquired	variety.	Diagnosis	of	Porphyrias	To	demonstrate	porphyrins,	UV	fluorescence	is	the	best	technique.	The	presence	of	porphyrin	precursor	in	urine	is	detected	by
Ehrlich's	reagent.	When	urine	is	observed	under	ultraviolet	light;	porphyrins	if	present,	will	emit	strong	red	fluorescence.	The	diagnostic	importance	of	the	heme	precursors	is	shown	in	Table	21.6.	Porphyrins	and	Absorption	Bands	In	porphyrins	(uroporphyrin,	coproporphyrin	and	protoporphyrin),	the	4	pyrrole	rings	are	joined	by	methenyl	(-CH=)
bridges	and	they	are	colored	compounds.	The	iron	atom	in	the	centre	of	porphyrin	is	hexavalent	and	bonded	to	the	4	pyrrole	nitrogens	by	coordinate	valencies.	The	double	bonds	are	resonating	and	therefore	keep	shifting	their	position.	When	the	ferrous	iron	(Fe++)	in	heme	gets	oxidized	to	ferric	(Fe+++)	form,	hematin	is	formed,	which	loses	the
property	of	carrying	the	oxygen.	Heme	is	red	in	color,	but	hematin	is	dark	brown.	When	hemoglobin	or	porphyrin	solutions	are	viewed	through	a	spectroscope,	the	absorbed	wave	lengths	are	seen	as	dark	bands.	All	porphyrins	will	have	an	absorption	band	near	400	nm;	this	distinguishing	band	is	called	the	Soret	band,	after	its	discoverer.	Table	21.7
shows	the	absorption	bands	of	porphyrins.	Table	21.7.	Absorption	bands	of	porphyrins	in	acid	medium	Name	of	porphyrin	Alpha	band	Beta	band	Soret	band	Uroporphyrin	(UP)	594	552	406	Coproporphyrin	(CP)	590	548	400	Protoporphyrin	(PP)	598	554	408	Heme	580	to	575	560	to	540	Nil	Fig.	21.10.	Catabolic	pathway	of	hemoglobin	Chapter	21;
Heme	Synthesis	and	Breakdown		249	Fig.	21.12.	Production	of	bilirubin	diglucuronide	Fig.	21.11.	Breakdown	of	heme	CATABOLISM	OF	HEME	1.	Generation	of	Bilirubin	i.	The	end-products	of	heme	catabolism	are	bile	pigments	(See	Box	21.1).	Bilirubin	has	no	function	in	the	body	and	is	excreted	through	bile.	The	senescent	RBCs	breakdown
liberating	the	hemoglobin.	ii.	From	hemoglobin,	the	globin	chains	are	separated,	they	are	hydrolyzed	and	the	amino	acids	are	channelled	into	the	body	amino	acid	pool.	The	iron	liberated	from	heme	is	reutilized	(Fig.	21.10).	iii.	The	porphyrin	ring	is	broken	down	in	reticuloendothelial	(RE)	cells	of	liver,	spleen	and	bone	marrow	to	bile	pigments,	mainly
bilirubin	(Fig.	21.10).	iv.	About	6	g	of	Hb	is	broken	down	per	day,	from	which	about	250	mg	of	bilirubin	is	formed.	From	myoglobin	and	other	heme	containing	proteins,	another	50	mg	of	bilirubin	is	formed.	Approximately	35	mg	of	bilirubin	is	formed	from	1	g	of	Hb.	A	total	of	300	mg	of	bilirubin	is	formed	everyday;	of	which	80%	is	from	destruction	of
old	RBCs,	10%	from	ineffective	erythropoiesis	and	the	rest	10%	from	degradation	of	myoglobin	and	other	heme	containing	proteins.	v.	Microsomal	Heme	Oxygenase	System:	Heme	is	degraded	primarily	by	a	microsomal	enzyme	system;	heme	oxygenase.	It	requires	molecular	oxygen	and	NADPH;	for	the	regeneration	of	NADPH	cytochrome	c	is
required.	The	enzyme	is	induced	by	heme.	The	oxygenase	enzyme	specifically	catalyzes	the	cleavage	of	the	alpha	methenyl	bridge,	which	is	linking	the	pyrrole	rings	I	and	II.	The	alpha	methenyl	bridge	is	quantitatively	liberated	as	carbon	monoxide	(Fig.	21.11).	vi.	The	Fe++	liberated	is	oxidized	to	Fe+++	and	taken	up	by	transferrin.	vii.	The	linear
tetrapyrrole	formed	is	biliverdin	which	is	green	in	color.	In	mammals	it	is	further	reduced	to	bilirubin,	a	red-yellow	pigment,	by	an	NADPH	dependent	biliverdin	reductase	(Fig.	21.11).	But	birds,	amphibians	and	rabbits	excrete	the	green	biliverdin	itself.	2.	Transport	to	Liver	i.	The	liver	plays	the	central	role	in	the	further	disposal	of	the	bilirubin	(Figs
21.12	and	21.13).	The	bilirubin	formed	in	the	reticuloendothelial	cells	is	insoluble	in	water.	The	lipophilic	bilirubin	is	therefore	transported	in	plasma	bound	to	albumin.	ii.	One	molecule	of	albumin	can	bind	2	molecules	of	bilirubin.	100	ml	of	plasma	can	transport	upto	25	mg	of	bilirubin.	iii.	Albumin	binds	bilirubin	in	loose	combination.	So	when	present
in	excess,	bilirubin	can	easily	dissociate	from	albumin.	The	binding	sites	for	bilirubin	on	albumin	can	be	occupied	by	aspirin,	penicillin,	etc.	Such	drugs	can,	therefore,	displace	bilirubin	from	albumin.	Hence,	care	should	be	taken	while	administering	such	drugs	to	newborn	babies	to	avoid	kernicterus.	250		Textbook	of	Biochemistry,	Section	B:	General
Metabolism	against	a	concentration	gradient.	This	is	the	ratelimiting	step	in	the	catabolism	of	heme.	It	is	induced	by	phenobarbitone.	Excretion	of	conjugated	bilirubin	into	bile	is	mediated	by	an	ATP	binding	cassette	protein	which	is	called	Multispecific	organic	anion	transporter	(MOAT),	located	in	the	plasma	membrane	of	the	biliary	canaliculi.	This
protein	is	very	similar	to	the	Multidrug	resistance	like	protein	(MRP-2)	5.	Fate	of	Conjugated	Bilirubin	in	Intestine	i.	The	conjugated	bilirubin	reaches	the	intestine	through	the	bile.	Intestinal	bacteria	deconjugate	the	conjugated	bilirubin.	ii.	This	free	bilirubin	(36	hydrogen	atoms)	is	further	reduced	to	a	colorless	tetrapyrrole	urobilinogen	(UBG)	(44
hydrogen)	(Fig.	21.13).	iii.	Further	reduction	of	the	vinyl	substituent	groups	of	UBG	leads	to	formation	of	mesobilinogen	and	stercobilinogen	(SBG)	(48	hydrogen).	The	SBG	is	mostly	excreted	through	feces	(250-300	mg/day)	(Fig.	21.13).	Fig.	21.13.	Production	and	excretion	of	bilirubin	6.	Enterohepatic	Circulation	20%	of	the	UBG	is	reabsorbed	from
the	intestine	and	returned	to	the	liver	by	portal	blood.	The	UBG	is	again	re-excreted	(enterohepatic	circulation)	(Fig.	21.13).	Since	the	UBG	is	passed	through	blood,	a	small	fraction	is	excreted	in	urine	(less	than	4	mg/day).	iv.	When	the	albumin–bilirubin	complex	reaches	the	sinusoidal	surface	of	the	liver,	the	bilirubin	is	taken	up.	The	uptake	is	a
carrier	mediated	active	process.	3.	Conjugation	in	Liver	i.	Inside	the	liver	cell,	the	bilirubin	is	conjugated	with	glucuronic	acid,	to	make	it	water	soluble	(Fig.	21.12).	The	first	carbon	of	glucuronic	acid	is	combined	with	the	carboxyl	group	of	the	propionic	acid	side	chains	of	the	bilirubin	molecule.	About	80%	molecules	are	in	the	diglucuronide	form,
while	20%	are	monoglucuronides.	ii.	Drugs	like	primaquine,	novobiocin,	chloramphenicol,	androgens	and	pregnanediol	may	interfere	in	this	conjugation	process	and	may	cause	jaundice.	7.	Final	Excretion	4.	Excretion	of	Bilirubin	to	Bile	The	water	soluble	conjugated	bilirubin	is	excreted	into	the	bile	by	an	active	process	and	this	occurs	Plasma
Bilirubin	i.	Normal	plasma	bilirubin	level	ranges	from	0.2–	0.8	mg/dl.	The	unconjugated	bilirubin	is	about	i.	UBG	and	SBG	are	both	colorless	compounds	but	are	oxidized	to	colored	products,	urobilin	(42	hydrogen)	or	stercobilin	(46	hydrogen)	respectively	by	atmospheric	oxidation	(See	Table	21.8).	ii.	Both	urobilin	and	stercobilin	are	present	in	urine	as
well	as	in	feces.	The	normal	color	of	feces	is	due	to	these	compounds.	iii.	Black	color	is	seen	in	constipation.	If	intestinal	flora	is	decreased	by	prolonged	administration	of	antibiotics,	bilirubin	is	not	reduced	to	bilinogens,	and	in	the	large	gut,	it	is	re-oxidized	by	O2	to	form	biliverdin.	Then	green	tinged	feces	is	seen,	especially	in	children.	Chapter	21;
Heme	Synthesis	and	Breakdown		251	Table	21.8.	Bilirubin	and	its	reduction	products	Number	of	hydrogen	atoms	Color	Bilirubin	(BR)	36	Red	yellow	Mesobilirubin	(MB)	40	Yellow	Urobilinogen	(UBG)	44	Colorless	Stercobilinogen	(SBG)	48	Colorless	Urobilin	(UB)	42	Orange	brown	Stercobilin	(SB)	46	Dark	brown	0.2–0.6	mg/dl,	while	conjugated
bilirubin	is	only	0–0.2	mg/dl.	ii.	If	the	plasma	bilirubin	level	exceeds	1	mg/dl,	the	condition	is	called	hyperbilirubinemia.	Levels	between	1	and	2	mg/dl	are	indicative	of	latent	jaundice.	iii.	When	the	bilirubin	level	exceeds	2	mg/dl,	it	diffuses	into	tissues	producing	yellowish	discoloration	of	sclera,	conjunctiva,	skin	and	mucous	membrane	resulting	in
jaundice.	Icterus	is	the	Greek	term	for	jaundice.	van	den	Bergh	Test	for	Bilirubin	Properties	of	bilirubin	are	shown	in	Table	21.9.	Bilirubin	reacts	with	diazo	reagent	(diazotized	sulphanilic	acid)	to	produce	colored	azo	pigment.	At	pH	5,	the	pigment	is	purple	in	color.	Conjugated	bilirubin,	being	water	soluble	gives	the	color	immediately;	hence	called
direct	reaction.	Free	bilirubin	is	water	insoluble.	It	has	to	be	extracted	first	with	alcohol,	when	the	reaction	becomes	positive;	hence	called	indirect	reaction.	Table	21.9.	Properties	of	conjugated	and	free	bilirubin	Free	bilirubin	Conjugated	bilirubin	In	water	insoluble	soluble	In	alcohol	soluble	soluble	Normal	plasma	level	0.2	–	0.6	mg/dl	0	–	0.2	mg/dl	In
bile	absent	In	urine	always	absent	normally	absent	Tests	for	Bile	Pigments	Bilinogens	(UBG	and	SBG)	react	with	Ehrlich's	aldehyde	reagent	(para	dimethyl	amino	benzaldehyde)	to	form	red	color.	Oxidizing	agents	readily	oxidize	bilirubin	to	biliverdin	to	form	a	green	color.	In	Fouchet's	test,	urine	is	heated	with	barium	sulphate	which	adsorbs	bilirubin.
Ferric	chloride	oxidiz	es	bilirubin	to	produce	a	green	color.	In	Gmelin's	test,	nitric	acid	is	used	as	the	oxidizing	agent.	The	bilinogens	(UB	and	SB)	form	complexes	with	zinc	ions	which	exhibit	brilliant	green	fluorescence.	This	is	the	basis	for	Schlesinger's	reaction.	It	is	negative	in	normal	urine.	These	findings	are	summarized	in	Table	21.10.
HYPERBILIRUBINEMIAS	Depending	on	the	nature	of	the	bilirubin	elevated,	the	condition	may	be	grouped	into	conjugated	or	unconjugated	hyperbilirubinemia.	Based	on	the	cause	it	may	also	be	classified	into	congenital	and	acquired.	1.	Congenital	Hyperbilirubinemias	They	result	from	abnormal	uptake,	conjugation	or	excretion	of	bilirubin	due	to
inherited	defects.	1-A.	Crigler-Najjar	Syndrome	Here	the	defect	is	in	conjugation.	In	Type	1	(Congenital	non-hemolytic	jaundice),	there	is	severe	deficiency	of	UDP	glucuronyl	transferase.	The	disease	is	often	fatal	and	the	children	die	before	the	age	of	2.	Jaundice	usually	appears	within	the	first	24	hours	of	life.	Unconjugated	bilirubin	level	increases	to
more	than	20	mg/dl,	and	hence	kernicterus	results.	The	Type	2	disease	is	a	milder	form;	only	the	second	stage	of	conjugation	is	deficient.	When	barbiturates	are	given,	some	response	Table	21.10.	Tests	for	bile	pigments	Bile	pigments	Fouchet's;	Ehrlich's	Gmelin's;	test	van	den	Bergh	Schlesinger's	test	+ve	–ve	–ve	present	Absorption	from	GIT
absorbed	not	absorbed	Bilirubin	Diffusion	into	tissue	diffuses	does	not	diffuse	Bilinogens	(UBG)	–ve	+ve	–ve	Bilins	(UB	+	SB)	–ve	–ve	+ve	van	den	Bergh's	test	indirect	positive	direct	positive	252		Textbook	of	Biochemistry,	Section	B:	General	Metabolism	Table	21.11.	Differential	diagnosis	of	jaundice	Hemo	lytic	jaundice	Hepatocellular	jaundice
Obstructive	jaundice	Blood,	free	bilirubin	Increased	Increased	Normal	Blood,conj.	bilirubin	Normal	Increased	Increased	Blood,	ALP	Normal	Increased	Very	high	Urine,	bile	salts	Nil	Nil	Present	Urine,	conj.bilirubin	Nil	Nil	Present	Urine,	bilinogens	Increased	Nil	Nil	Fecal	urobilinogen	Increased	Decreased	Absent	Normal	values:	unconjugated	(free)
(indirect)	bilirubin	0.2–0.7	mg/dl	and	conjugated	(direct)	bilirubin	0.1–0.4	mg/dl.	A	rise	in	serum	bilirubin	above	1	mg/dl	is	abnormal	(latent	jaundice);	but	jaundice	appears	only	if	the	level	goes	above	2	mg/dl.	is	seen	and	jaundice	improves.	Bilirubin	level	in	blood	exceeds	20	mg/dl	in	Crigler-Najjar	syndrome	Type	1	and	does	not	exceed	20	mg/	dl	in
Crigler-Najjar	syndrome	Type	2.	The	gene	encoding	bilirubin-UDP	glucuronyl	transferase	is	a	part	of	large	gene	complex	present	in	chromosome	number	2.	This	contains	13	substratespecific	exons,	each	with	its	own	promoter.	Exon	A1	is	involved	with	conjugation	of	bilirubin.	1-B.	Gilbert's	Disease	It	is	inherited	as	an	autosomal	dominant	trait.	The
defect	is	in	the	uptake	of	bilirubin	by	the	liver.	Bilirubin	level	is	usually	around	3	mg/dl,	and	patient	is	asymptomatic,	except	for	the	presence	of	mild	jaundice.	1-C.	Dubin-Johnson	Syndrome	It	is	an	autosomal	recessive	trait	leading	to	defective	excretion	of	conjugated	bilirubin;	so	conjugated	bilirubin	in	blood	is	increased.	The	disease	results	from	the
defective	ATPdependent	organic	anion	transport	in	bile	canaliculi.	There	is	a	mutation	in	the	MRP-2	protein	which	is	responsible	for	transport	of	conjugated	bilirubin	into	bile.	The	bilirubin	gets	deposited	in	the	liver	and	the	liver	appears	black.	The	condition	is	referred	to	as	Black	liver	jaundice.	In	normal	persons,	when	250	mg	BSP	(Brom
sulphthalein)	is	given	intravenously,	blood	contains	only	5%	of	original	value	at	45	minutes,	and	only	2%	at	2	hr.	BSP	is	taken	up	by	hepatocytes,	conjugated	and	then	excreted	through	liver.	In	Dubin-Johnson's	syndrome,	the	BSP	level	in	serum	at	2	hours	is	more	than	the	value	at	45	min.	This	is	because	by	45	min,	BSP	is	taken	by	hepatocytes,	and
hence	blood	level	is	reduced.	But	excretory	defect	for	conjugated	BSP	leads	to	regurgitation	into	plasma.	Hence	higher	value	at	2	hr.	1-D.	Rotor	Syndrome	It	is	a	similar	condition,	but	the	exact	defect	is	not	identified.	Bilirubin	excretion	is	defective,	but	there	is	no	staining	of	the	liver.	It	is	an	autosomal	recessive	condition.	2.	Acquired
Hyperbilirubinemias	2-A.	Physiological	Jaundice	It	is	also	called	as	neonatal	hyperbilirubinemia.	In	all	newborn	infants	after	the	2nd	day	of	life,	mild	jaundice	appears.	This	transient	hyperbilirubinemia	is	due	to	an	accelerated	rate	of	destruction	of	RBCs	and	also	because	of	the	immature	hepatic	system	of	conjugation	of	bilirubin.	In	such	cases,
bilirubin	does	not	increase	above	5	mg/dl.	It	disappears	by	the	second	week	of	life.	2-B.	Breast	milk	jaundice	In	some	breast-fed	infants,	prolongation	of	the	jaundice	has	been	attributed	to	high	level	of	an	estrogen	derivative	in	maternal	blood,	which	is	excreted	through	the	milk.	This	would	inhibit	the	glucuronyl	transferase	system.	Sulpha	and	such
other	drugs	may	release	bilirubin	from	albumin,	and	may	cause	jaundice	in	newborn.	3.	Hemolytic	Jaundice	3-A.	Hemolytic	Disease	of	the	Newborn	i.	This	condition	results	from	incompatibility	between	maternal	and	fetal	blood	groups.	Rh	+ve	fetus	may	produce	antibodies	in	Rh	-ve	mother.	In	Rh	incompatibility,	the	first	child	often	escapes.	But	in	the
second	pregnancy,	the	Rh	antibodies	will	pass	from	mother	to	the	fetus.	They	would	start	destroying	the	fetal	red	cells	even	before	birth.	ii.	Sometimes	the	child	is	born	with	severe	hemolytic	disease,	often	referred	to	as	erythroblastosis	fetalis.	iii.	When	blood	level	is	more	than	20	mg/dl,	the	capacity	of	albumin	to	bind	bilirubin	is	exceeded.	In	young
children	before	the	age	of	1	year,	the	blood-brain	barrier	is	not	fully	matured,	and	therefore	free	bilirubin	enters	the	brain	(Kernicterus).	It	is	deposited	in	brain,	leading	to	mental	retardation,	fits,	toxic	encephalitis	and	spasticity.	Chapter	21;	Heme	Synthesis	and	Breakdown		253	iv.	If	the	child	develops	hemolytic	disease,	child	may	be	given	exchange
transfusion	along	with	phototherapy	and	barbiturates.	Phototherapy	with	blue	light	(440	nm	wave	length)	isomerizes	the	insoluble	bilirubin	to	more	soluble	isomers.	These	can	be	excreted	through	urine	without	conjugation.	3-B.	Hemolytic	Diseases	of	Adults	This	condition	is	seen	in	increased	rate	of	hemolysis.	It	usually	occurs	in	adults.	The
characteristic	features	are	increase	in	unconjugated	bilirubin	in	blood,	absence	of	bilirubinuria	and	excessive	excretion	of	UBG	in	urine	and	SBG	in	feces	(Table	21.10).	Common	causes	are:	i.	Congenital	spherocytosis	ii.	GPD	deficiency	iii.	Autoimmune	hemolytic	anemias	iv.	Toxins	like	carbon	tetrachloride.	4.	Hepatocellular	Jaundice	The	most
common	cause	is	viral	hepatitis,	caused	by	Hepatitis	Viruses	A,	B,	C,	D	or	E.	In	pure	hepatocellular	disease,	conjugation	in	liver	is	decreased	and	hence	free	bilirubin	is	increased	in	circulation.	However,	inflammatory	edema	of	cell	often	compresses	intracellular	canaliculi	at	the	site	of	bile	formation	and	this	produces	an	element	of	obstruction.	When
conjugated	bilirubin	level	also	increases,	mixed	type	of	jaundice	results.	Bilirubinuria	also	occurs.	The	UBG	level	in	urine	may	be	normal	or	decreased	in	hepatocellular	jaundice	(Table	21.11).	5.	Obstructive	Jaundice	Conjugated	bilirubin	is	increased	in	blood,	and	it	is	excreted	in	urine.	If	there	is	complete	obstruction,	UBG	will	be	decreased	in	urine	or
even	absent	(Fig.	21.13	and	Table	21.11).	In	total	obstruction	of	biliary	tree,	the	bile	does	not	enter	the	intestine.	Since	no	pigments	are	entering	into	the	gut,	the	feces	become	clay	colored.	The	common	causes	of	obstructive	jaundice	are:	a.	Intrahepatic	cholestasis.	This	may	be	due	to	a-i.	Chronic	active	hepatitis	a-ii.	Biliary	cirrhosis	a-iii.	Lymphomas
a-iv.	Primary	hepatoma	a-v.	Obstructive	stage	of	viral	hepatitis	b.	Extrahepatic	obstruction.	This	may	be	due	to	b-i.	Stones	in	the	gall	bladder	or	biliary	tract	b-ii.	Carcinoma	of	head	of	pancreas	b-iii.	Enlarged	lymph	glands	in	the	porta	hepatis.	More	details	on	different	types	of	jaundice	are	given	in	Chapter	26.	254		Textbook	of	Biochemistry;	Section	B:
General	Metabolism	CHAPTER	22	Hemoglobin	(Structure,	Oxygen	and	Carbon	Dioxide	Transport,	Abnormal	Hemoglobins)	CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Structure	of	hemoglobin	2.	Oxygen	dissociation	curve	3.	Transport	of	carbon	dioxide	4.	Fetal	hemoglobin	5.	Carboxy	hemoglobin	6.
Met-hemoglobin	7.	Hemoglobinopathies	8.	Sickle	cell	anemia	9.	Thalassemias	10.	Myoglobin	11.	Anemias	Marcello	Malpighi	described	the	RBCs	in	1665.	Felix	HoppeSeyler	in	1862	isolated	pure	hemoglobin.	Christian	Bohr	in	1904	discovered	that	hemoglobin	is	the	transporter	of	oxygen.	In	1912	Kuster	established	the	structure	of	hemoglobin.	Hans
Fischer	synthesized	heme	in	laboratory	in	1920	(Nobel	prize,	1930).	Perutz	(Nobel	prize,	1962)	studied	the	three	dimensional	structure	of	hemoglobin.	STRUCTURE	OF	HEMOGLOBIN	i.	Normal	level	of	Hemoglobin	(Hb)	in	blood	in	males	is	14-16	g/dl	and	in	females,	13-15	g/	dl.	Hb	is	globular	in	shape.	The	adult	Hb	(HbA)	has	2	alpha	chains	and	2
beta	chains.	Molecular	weight	of	HbA	is	67,000	Daltons	(66,684	to	be	exact).	ii.	Hb	F	(fetal	Hb)	is	made	up	of	2	alpha	and	2	gamma	chains.	Hb	A2	has	2	alpha	and	2	delta	Fig.	22.1.	Linkage	of	heme	with	globin.	Pink	circle	represents	the	globin	chain.	Blue	rectangle	represents	the	protoporphyrin	ring	chains.	Normal	adult	blood	contains	97%	HbA,
about	2%	HbA2	and	about	1%	HbF.	iii.	Alpha	chain	gene	is	on	chromosome	16	while	the	beta,	gamma	and	delta	chains	are	on	chromosome	11.	iv.	Each	alpha	chain	has	141	amino	acids.	The	beta,	gamma	and	delta	chains	have	146	amino	acids.	The	N-terminal	and	C-terminal	end	amino	acids	are	shown	in	Table	22.1.	v.	There	are	36	histidine	residues
in	Hb	molecule;	these	are	important	in	buffering	action.	The	58th	residue	in	alpha	chain	is	called	distal	histidine,	because	it	is	far	away	from	the	iron	atom.	The	87th	residue	in	alpha	chain	is	called	proximal	histidine,	because	it	lies	near	to	the	iron	atom	(Fig.	22.1).	Box	22.1.	Oxygenation	and	Oxidation	When	hemoglobin	carries	oxygen,	the	Hb	is
oxygenated.	The	iron	atom	in	Hb	is	still	in	the	ferrous	state.	Oxidized	Hemoglobin	is	called	Met-Hb;	then	iron	is	in	ferric	state	and	the	oxygen	carrying	capacity	is	lost.	Chapter	22;	Hemoglobin		255	Table	22.1.	Amino	acid	sequence	of	globin	Hb	chain	Amino	acid	sequence	number	1	58	63	87	92	141	145	146	Alpha	Val	Distal	His	-	Proximal	His	-	Last
Arg	Nil	Nil	Beta	Val	-	Distal	His	-	Proximal	His	-	Tyr	Last	His	Gamma	Gly	-	Distal	His	Proximal	His	-	Tyr	Last	His	Delta	Val	-	Distal	His	Proximal	His	-	Tyr	Last	His	-	vi.	The	alpha	and	beta	subunits	are	connected	by	relatively	weak	non-covalent	bonds	like	van	der	Waals	forces,	hydrogen	bonds	and	electrostatic	forces.	Attachment	of	Heme	with	Globin
Chain	i.	There	are	4	heme	residues	per	Hb	molecule,	one	for	each	subunit	in	Hb.	The	4	heme	groups	account	for	about	4%	of	the	whole	mass	of	Hb.	The	heme	is	located	in	a	hydrophobic	cleft	of	globin	chain	(Fig.	22.1).	ii.	The	iron	atom	of	heme	occupies	the	central	position	of	the	porphyrin	ring.	The	reduced	state	is	called	ferrous	(Fe++)	and	the
oxidized	state	is	ferric	(Fe+++).	The	ferrous	iron	has	6	valencies	and	ferric	has	5	valencies.	In	hemoglobin,	iron	remains	in	the	ferrous	state	(Box	22.1).	iii.	Iron	carries	oxygen:	The	iron	is	linked	to	the	pyrrole	nitrogen	by	4	coordinate	valency	bonds	and	a	fifth	one	to	the	imidazole	nitrogen	of	the	proximal	histidine	(Fig.	22.1).	In	oxy-Hb,	the	6th	valency
of	iron	binds	the	O2.	The	oxygen	atom	directly	binds	to	Fe,	and	forms	a	hydrogen	bond	with	an	imidazole	nitrogen	of	the	distal	histidine.	In	deoxy-Hb,	a	water	molecule	is	present	between	the	iron	and	distal	histidine	(Fig.	22.1).	As	the	porphyrin	molecule	is	in	resonance,	central	iron	atom	is	linked	by	coordinate	bond.	The	distal	histidine	lies	on	the
side	of	the	heme	ring	(Fig.	22.1).	The	nonpolar	vinyl	groups	of	the	heme	are	buried	deep	in	the	hydrophobic	interior	of	globin	chin.	The	charged	or	polar	substituent	groups	of	the	porphyrin	are	oriented	towards	the	hydrophilic	outer	surface	of	the	subunit.	The	propionic	acid	residues	of	the	porphyrin	ring	form	electrostatic	bonds	with	two	separate
arginine	residues	of	the	globin	(Fig.	22.1).	In	a	deoxy	hemoglobin	molecule,	iron	atoms	between	alpha	and	beta	chains	are	25	Å	apart,	and	between	2	beta	chains	are	33.4	Å	apart	(1	Å	=	0.1	nm).	When	oxygenation	occurs,	the	iron	moves	to	0.1	Å	of	the	plane	of	the	heme	ring.	Discovery	of	carbon	dioxide	was	made	by	Joseph	Black	in	1757	and	that	of
oxygen	by	Priestley	in	1771.	In	1775,	Lavoisier	showed	that	interchange	of	oxygen	is	taking	place	in	lungs.	In	1837,	Theodor	Bischoff	showed	the	presence	of	carbon	dioxide	and	oxygen	in	blood.	The	effect	of	carbon	dioxide	on	respiration	was	studied	by	Haldane	in	1905,	and	that	of	pH	by	Hasselbalch	in	1912.	In	1925,	blood	gas	analysis	was	done	by
Donald	van	Slyke.	TRANSPORT	OF	OXYGEN	BY	HEMOGLOBIN	Hemoglobin	has	all	the	requirements	of	an	ideal	respiratory	pigment	(Barcroft):	Fig.	22.2.	Diagrammatic	representation	of	the	subunit	interaction	in	hemoglobin.	Pink	rectangles	represent	Hb	monomers.	Black	connection	lines	represent	salt	bridges.	As	oxygen	is	added,	salt	bridges	are
successively	broken	and	finally	2,3-BPG	is	expelled.	Simultaneously	the	T	(taught)	confirmation	of	deoxyHb	is	changed	into	R(relaxed)	confirmation	of	oxy-Hb.	Blue	circle	represents	2,3-bisphosphoglycerate	(BPG)	256		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	So	physiologically,	40%	of	oxygen	is	released	(Fig.	22.3C).	v.	The	pO	2	in
inspired	air	is	158	mm	Hg;	in	alveolar	air	100	mm	Hg;	in	the	blood	in	lungs,	pO2	is	90	mm	Hg;	and	in	capillary	bed,	it	is	40	mm	Hg.	In	tissues,	oxygen	is	liberated	from	hemoglobin.	In	lung	capillaries,	oxygen	is	taken	up	by	the	hemoglobin.	Oxygen	carriage	of	hemoglobin	is	schematically	depicted	in	Figure	22.4.	The	following	factors	will	affect	the
oxygen	dissociation	curve:	a.	It	can	transport	large	quantities	of	oxygen	b.	It	has	great	solubility	c.	It	can	take	up	and	release	oxygen	at	appropriate	partial	pressures	d.	It	is	a	powerful	buffer.	1.	Heme-heme	Interaction	and	Cooperativity	i.	The	sigmoid	shape	of	the	oxygen	dissociation	curve	(ODC)	is	due	to	the	allosteric	effect,	or	cooperativity.	The
equilibrium	of	Hb	with	oxygen	is	expressed	by	the	Hill	equation	(AV	Hill,	Nobel	prize,	1922).	ii.	The	binding	of	oxygen	to	one	heme	residue	increases	the	affinity	of	remaining	heme	residues	for	oxygen	(homotropic	interaction)	(Fig.	22.3B).	This	is	called	positive	cooperativity.	Oxygen	Dissociation	Curve	(ODC)	i.	The	ability	of	hemoglobin	to	load	and
unload	oxygen	at	physiological	pO2	(partial	pressure	of	oxygen)	is	shown	by	the	oxygen	dissociation	curve	(ODC)	(Fig.	22.3).	Hemoglobin	is	oxygenated	and	not	oxidized	(Box	22.1).	ii.	At	the	oxygen	tension	in	the	pulmonary	alveoli,	the	Hb	is	97%	saturated	with	oxygen.	Normal	blood	with	15	gm/dl	of	Hb	can	carry	1.34	x	15	=	20	ml	of	O2	/dl	of	blood.
iii.	In	the	tissue	capillaries,	where	the	pO2	is	only	40	mm	of	Hg,	theoretically,	Hb	saturation	is	75%.	Thus	under	NTP	conditions,	blood	can	release	only	22%	(Fig.	22.3A).	iv.	But	actually	in	tissue	capillaries,	where	pO2	is	40	mm	of	Hg,	the	Hb	is	about	60%	saturated.	Fig.	22.4	In	tissues	oxy-Hb	releases	oxygen	Fig.	22.3.	Oxygen	dissociation	curve
(ODC)	Chapter	22;	Hemoglobin		257	Affinity	1	time	Hb	Affinity	2	times	→	HbO2	(+)O2	Affinity	4	times	→	HbO4	(+)O2	Affinity	18	times	→	HbO6	→	HbO8	(+)O2	(+)O2	iii.	Thus	each	successive	addition	of	O2,	increases	the	affinity	of	Hb	to	oxygen	synergistically.	iv.	Similarly,	binding	of	2,3-BPG	at	a	site	other	than	the	oxygen	binding	site,	lowers	the
affinity	for	oxygen	(heterotropic	interaction).	v.	The	quaternary	structure	of	oxy-Hb	is	described	as	R	(relaxed)	form;	and	that	of	deoxyHb	is	T	(tight)	form.	vi.	When	oxygenation	occurs	the	salt	bonds	are	broken	successively.	Thus,	on	oxygenation,	the	hemoglobin	molecule	can	form	two	similar	dimers.	(2	x	alpha)	+	(2	x	beta)	(deoxy-Hb)	→	2	x	(alpha-
beta)	(oxy-Hb)	vii.	Alteration	of	Structure:	The	T	conformation	of	deoxyhemoglobin	is	maintained	by	C-terminal	arginine	carboxyl	group	of	alpha-1	with	amino	group	of	lysine	(132nd	residue)	in	alpha-2	and	C-terminal	arginine	group	of	alpha-1	with	carboxyl	group	of	aspartic	acid	(131	residue)	in	alpha-2.	These	alpha1	and	alpha-2	bridges	cannot	be
formed	in	oxyhemoglobin.	During	oxygen	uptake,	the	T	form	switches	to	the	R	form	with	disruption	of	the	salt	bridges	(Fig.	22.2).	Hemoglobin	subunits	are	moved	relative	to	one	another.	During	oxygenation,	the	alpha1-beta2	interface	shows	movement.	The	two	subunits	slip	over	each	other.	The	binding	of	the	iron	to	oxygen	is	now	stronger.	Hence
the	R	form	has	a	higher	affinity	for	oxygen.	2.	Effect	of	pH	and	pCO2	i.	When	the	pCO2	is	elevated,	the	H+	concentration	increases	and	pH	falls.	In	the	tissues,	the	pCO2	is	high	and	pH	is	low	due	to	the	formation	of	metabolic	acids	like	lactate.	Then	the	affinity	of	hemoglobin	for	O2	is	decreased	(the	ODC	is	shifted	to	the	right)	and	so,	more	O2	is
released	to	the	tissues	(R	→	T	change	takes	place)	(Fig.	22.3C).	ii.	In	the	lungs,	the	opposite	reaction	is	found,	where	the	pCO2	is	low,	pH	is	high	and	pO2	is	significantly	elevated.	More	O	2	binds	to	hemoglobin	and	the	ODC	is	shifted	to	the	left.	Moreover,	T	→	R	change	is	seen.	3.	The	Bohr	Effect	i.	The	influence	of	pH	and	pCO2	to	facilitate
oxygenation	of	Hb	in	the	lungs	and	deoxy-	genation	at	the	tissues	is	known	as	the	Bohr	effect	(1904).	ii.	Binding	of	CO2	forces	the	release	of	O2.	iii.	When	the	pCO2	is	high,	CO2	diffuses	into	the	red	blood	cells.	The	carbonic	anhydrase	in	the	red	cells	favors	the	formation	of	carbonic	acid	(H2CO3).	Carbonic	anhydrase	CO2	+	H2O	----------------→	H2CO3
→	H+	+	HCO3–	iv.	When	carbonic	acid	ionizes,	the	intracellular	pH	falls.	The	affinity	of	Hb	for	O2	is	decreased	and	O2	is	unloaded	to	the	tissues.	4.	The	Chloride	Shift	i.	When	CO2	is	taken	up,	the	HCO3¯	concentration	within	the	cell	increases.	This	would	diffuse	out	into	the	plasma.	Simultaneously,	chloride	ions	from	the	plasma	would	enter	in	the
cell	to	establish	electrical	neutrality.	This	is	called	chloride	shift	or	Hamburger	effect	(Fig.	22.5).	Thus	on	venous	side,	RBCs	are	slightly	bulged	due	to	the	higher	chloride	ion	concentration.	ii.	When	the	blood	reaches	the	lungs,	the	reverse	reaction	takes	place.	The	deoxyhemoglobin	liberates	protons.	These	would	combine	with	HCO3–	to	form	H2CO3
which	is	dissociated	to	CO2	and	H2O	by	the	carbonic	anhydrase.	The	CO2	is	expelled.	As	HCO3–	binds	H+,	more	HCO3–	from	plasma	enters	the	cell	and	Cl–	gets	out	(reversal	of	chloride	shift)	(See	Figure	22.6).	5.	Effect	of	Temperature	The	term	p50	means,	the	pO2	at	which	Hb	is	half	saturated	(50%)	with	O2.	The	p50	of	normal	Hb	at	Fig.	22.5.
Chloride	shift;	reactions	in	tissues	258		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	spectrum	has	only	a	single	broad	band	at	565	nm.	On	re-oxygenation	by	vigorous	shaking	of	the	test	tube,	the	absorption	spectrum	changes	to	the	original.	TRANSPORT	OF	CARBON	DIOXIDE	At	rest,	about	200	ml	of	CO2	is	produced	per	minute	in
tissues.	The	CO2	is	carried	by	the	following	3	ways.	1:	Dissolved	Form	About	10%	of	CO2	is	transported	as	dissolved	form.	CO2	+	H2O	→	H2CO3	→	HCO3–	+	H+	The	hydrogen	ions	thus	generated,	are	buffered	by	the	buffer	systems	of	plasma.	Fig.	22.6.	Chloride	shift;	reactions	in	lungs	37oC	is	26	mm	Hg.	Elevation	of	temperature	from	20	to	37oC
causes	88%	increase	in	p50.	Metabolic	demand	is	low	when	there	is	relative	hypothermia.	Shift	in	ODC	to	left	at	low	temperature	results	in	release	of	less	O2	to	the	tissues.	On	the	other	hand,	under	febrile	conditions,	the	increased	needs	of	O2	are	met	by	a	shift	in	ODC	to	right	(Fig.	22.3D).	6.	Effect	of	2,3-BPG	i.	Normally	the	2,3-bisphosphoglycerate
level	is	15	+	1.5	mg	/g	Hb.	The	2,3-BPG	concentration	is	higher	in	young	children	compared	to	the	elderly.	ii.	The	2,3-BPG	is	produced	from	1,3-BPG,	an	intermediate	of	glycolytic	pathway	(see	Fig.	9.20).	iii.	The	2,3-BPG,	preferentially	binds	to	deoxy-Hb	and	stabilizes	the	T	conformation.	When	the	T	form	reverts	to	the	R	conformation,	the	2,3BPG	is
ejected.	During	oxygenation,	BPG	is	released	(Fig.	22.2).	iv.	The	high	oxygen	affinity	of	fetal	blood	(HbF)	is	due	to	the	inability	of	gamma	chains	to	bind	2,3-BPG.	Adaptation	to	High	Altitude	1.	Increase	in	the	number	of	RBCs	2.	Increase	in	concentration	of	Hb	inside	RBCs	3.	Increase	in	BPG.	Laboratory	Diagnosis	When	hemoglobin	is	examined
spectroscopically,	oxyHb	has	2	absorption	bands	at	540	and	580	nm.	When	sodium	hydrosulphite	is	added,	de-oxygenation	occurs,	the	color	changes	to	purple,	and	the	absorption	2:	Isohydric	Transport	of	Carbon	Dioxide	i.	Isohydric	transport	constitutes	about	75%	of	CO2.	It	means	that	there	is	minimum	change	in	pH	during	the	transport.	The	H+
ions	are	buffered	by	the	deoxy-Hb	and	this	is	called	the	Haldane	effect.	ii.	In	tissues:	Inside	tissues,	pCO2	is	high	and	carbonic	acid	is	formed.	It	ionizes	to	H+	and	HCO	3–	inside	the	RBCs.	The	H	+	ions	are	buffered	by	deoxy-Hb	and	the	HCO3–	diffuses	out	into	the	plasma.	In	order	to	maintain	ionic	equilibrium,	chloride	ions	are	taken	into	RBC
(chloride	shift,	Fig.	22.5).	Thus	the	CO2	is	transported	from	tissues	to	lungs,	as	plasma	bicarbonate,	without	significant	lowering	of	pH.	The	H+	are	bound	by	N-terminal	NH2	groups	and	also	by	the	imidazole	groups	of	histidine	residues.	ii.	Oxy-Hb	is	More	Negatively	Charged	Than	Deoxy-Hb:	The	iso-electric	point	of	oxyhemoglobin	is	6.6,	while	that	of
deoxy-Hb	is	6.8.	Thus	oxy-	Hb	is	more	negatively	charged	than	deoxy	Hb.	The	reaction	in	tissues	may	be	written	as	OxyHb=	+	H+	→	HHb¯	+	O2	Therefore	some	cation	is	required	to	remove	the	extra	negative	charge	of	Oxy-Hb.	So	H+	are	trapped	(Fig.	22.5).	Hemoglobin	binds	1	proton	for	every	2	oxygen	molecules	released.	Or,	1	millimol	of	deoxy
Hb	can	take	up	0.6	mEq	of	H+,	produced	from	0.6	mmol	of	carbonic	acid.	iii.	In	the	lungs:	In	lung	capillaries,	where	the	pO2	is	high,	oxygenation	of	hemoglobin	occurs.	When	4	molecules	of	O2	are	bound	and	one	molecule	of	hemoglobin	is	fully	oxygenated,	hydrogen	ions	are	released.	H–Hb	+	4O2	----------→	Hb	(O2)4	+	H+	Chapter	22;	Hemoglobin	
259	iv.	The	protons	released	in	the	RBC	combine	with	HCO3–	forming	H2CO3	which	would	dissociate	to	CO2,	that	is	expelled	through	pulmonary	capillaries.	v.	As	the	HCO3–	level	inside	the	erythrocyte	falls,	more	and	more	HCO3–	gets	into	the	RBC,	and	chloride	diffuses	out	(reversal	of	chloride	shift)	(Fig.	22.6).	3:	Carriage	as	Carbamino-Hemoglobin
The	rest	15%	of	CO	2	is	carried	as	carbaminohemoglobin,	without	much	change	in	pH.	A	fraction	of	CO2	that	enters	into	the	red	cell	is	bound	to	Hb	as	a	carbamino	complex.	R–NH2	+	CO2	--------→	R–NH–COOH	The	N-terminal	amino	group	(valine)	of	each	globin	chain	forms	carbamino	complex	with	carbon	dioxide.	Deoxy-hemoglobin	binds	CO2	in	this
manner	more	readily	than	oxy-hemoglobin.	Clinical	applications	are	shown	in	Box	22.2.	Fetal	Hemoglobin	(HbF)	1.	HbF	has	2	alpha	chains	and	2	gamma	chains.	Gamma	chain	has	146	amino	acids.	2.	The	differences	in	physicochemical	properties	when	compared	with	HbA	are:	a.	Increased	solubility	of	deoxy	HbF	b.	Slower	electrophoretic	mobility	for
HbF	Box	22.2.	Clinical	Applications	1.	In	all	hypoxic	states,	the	O2	affinity	is	decreased	with	a	shift	in	ODC	to	the	right	and	an	increase	in	2,3BPG	inside	RBC.	The	adaptation	to	the	high	altitude	where	pO2	is	low,	includes	increased	pulmonary	ventilation,	polycythemia	and	increase	in	2,3-BPG	level	with	a	shift	in	ODC	to	right.	2.	In	anemia,	where	the
total	concentration	of	Hb	is	reduced,	increased	oxygen	unloading	alone	will	ensure	proper	oxygenation	of	tissues.	3.	In	many	cases	2,3-BPG	level	varies	inversely	as	the	hemoglobin	concentration.	4.	In	chronic	pulmonary	diseases	and	cyanotic	cardiac	diseases	also	the	2,3-BPG	level	is	increased	ensuring	maximum	unloading	of	O2	to	tissues.	5.	The	red
cell	2,3-BPG	level	is	decreased	in	acidosis	and	increased	in	alkalosis.	Hence,	the	expected	shift	in	ODC	to	the	right	or	left	is	not	observed.	6.	Transfusion	of	large	volumes	of	stored	blood,	which	has	a	low	level	of	2,3-BPG	can	lead	to	sudden	hypoxia,	since	it	can	cause	a	left-shifted	ODC.	c.	Increased	resistance	of	HbF	to	alkali	denaturation	d.	HbF	has
decreased	interaction	with	2,3-BPG.	3.	The	ODC	of	fetus	and	newborn	are	shifted	to	left.	This	increase	in	O2	affinity	is	physiologically	advantageous	in	facilitating	transplacental	oxygen	transport.	The	major	reason	is	the	diminished	binding	of	2,3-BPG	to	HbF.	When	pO2	is	20	mm	Hg,	the	HbF	is	50%	saturated.	4.	The	synthesis	of	HbF	starts	by	7th
week	of	gestation;	it	becomes	the	predominant	Hb	by	28th	week.	At	birth,	80%	of	Hb	is	HbF.	During	the	first	6	months	of	life,	it	decreases	to	about	5%	of	total.	There	is	a	rapid	postnatal	rise	in	2,3-BPG	content	of	RBC.	However,	HbF	level	may	remain	elevated	in	children	with	anemia	and	beta	thalassemia,	as	a	compensatory	measure.	Hemoglobin	A2
It	is	a	normal	adult	hemoglobin;	it	is	about	2%	of	total	Hb.	It	has	2	alpha	chains	and	2	delta	chains.	The	delta	chain	has	sequence	homology	with	beta	chain.	In	beta	thalassemia,	as	a	compensation,	HbA2	is	increased.	The	iso-electric	pH	of	HbA2	is	7.4,	while	HbA	has	the	pI	value	of	6.85.	So,	HbA2	is	slower	moving	on	electrophoresis.	Embryonic
Hemoglobins	Several	hemoglobins	are	found	during	fetal	life,	but	absent	in	adult	life.	Examples	are	Hb	Gover-1	(2	zeta	and	2	epsilon	chains);	Gover-2	(2	alpha	chains	and	2	epsilon	chains);	Hb	Portland	(2	gamma	and	2	delta	chains).	Embryonic	hemoglobins	are	produced	from	3rd	to	8th	weeks	of	gestation,	when	the	site	of	erythropoiesis	is	in	liver.
HEMOGLOBIN	DERIVATIVES	Hemoglobin	derivatives	are	formed	by	the	combination	of	different	ligands	with	the	heme	part,	or	change	in	the	oxidation	state	of	iron.	Oxy-Hb	is	dark	red,	deoxy-Hb	is	purple,	met-Hb	is	dark	brown,	CO-Hb	is	cherry	red	and	sulph-Hb	is	green	in	color.	Normally	concentration	of	deoxy-Hb	is	less	than	5%	of	the	total	Hb.	If
the	level	increases	cyanosis	occurs.	1.	Carboxy-Hemoglobin	(Carbon	Monoxy	Hb)	(CO-Hb)	i.	Hemoglobin	binds	with	carbon	monoxide	(CO)	to	form	carboxy-Hb.	The	affinity	of	CO	to	Hb	is	200	times	more	than	that	of	oxygen.	It	is	then	unsuitable	for	oxygen	transport.	260		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	ii.	When	one	molecule
of	CO	binds	to	one	monomer	of	the	hemoglobin	molecule,	it	increases	the	affinity	of	others	to	O2;	so	that	the	O2	bound	to	these	monomers	are	not	released.	This	would	further	decrease	the	availability	of	oxygen	to	the	tissues.	iii.	Carbon	Monoxide	Poisoning:	CO	is	a	colorless,	odorless,	tasteless	gas	generated	by	incomplete	combustion.	CO	poisoning
is	a	major	occupational	hazard	for	workers	in	mines.	Breathing	the	automobile	exhaust	in	closed	space	is	the	commonest	cause	for	CO	poisoning.	The	carboxy-Hb	level	in	normal	people	is	0.16%.	An	average	smoker	has	an	additional	4%	of	CO-Hb.	One	cigarette	liberates	10–20	ml	carbon	monoxide	into	the	lungs.	iv.	Clinical	Manifestations:	Clinical
symptoms	manifest	when	carboxy-Hb	levels	exceed	20%.	Symptoms	are	breathlessness,	headache,	nausea,	vomiting,	and	pain	in	chest.	At	40-60%	saturation,	death	can	result.	v.	Administration	of	O2	is	the	treatment.	In	severe	cases,	oxygen	under	high	pressure	(hyperbaric	oxygen)	is	helpful.	vi.	The	absorption	bands	of	carboxy-Hb	is	similar	to	that	of
oxy-Hb.	But	on	adding	a	reducing	agent	like	sodium	dithionite,	it	fails	to	convert	carboxy-Hb	to	deoxy-Hb;	whereas	oxy-Hb	is	converted.	2-A.	Methemoglobin	(Met-Hb)	i.	When	the	ferrous	(Fe++)	iron	is	oxidized	to	ferric	(Fe+++)	state,	met-Hb	is	formed.	ii.	Small	quantities	of	met-Hb	formed	in	the	RBCs	are	readily	reduced	back	to	the	ferrous	state	by
met-Hb	reductase	enzyme	systems.	About	75%	of	the	reducing	activity	is	due	to	enzyme	system	using	NADH	and	cytochrome	b5	(Fig.	22.7).	iii.	Another	20%	of	the	reducing	activity	is	due	to	NADPH	dependent	system.	Fig.	22.7.	Methemoglobin	reductase	system	iv.	Glutathione	dependent	Met-Hb-reductase	accounts	for	the	rest	5%	activity.	2-B.
Methemoglobinemias	Normal	blood	has	only	less	than	1%	of	methemoglobin.	It	has	markedly	decreased	capacity	for	oxygen	binding	and	transport.	An	increase	in	methemoglobin	in	blood,	(methemoglobinemia)	is	manifested	as	cyanosis.	Causes	may	be	congenital	or	acquired.	2-C.	Congenital	Methemoglobinemia	Presence	of	Hb	variants	like	HbM	can
cause	congenital	methemoglobinemia.	Cytochrome	b5	reductase	deficiency	is	characterized	by	cyanosis	from	birth.	10-15%	of	hemoglobin	may	exist	as	methemoglobin.	Oral	administration	of	methylene	blue,	100-300	mg/day	or	ascorbic	acid	200-500	mg/day	decreases	met-Hb	level	to	5-10%	and	reverses	the	cyanosis.	2-D.	Acquired	or	Toxic
Methemoglobinemia	i.	Met-hemoglobinemia	may	develop	by	intake	of	water	containing	nitrates	or	due	to	absorption	of	aniline	dyes.	Aniline	dye	workers	have	been	known	to	develop	met-hemoglobinemia.	ii.	Drugs	which	produce	met-hemoglobinemia	are:	acetaminophen,	phenacetin,	sulphanilamide,	amyl	nitrite,	and	sodium	nitroprusside.	iii.	Glucose-
6-phosphate	dehydrogenase	deficiency:	In	persons	with	this	enzyme	deficiency,	the	condition	may	be	manifested	even	with	small	doses	of	drugs.	In	such	persons,	NADPH	is	not	available	in	the	RBC.	Therefore	in	such	individuals,	disease	is	manifested	easily	(see	Chapter	23).	In	such	patients,	intravenous	leukomethylene	blue	2	mg/kg	is	effective,	which
will	substitute	for	the	NADPH.	2-E.	Laboratory	analysis	Ferricyanide	can	oxidize	oxy-	or	deoxy-Hb	to	metHb.	The	color	changes	to	dark	brown	and	absorption	spectra	show	a	band	in	the	red	with	its	center	at	633	nm,	while	the	bands	for	Oxy-Hb	persist.	Sodium	hydrosulfite	or	dithionite	reconverts	met-Hb	to	oxy-Hb.	2-F.	Hemin	Crystals	When	iron	is
oxidized	to	Fe+++,	it	has	a	net	positive	charge.	It	can	combine	with	negatively	charged	chloride,	to	form	hemin	or	hematin	chloride.	Hemin	Chapter	22;	Hemoglobin		261	Fig.	22.8.	Left	side—normal	RBCs.	Right	side—sickle	cells	Fig.	22.10.	Sickle	cell	trait	protects	from	malaria	crystals	can	be	prepared	from	even	very	old	blood	stains	in	medicolegal
cases.	Blood	or	eluted	blood	stains	are	heated	with	Nippe's	fluid	(1%	solution	of	KCI,	KBr	and	Kl	in	glacial	acetic	acid)	over	a	glass	slide,	when	dark	brown	rhombic	crystals	are	seen	under	the	microscope.	The	test	is	sensitive,	but	is	answered	by	the	heme	part	of	blood	of	all	species.	to	a	cysteinyl	SH	group	on	the	beta	chain	and	then	to	the	SH	group	of
a	small	molecule	like	GSH,	when	R	form	reverts	to	T	state.	The	X-S-NO	complex	is	biologically	very	potent	and	even	under	low	oxygen	tension	delivers	NO	to	tissue	capillaries.	3.	Sulf-hemoglobinemia	When	hydrogen	sulfide	acts	on	oxy-hemoglobin,	sulf-hemoglobin	is	produced.	It	can	occur	in	people	taking	drugs	like	sulphonamides,	phenacetin,
acetanilide,	dapsone,	etc.	It	cannot	be	converted	back	to	oxy-hemoglobin.	It	is	seen	as	basophilic	stippling	of	RBC,	throughout	its	lifespan.	HEMOGLOBIN	(GLOBIN	CHAIN)	VARIANTS	In	humans,	alpha	chain	genes	are	located	on	chromosome	No.	16	and	beta	type	genes	are	clustered	in	chromosome	No.	11.	4.	Nitric	Oxide	Hemoglobin	binds	nitric
oxide	(NO)	with	high	affinity	similar	to	binding	of	carbon	monoxide	(CO).	The	NO	is	delivered	at	its	site	of	action,	i.e.	capillary	endothelium.	The	positive	co-operative	effect	and	effect	of	H+	also	play	a	role	in	the	binding	and	delivery	of	NO.	Binding	of	NO	by	hemoglobin	increases	its	half-life.	The	heme	iron	preferentially	binds	NO	in	the	T
conformation.	When	hemoglobin	acquires	the	R	conformation,	the	NO	is	transferred	Fig.	22.9.	Sticky	patches	on	HbS	molecule	5.	Glycated	Hemoglobin	Described	in	detail	in	Chapter	24.	Hemoglobinopathies	Hundreds	of	hemoglobin	variants	leading	to	hemoglobinopathies	have	been	discovered	(Box	22.3).	The	variants	may	be	either	alpha	chain
variants	or	beta	chain	variants.	In	addition,	although	rare,	gamma	and	delta	chain	variants	have	also	been	described	(see	Table	22.2).	The	hemoglobin	variants	may	be	classified	into	5	major	types,	based	on	their	clinical	manifestations.	Fig.	22.11.	Electrophoresis	at	pH	8.6	262		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	Box	22.3.
Hemoglobinopathy	and	Thalassemia	Abnormalities	in	the	primary	sequence	of	globin	chains	lead	to	hemoglobinopathies,	e.g.	HbS.	Abnormalities	in	the	rate	of	synthesis	would	result	in	thalassemias.	In	other	words,	normal	globin	chains	in	abnormal	concentrations	result	in	thalassemias,	e.g.	beta	thalassemia.	1.	Sickle	syndromes	A.	Sickle-cell	trait
(AS)	B.	Sickle-cell	disease	with	SS,	SC,	SD,	SO	varieties	and	S	beta	thalassemia	2.	Unstable	hemoglobins	Congenital	Heinz	body	anemia;	Hb	Zurich.	Unstable	Hb	variants	have	an	increased	tendency	to	denature	and	hence	tend	to	form	molecular	aggregates	within	cells	which	lead	to	increased	hemolysis.	Heinz	bodies	are	stained	purple	with	cresyl
violet.	Their	occurrence	in	RBC	indicates	that	the	cells	have	been	subjected	to	oxidative	stress.	The	membrane	bound	Heinz	bodies	alter	the	surface	of	the	red	cells,	creating	indentations.	As	a	result,	they	have	a	tendency	of	getting	trapped	in	the	spleen.	So,	lifespan	of	the	RBC	is	reduced.	Patients	will	have	moderate	to	severe	anemia.	3.	Hemoglobins
with	abnormal	oxygen	affinity	A.	High	affinity—Polycythemia	(familial):	Hb	Chesapeake.	Hb	binds	oxygen,	but	has	difficulty	in	unloading.	The	ODC	is	shifted	to	the	left,	with	a	diminished	Bohr	effect.	So,	tissues	suffer	from	hypoxia.	B.	Low	affinity—Cyanosis	(familial):	HbM.	4.	Structural	variations	leading	to	thalassemia	A.	Alpha	thalassemia—Hb
Constant	spring,	delta	beta	thalassemia,	Hb	Lepore	B.	Beta	thalassemia:	Hb	Quong	sze	5.	Non-symptomatic	hemoglobin	variants	HbP,	Q,	N,	J,	etc.	1.	Hemoglobin	S	(HbS)	(Sickle	Cell	Hemoglobin)	Of	the	hemoglobin	variants,	HbS	constitutes	the	most	common	variety	worldwide.	In	1949	Linus	Pauling	(Nobel	prize,	1954)	established	that	a	hemoglobin
with	abnormal	electrophoretic	mobility	is	responsible	for	the	sickling	disease.	1-A.	Sickle	Cell	Disease	i.	The	glutamic	acid	in	the	6th	position	of	beta	chain	of	HbA	is	changed	to	valine	in	HbS.	This	single	amino	acid	substitution	leads	to	polymerization	of	hemoglobin	molecules	inside	RBCs.	This	causes	a	distortion	of	cell	into	sickle	shape	(Fig.	22.8).
Table	22.2.	Important	hemoglobinopathies	Hemoglobin	Point	mutation	position	Amino	acid	substitution	Codon	and	base	substitution	HbS	Beta	6	Glu	→	Val	GAG	→	GUG	HbC	Beta	6	Glu	→	Lys	GAG	→	AAG	HbE	Beta	26	Glu	→	Lys	GAG	→	AAG	Glu	→	Gln	GAG	→	CAG	HbD	(Punjab)	Beta	121	HbM	Proximal	or	His	→	Tyr	distal	histidine	in	α	or	β	cha	ins
chains	CAC	→	UAC	ii.	The	substitution	of	hydrophilic	glutamic	acid	by	hydrophobic	valine	causes	a	localized	stickiness	on	the	surface	of	the	molecule	(see	Fig.	22.9).	The	deoxygenated	HbS	may	be	depicted	with	a	protrusion	on	one	side	and	a	cavity	on	the	other	side,	so	that	many	molecules	can	adhere	and	polymerize.	iii.	HbA	and	HbF	will	prevent
sickling,	because	they	do	not	co-polymerize	with	HbS.	HbS	can	bind	and	transport	oxygen.	The	sickling	occurs	under	deoxygenated	state.	iv.	The	sickled	cells	form	small	plugs	in	capillaries.	Occlusion	of	major	vessels	can	lead	to	infarction	in	organs	like	spleen.	Death	usually	occurs	in	the	second	decade	of	life.	v.	The	heterozygous	state	is	very
common	in	Central	and	West	Africa	as	well	as	in	East	and	Central	parts	of	India.	Tribals	all	over	India	show	an	increased	incidence	of	SS	and	AS.	The	slave	trade	has	played	an	important	role	in	spreading	the	gene	from	Africa	to	different	parts	of	America.	1-B.	Sickle	Cell	Trait	i.	In	heterozygous	(AS)	condition,	50%	of	Hb	in	the	RBC	is	normal.
Therefore	the	sickle	cell	trait	as	such	does	not	produce	clinical	symptoms.	Such	persons	can	have	a	normal	lifespan.	ii.	At	higher	altitudes,	hypoxia	may	cause	manifestation	of	the	disease.	Chronic	lung	disorders	may	also	produce	hypoxia-induced	sickling	in	HbS	trait.	iii.	In	the	electrophoresis,	the	abnormal	HbS	can	be	detected	along	with	normal	Hb
in	persons	with	HbS	trait	(Fig.	22.11).	iv.	HbS	gives	protection	against	malaria:	The	high	incidence	of	the	sickle	cell	gene	in	Chapter	22;	Hemoglobin		263	population	coincides	with	the	area	endemic	for	malaria.	HbS	affords	protection	against	Plasmodium	falciparum	infection	(Fig.	22.10).	Hence	the	abnormal	gene	was	found	to	offer	a	biologic
advantage.	1-C.	Electrophoresis	Electrophoresis	at	alkaline	pH	shows	a	slower	moving	band	than	HbA.	At	pH	8.6,	carboxyl	group	of	glutamic	acid	is	negatively	charged.	Lack	of	this	charge	on	HbS	makes	it	less	negatively	charged,	and	decreases	the	electrophoretic	mobility	towards	positive	pole	(Fig.	22.11).	At	acidic	pH,	HbS	moves	faster	than	HbA.
In	sickle	cell	trait,	both	the	bands	of	HbA	and	HbS	can	be	noticed	(Fig.	22.11).	1-D.	Sickling	Test	A	blood	smear	is	prepared.	A	reducing	agent	such	as	sodium	dithionite	is	added.	Blood	smear	examined	under	the	microscope	shows	sickled	RBCs	(Fig.	22.8).	1-E.	Management	of	Sickle	Cell	Disease	Repeated	blood	transfusions	may	be	required	in	severe
anemia.	But	this	can	lead	to	iron	overload	and	cirrhosis.	Treatment	with	anti-sickling	agents	like	hydroxyurea,	cyanate	and	aspirin,	that	interfere	with	polymerization	are	tried.	Sodium	butyrate	will	induce	HbF	production	with	clinical	improvement.	2.	Hemoglobin	E	It	is	the	second	most	prevalent	hemoglobin	variant.	It	is	due	to	the	replacement	of
beta	26	glutamic	acid	by	Lysine	(Table	22.2).	It	is	primarily	seen	in	orientals	of	South-East	Asia	(Thailand,	Myanmar,	Bangladesh,	etc).	The	variant	is	very	prevalent	in	West	Bengal	in	India.	Heterozygotes	are	completely	asymptomatic.	HbE	has	similar	mobility	as	of	A2	on	electrophoresis.	Punjab)	(Table	22.2).	HbD	migrates	similar	to	HbS	on
electrophoresis.	HbSD	disease	is	a	severe	condition.	HbD	Punjab	is	the	commonest	Hb	variant	seen	in	Punjabi	population.	5.	M-Hemoglobins	(Hb	M)	These	are	a	group	of	variants,	where	the	substitution	occurs	in	the	proximal	or	distal	histidine	residues	of	alpha	or	beta	chains.	Alpha	58	His	→	Tyr	(Hb	M	Boston)	Beta	92	His	→	Tyr	(Hb	M	Hyde	Park)	As
a	result,	the	heme	has	a	tendency	to	get	oxidized	to	hemin,	forming	methemoglobin.	Oxygen	binding	is	decreased.	This	would	result	in	cyanosis.	6.	Inheritance	of	Hemoglobin	Variants	i.	They	are	inherited	as	codominant/recessive	traits.	One	beta	chain	gene	is	inherited	from	each	parent.	If	both	parents	are	heterozygous	for	S,	(the	abnormal	gene),
there	is	50%	chance	that	the	child	will	be	AS,	25%	chance	for	AA	and	25%	chance	for	SS	genotype	(Inheritance	is	described	in	Chapter	42).	ii.	If	the	genotype	is	SS,	all	the	Hb	molecules	produced	are	abnormal,	and	hence	disease	is	manifested.	iii.	If	one	parent	is	heterozygous	for	HbS	and	another	for	C	or	beta	thalassemia,	25%	chances	are	that	the
child	will	be	a	double	heterozygote	(Fig.	22.12).	iv.	An	individual	inherits	only	2	beta	chain	genes;	but	4	alpha	chain	genes	are	inherited.	So,	the	alpha	chain	variants	constitute	only	25%	of	the	total	hemoglobin	in	circulation	and	are	less	likely	to	produce	impairment	of	red	cell	function	(codominant	inheritance).	Thus	beta	chain	disease	is	more
common	and	more	severe	than	alpha	chain	disease.	THALASSEMIAS	i.	The	name	is	derived	from	the	Greek	word,	“thalassa”,	which	means	“sea”.	Greeks	identified	this	disease	present	around	Mediterranean	sea.	3.	Hemoglobin	C	In	normals,	the	6th	amino	acid	in	beta	chain	is	glutamic	acid;	it	is	replaced	by	lysine	in	HbC	(Table	22.2).	The	presence	of
HbC	is	seen	mostly	in	the	black	race.	AC	heterozygotes	do	not	show	any	clinical	manifestations.	But	those	who	are	double	heterozygous	for	HbS	and	HbC	(SC)	have	a	moderate	disease.	Homozygotes	(CC)	have	a	mild	to	moderate	hemolytic	anemia.	The	HbC	is	slower	moving	than	HbA	on	electrophoresis	at	alkaline	pH.	4.	Hemoglobin	D	It	does	not



produce	sickling.	HbD	Punjab	results	from	replacement	of	beta	121	glutamic	acid	by	glutamine	(HbD	Fig.	22.12.	Inheritance	of	HbC	trait	and	generation	of	HbS-C	disease	264		Textbook	of	Biochemistry;	Section	B:	General	Metabolism	ii.	Thalassemia	may	be	defined	as	the	normal	globin	chains	in	abnormal	proportions	(Box	22.3).	The	gene	function	is
abnormal,	but	there	is	no	abnormality	in	the	polypeptide	chains.	iii.	Reduction	in	alpha	chain	synthesis	is	called	alpha	thalassemia,	while	deficient	beta	chain	synthesis	is	the	beta	thalassemia.	Other	types	like	delta-beta	thalassemia,	Hb	Lepore,	hereditary	persistence	of	HbF	(HPF)	are	related	conditions.	1-A.	Beta	thalassemia	Beta	thalassemia	is	more
common	than	alpha	variety.	Beta	type	is	characterized	by	a	decrease	or	absence	of	synthesis	of	beta	chains.	As	a	compensation,	gamma	or	delta	chain	synthesis	is	increased.	1-B.	Inheritance	Beta	thalassemias	are	phenotypically	described	as	beta	(+)	or	beta	(o)	depending	on	whether	there	is	beta	chain	synthesis	or	not.	Beta	(o)	thalassemia	may	result
from	base	substitutions.	Beta	(+)	thalassemias	are	produced	from	defects	in	posttranscriptional	processing	of	mRNA.	2.	Alpha	thalassemias	They	may	result	from	different	types	of	gene	deletions.	Since	there	are	2	pairs	of	alpha	genes	per	cell,	a	single	gene	deletion	in	one	chromosome	or	a	pair	of	genes	in	the	chromosomes	does	not	have	much	effect
on	a	chain	production.	Alpha	thalassemia	is	rarer	because	alpha	chain	deficiency	is	incompatible	with	life.	3.	Thalassemia	Syndromes	i.	These	syndromes	are	mainly	seen	in	people	of	Asian,	African	and	Mediterranean	origin.	All	cases	of	thalassemias	are	characterized	by	deficiency	of	HbA	synthesis.	ii.	Hypochromic	microcytic	anemia.	iii.	In
homozygous	state,	clinical	manifestations	are	severe,	and	hence	called	Thalassemia	major.	There	will	be	nucleated	RBCs	in	peripheral	circulation	(Fig.	22.13).	iv.	In	heterozygous	conditions,	the	clinical	signs	and	symptoms	are	minimal;	they	are	called	Thalassemia	minor.	v.	The	synthesis	of	unaffected	chains	occurs	at	the	normal	rate.	Since	they	do
not	have	Box	22.4.	Causes	of	Anemias	1.	Hemolysis	due	to	impaired	production	of	RBCs	a.	Defect	in	heme	synthesis:	Nutritional	deficiency	of	iron,	copper,	pyridoxal	phosphate,	folic	acid,	vitamin	B12	or	vitamin	C.	Lead	will	inhibit	heme	synthesis.	b.	Defect	in	regulators:	Erythropoietin	synthesis	is	reduced	in	chronic	renal	failure.	c.	Defect	in	stem
cells:	Aplastic	anemia	due	to	drugs	(e.g.	Chloramphenicol),	infections	or	malignant	infiltrations.	2.	Hemolysis	due	to	intracorpuscular	defect	a.	Hemoglobinopathies	such	as	HbS,	HbC:	b.	Thalassemias—major	and	minor	c.	Abnormal	shape:	Spherocytosis	and	elliptocytosis.	d.	Enzyme	deficiencies:	Deficiency	of	glucose-6phosphate	dehydrogenase
(Chapter	23).	3.	Hemolysis	due	to	extracorpuscular	causes	a.	Infections:	Malarial	parasites	b.	Autoimmune	hemolysis:	Antibodies	are	seen	against	RBC	membrane	components.	c.	Isoimmune	hemolysis:	Rh	incompatibility.	d.	Hemolysis	due	to	drug	sensitization:	Many	drugs	(e.g.	alpha-methyl	dopa,	quinine)	may	fix	on	RBC	membrane,	and	produce
antibodies	against	the	altered	membrane.	4.	Hemorrhage	Hematuria,	hematemesis,	hemoptysis,	peptic	ulcer	metrorrhagia	and	hemorrhoides	are	the	usual	causes	for	hemorrhage.	Hemophilia	(absence	of	AHG)	and	thrombocytopenia	are	other	major	causes	for	bleeding	tendencies.	complementary	chains	to	bind,	they	form	aggregates	and	precipitate
within	the	cell.	These	precipitates	or	inclusion	bodies	lead	to	membrane	damage	and	destruction	of	red	cells.	vi.	The	co-existence	of	HbS	and	beta	thalassemia	trait	is	fairly	common.	vii.	Homozygous	beta	thalassemia	is	characterized	by	severe	anemia,	hypersplenism	and	Fig.	22.13.	Thalassemia.	Nucleated	RBC,	target	cells,	spherocytosis,
poikilocytosis	are	seen	Chapter	22;	Hemoglobin		265	hepatosplenomegaly.	The	marrow	in	the	skull	bones	expand	producing	the	“hair-on-end	appearance”	described	in	X-ray.	viii.	Repeated	transfusion	is	the	only	available	treatment.	This	may	lead	to	iron	overload.	Splenectomy	may	also	lessen	the	anemia.	Marrow	transplantation	has	been	successfully
tried	in	a	few	cases.	4.	Hemoglobin	Lepore	It	is	composed	of	2	alpha	chains	and	2	delta-beta	chimeric	chains.	The	N-terminal	made	up	of	delta	chain	and	C-terminal	is	made	of	beta	chain.	Nonhomologous	crossing	over	of	the	chromosomes	is	the	cause	for	this	chimera.	MYOGLOBIN	(Mb)	i.	It	is	seen	in	muscles.	Myoglobin	content	of	skeletal	muscle	is
2.5	g/l00	g;	of	cardiac	muscle	is	1.4	g%	and	of	smooth	muscles	0.3	g%.	ii.	Mb	is	a	single	polypeptide	chain	(Fig.	22.14).	Human	Mb	contains	152	amino	acids	with	a	molecular	weight	of	17,500	Daltons.	Fig.	22.14.	Myoglobin	chain	iii.	One	molecule	of	Mb	can	combine	with	1	molecule	of	oxygen.	The	Hb	carries	oxygen	from	lungs	to	tissue	capillaries,
from	where	oxygen	diffuses	into	tissues.	In	the	muscles,	the	oxygen	is	taken	up	by	Mb	for	the	sake	of	tissue	respiration.	iv.	Mb	has	higher	affinity	for	oxygen	than	that	of	Hb.	The	pO2	in	tissue	is	about	30	mm	of	Hg,	when	Mb	is	90%	saturated.	At	this	pO2,	Hb	saturation	will	be	only	50%.	v.	In	severe	physical	exercise,	pO2	in	muscles	lowers	to	5	mm
Hg,	when	myoglobin	releases	all	the	bound	oxygen.	vi.	Mb	has	a	high	oxygen	affinity	while	Bohr	effect,	co-operative	effect	and	2,3-BPG	effect	are	absent.	Myoglobin	in	Urine	and	Blood	Severe	crush	injury	causes	release	of	myoglobin	from	the	damaged	muscles.	Being	a	small	molecular	weight	protein,	Mb	is	excreted	through	urine	(myoglobinuria).
Urine	color	becomes	dark	red.	Myoglobin	will	be	released	from	myocardium	during	myocardial	infarction	(MI),	and	is	seen	in	serum.	Serum	myoglobin	estimation	is	useful	in	early	detection	of	myocardial	infarction	(Chapter	23).	ANEMIAS	In	India,	anemia	is	the	most	common	medical	problem.	Perhaps	about	75%	of	patients	attending	a	primary	health
center	may	have	signs	and	symptoms	directly	or	indirectly	related	to	anemia.	Anemia	results	when	the	Hb	concentration	in	blood	is	reduced.	Normal	value	for	Hb	in	normal	male	is	14	to	16	g/dl	and	in	female	13	to	15	g/dl.	If	the	Hb	level	is	below	10	g/dl,	it	is	a	severe	condition.	The	most	common	cause	for	anemia	in	India,	is	iron	deficiency	which	is
described	in	Chapter	35.	A	list	of	other	causes	is	given	in	Box	22.4.	266		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	CHAPTER	23	Clinical	Enzymology	and	Biomarkers	CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Lactate	dehydrogenase	2.	Creatine	kinase	3.	Alkaline
phosphatase	4.	Acid	phosphatase	5.	Prostate	specific	antigen	6.	Cholinesterase	7.	Glucose-6-phosphate	dehydrogenase	8.	Amylase	and	lipase	9.	Enzymes	used	as	therapeutic	agents	CLINICAL	ENZYMOLOGY	Plasma	contains	many	functional	enzymes,	which	are	actively	secreted	into	plasma.	For	example,	enzymes	of	blood	coagulation.	On	the	other
hand,	there	are	a	few	nonfunctional	enzymes	in	plasma,	which	are	coming	out	from	cells	of	various	tissues	due	to	normal	wear	and	tear.	Their	normal	levels	in	blood	are	very	low;	but	are	drastically	increased	during	cell	death	(necrosis)	or	disease.	Therefore,	assays	of	these	enzymes	are	very	useful	in	diagnosis	of	diseases.	The	reference	ranges	for
enzymes	in	plasma	depends	on	the	method	of	assay	used;	and	therefore	will	vary	from	laboratory	to	laboratory.	Hence,	the	values	given	in	this	book	are	only	for	a	general	guidance,	and	should	not	be	taken	as	absolute.	Cardiac	Biomarkers	A	biomarker	is	a	clinical	laboratory	test	which	is	useful	in	detecting	dysfunction	of	an	organ.	Cardiac	Box	23.1.
Cardiac	Markers	Tested	in	i.	ii.	iii.	iv.	v.	vi.	Any	chest	pain	Unstable	angina	Suspicious	ECG	changes	History	suggestive	of	myocardial	infarction	Following	surgical	coronary	revascularization	Patients	with	hypotension	and	dyspnea	biomarkers	are	used	to	detect	cardiac	diseases,	which	may	be	a.	Acute	coronary	syndrome	resulting	from	myocardial
ischemia	b.	Congestive	cardiac	failure	due	to	ventricular	dysfunction	(Box	23.1).	The	different	markers	are	used	to:	i.	Detect	myocardial	ischemia	at	the	earliest	ii.	montoring	the	progression	of	the	condition	iii.	to	predict	the	risk	in	cardiac	dysfunction.	Commonly	used	biomarkers	for	early	detection	of	acute	myocardial	infarction	are:	1.	Cardiac
troponins,	TnI	and	TnT	2.	Creatine	kinase,	CK-MB	3.	Myoglobin.	Of	these,	troponins	and	CK-MB	are	the	sensitive	and	specific	markers,	whereas	myoglobin	though	sensitive,	is	non-specific	(Other	markers	are	listed	in	Box	23.2).	Predictors	of	risk	in	cardiac	disease	are	of	two	types:	a.	for	predicting	the	onset	of	ischemia	b.	those	which	quantify	the
ventricular	damage	The	risk	predictors	mainly	include	the	atherogenic	lipoproteins	in	plasma	along	with	the	inflammatory	marker	like	hsCRP	(high	sensitive	C	reactive	protein).	These	are	described	in	Chapter	25.	Box	23.2.	Markers	for	Cardiac	Diseases	Serial	testing	of	the	following	cardiac	enzymes	is	usually	done	to	guide	the	prognosis	(Box	23.1).
No	single	marker	can	successfully	identify	or	exclude	acute	MI	within	the	first	6	hr.	i.	Creatine	kinase	(CKMB)	ii.	Cardiac	troponin	I	(CTI)	and	Cardiac	troponin	T	(CTT).	These	are	not	true	enzymes	iii.	Brain	Natriuretic	Peptide	(BNP).	It	is	a	reliable	marker	of	ventricular	function	iv.	LDH	and	AST	were	previously	used	as	markers	of	myocardial
infarction,	but	no	more	used	in	clinical	practice.	Chapter	23;	Clinical	Enzymology	and	Biomarkers		267	Table	23.1.	Markers	of	myocardial	infarction	Fig.	23.1.	Creatine	kinase	reaction	CREATINE	KINASE	(CK)	1.	Reference	Values	It	catalyzes	the	reaction	shown	in	Figure	23.1.	It	was	called	as	creatine	phosphokinase	in	old	literature.	Normal	serum
value	for	CK	is	15-100	U/L	for	males	and	10-80	U/L	for	females.	2.	CK	and	Heart	Attack	i.	CK	value	in	serum	is	increased	in	myocardial	infarction.	The	time	course	is	shown	in	Figure	23.2	and	Table	23.1.	The	CK	level	starts	to	rise	within	3-6	hours	of	infarction.	ii.	Therefore,	CK	estimation	is	very	useful	to	detect	early	cases,	where	ECG	changes	may	be
ambiguous.	A	second	peak	may	indicate	another	ischemic	episode.	iii.	The	CK	level	is	not	increased	in	hemolysis	or	in	congestive	cardiac	failure;	and	therefore	CK	has	an	advantage	over	LDH.	The	area	under	the	peak	and	slope	of	initial	rise	are	proportional	to	the	size	of	infarct.	3.	Iso-enzymes	of	CK	i.	CK	is	a	dimer;	each	subunit	has	a	molecular
weight	of	40	kD.	The	subunits	are	called	B	Marker	Onset	Peak	Duration	CK-MB	3-6	hr	18-24	hr	36-72	hr	Troponins	4-10	hr	18-24	hr	8-14	days	LDH	6-12	hr	24-48	hr	6-8	days	AST	24-36	hr	4-5	d	10-12	days	Myoglobin	1-4	hr	24	hr	6-7	hr	for	brain	and	M	for	muscle.	Therefore,	three	iso-enzymes	are	seen	in	circulation.	See	Table	23.2.	ii.	Normally	CK2
(heart	iso-enzyme)	is	only	5%	of	the	total	activity.	Even	doubling	of	the	value	of	CK2	(MB)	iso-enzyme	may	not	be	detected,	if	total	value	of	CK	alone	is	estimated.	Hence,	the	estimation	of	MBisoenzyme	is	the	best	diagnostic	marker	in	myocardial	infarction.	4.	CK	and	Muscle	Diseases	i.	The	level	of	CK	in	serum	is	very	much	elevated	in	muscular
dystrophies	(500-1500	IU/L),	ii.	In	female	carriers	of	X-linked	muscular	dystrophy	(heterozygous),	CK	is	moderately	raised.	iii.	CK	level	is	highly	elevated	in	crush	injury,	fracture	and	acute	cerebrovascular	accidents.	iv.	Estimation	of	total	CK	is	employed	in	muscular	dystrophies	and	MB	iso-enzyme	is	estimated	in	myocardial	infarction.	CARDIAC
TROPONINS	(CTI/CTT	)	They	are	not	enzymes.	However,	Troponins	are	now	accepted	as	reliable	markers	for	myocardial	infarction,	and	hence	discussed	here.	Some	more	details	on	troponin	are	given	in	Chapter	52.	Measurement	of	cardiac	troponins	have	become	Table	23.2.	Characteristics	of	iso-enzymes	of	CK	Isoenzyme	Fig.	23.2.	Time	course	of
elevation	of	CK-MB,	cardiac	troponins,	LDH	and	AST	in	blood	of	myocardial	infarction	patients	Electrophoretic	Tissue	mobility	of	origin	Mean	percentage	in	blood	MM	(CK3)Least	Skeletal	muscle	80%	MB	(CK2)	Intermediate	Heart	5%	BB	(CK1)	Maximum	Brain	1%	268		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	one	of	the
main	tests	in	early	detection	of	an	ischemic	episode	and	in	monitoring	the	patient.	i.	The	troponin	complex	consists	of	3	components;	troponin	C	(calcium	binding	subunit),	troponin	I	(actomyosin	ATPase	inhibitory	subunit),	and	troponin	T	(tropomyosin	binding	subunit).	ii.	Troponin	I	(TnI)	is	encoded	by	3	different	genes,	giving	rise	to	3	isoforms;	the
"slow"	and	"fast"	moving	forms	are	skeletal	variety.	Cardiac	isoform	is	specific	for	cardiac	muscle;	the	amino	acid	sequence	is	different	in	skeletal	muscle	isoform.	Cardiac	isoform	of	CTnT	and	CTnI	are	mainly	(95%)	located	in	myofibrils	and	the	remaining	5%	is	cytoplasmic.	Circulating	isoforms	may	be	ternary	complexes	(TIC)	or	binary	complexes
(IC)	or	free	subunits	of	I	and	T.	They	are	generally	identified	and	quantitated	by	immunological	(ELISA	or	immuno	turbidimetric)	reactions.	Troponins	are	seen	in	skeletal	and	cardiac	muscles,	but	not	in	smooth	muscles.	iii.	Troponin	I	is	released	into	the	blood	within	4	hours	after	the	onset	of	symptoms	of	myocardial	ischemia;	peaks	at	14-24	hours
and	remains	elevated	for	3-5	days	post-infarction.	Therefore,	CTI	is	very	useful	as	a	marker	at	any	time	interval	after	the	heart	attack.	It	is	not	increased	in	muscle	injury;	whereas	CK2	may	be	elevated	in	some	muscle	injury.	The	initial	increase	is	due	to	liberation	of	the	cytoplasmic	fraction	and	sustained	elevation	is	due	to	the	release	from	myofibrils.
iv.	Serum	level	of	Troponin	T	(TnT)	increases	within	6	hrs	of	myocardial	infarction,	peaks	at	72	hours	and	then	remains	elevated	up	to	7-14	days.	v.	Cardiac	troponin	elevations	at	lower	concentrations	than	the	99th	percentile	value	used	for	MI	diagnosis	may	identify	patients	who	have	not	had	an	MI	but	still	have	a	risk	of	having	an	adverse	cardiac
event.	LACTATE	DEHYDROGENASE	(LDH)	(LD)	1.	Reference	Values	LDH	will	convert	pyruvate	to	lactate	(Chapter	9).	Normal	value	of	LDH	in	serum	is	100-200	U/L.	Values	in	the	upper	range	are	generally	seen	in	children.	Strenuous	exercise	will	slightly	increase	the	value.	LDH	level	is	100	times	more	inside	the	RBC	than	in	plasma,	and	therefore
minor	amount	of	hemolysis	will	result	in	a	false	positive	test.	2.	LDH	and	Heart	Attack	In	myocardial	infarction,	total	LDH	activity	is	increased,	while	H4	iso-enzyme	is	increased	5-10	times	more.	The	time	course	of	LDH	level	after	a	heart	attack	is	given	in	Figure	23.1.	The	magnitude	of	the	peak	value	as	well	as	the	area	under	the	graph	will	be	roughly
proportional	to	the	size	of	the	myocardial	infarct.	3.	Differential	Diagnosis	Increase	in	total	LDH	level	is	seen	in	hemolytic	anemias,	hepatocellular	damage,	muscular	dystrophy,	carcinomas,	leukemias,	and	any	condition	which	causes	necrosis	of	body	cells.	Since	total	LDH	is	increased	in	many	conditions,	the	study	of	isoenzymes	of	LDH	is	of	more
significance.	4.	Iso-enzymes	of	LDH	i.	LDH	enzyme	is	a	tetramer	with	4	subunits.	But	the	subunit	may	be	either	H	(heart)	or	M	(muscle)	polypeptide	chains.	Although	both	of	them	have	the	same	molecular	weight	(32	kD),	there	are	minor	amino	acid	variations.	Table	23.3.	Characteristic	features	of	LDH	iso-enzymes	No.of	isoenzyme	Subunit	make	up	of
isoenzyme	Electro	phoretic	mobility	at	pH	8.6	Activity	at	60	oC	for	30	min	Tissue	from	which	iso-enzyme	has	originated	Percentage	in	human	serum	(Mean)	LDH-1	H4	Fastest	Not	destroyed	Heart	muscle	30%	LDH-2	H3M1	Faster	Not	destroyed	RBC	35%	LDH-3	H2M2	Fast	Partially	destroyed	Brain	20%	LDH-4	H1M3	Slow	Destroyed	Liver	10%	LDH-5
M4	Slowest	Destroyed	Skeletal	muscle	5%	Fig.	23.3.	Electrophoresis	of	LDH	Chapter	23;	Clinical	Enzymology	and	Biomarkers		269	ii.	So	5	combinations	of	H	and	M	chains	are	possible;	H4,	H3M,	H2M2,	M3H	and	M4	varieties,	forming	5	iso-enzymes.	All	these	5	forms	are	seen	in	all	persons.	The	isoenzymes	are	usually	separated	by	cellulose	acetate
electrophoresis	at	pH	8.6	(Fig.	23.3	and	Table	23.3).	The	bands	are	identified	by	adding	the	reactants	(NAD	+,	phenazine	methosulphate)	finally	producing	a	color	reaction	(with	nitroblue	tetrazolium)	which	may	be	quantitated	by	a	scanner.	iii.	M4	form	is	seen	in	skeletal	muscles	while	H4	form	is	seen	in	heart.	iv.	Normally	LDH-2	(H3M1)
concentration	in	blood	is	greater	than	LDH-1	(H4);	but	this	pattern	is	reversed	in	myocardial	infarction;	this	is	called	flipped	pattern.	LDH	has	only	limited	diagnostic	value	because	of	its	nonspecific	nature.	concentrations	of	BNP	predict	poor	long-term	survival.	In	breathlessness,	BNP	test	helps	in	the	differentiation	of	the	cause	as	heart	failure	or
obstructive	lung	disease.	Patients	with	COPD	(chronic	obstructive	pulmonary	disease)	and	worsening	of	their	cor	pulmonale	with	signs	of	RV	volume	overload	(including	edema	and	ascites)	manifested	increased	BNP	levels,	and,	indeed,	these	patients	had	increased	mortality.	The	best	marker	of	ventricular	dysfunction	is	pro-BNP.	Enzyme	Profiles	in
Liver	Diseases	Please	see	Box	23.3.	Box	23.3.	Enzyme	Profile	in	Liver	Diseases	Enzymes	commonly	studied	for	diagnosis	of	liver	diseases	are:	1.	Alanine	amino	transferase	(ALT)	2.	Alkaline	phosphatase	(ALP)	3.	Nucleotide	phosphatase	(NTP)	4.	Gamma	glutamyl	transferase	(GGT)	ASPARTATE	AMINO	TRANSFERASE	(AST)	i.	In	old	literature	it	was
called	as	serum	glutamate	oxaloacetate	transaminase	(SGOT).	AST	needs	pyridoxal	phosphate	(vitamin	B6)	as	co-enzyme.	ii.	Normal	serum	level	of	AST	ranges	from	8	to	20	U/L.	It	is	a	marker	of	liver	injury	and	shows	moderate	to	drastic	increase	in	parenchymal	liver	diseases	like	hepatitis	and	malignancies	of	liver.	iii.	AST	was	used	as	a	marker	of
myocardial	ischemia	in	olden	days.	The	level	is	significantly	elevated	in	myocardial	infarction.	The	time	course	of	AST	increase	in	blood	is	given	in	Figure	23.2.	iv.	But	troponins	have	replaced	AST	as	a	diagnostic	marker	in	ischemic	heart	disease.	ALANINE	AMINO	TRANSFERASE	(ALT)	i.	In	old	literature,	it	was	called	as	serum	glutamate	pyruvate
transaminase	(SGPT).	The	enzyme	needs	pyridoxal	phosphate	as	coenzyme.	Details	of	the	reaction	are	shown	in	Figure	3.18.	ii.	Normal	serum	level	of	ALT	for	male	is	13-35	U/L	and	for	female	is	10-30	U/L.	Very	high	values	(300	to	1000	U/L)	are	seen	in	acute	hepatitis,	either	toxic	or	viral	in	origin.	iii.	Both	ALT	and	AST	levels	are	increased	in	liver
disease,	but	ALT	>	AST.	Rise	in	ALT	levels	may	be	noticed	several	days	before	clinical	signs	such	as	jaundice	are	manifested.	iv.	Moderate	increase	(50	to	100	U/L)	of	ALT	may	be	seen	in	chronic	liver	diseases	such	as	cirrhosis,	hepatitis	C	and	non-alcoholic	steatohepatitis	(NASH).	Brain	Natriuretic	Peptide	(BNP)	The	natriuretic	peptide	family	consists
of	three	peptides:	atrial	natriuretic	peptide	(ANP),	brain	natriuretic	peptide	(BNP),	and	C-type	natriuretic	peptide	(CNP).	The	clinical	significance	of	CNP	is	not	clear.	ANP	is	produced	primarily	in	the	cardiac	atria.	BNP	is	present	in	human	brain,	but	more	in	the	cardiac	ventricles.	Human	pro–BNP	contains	108	amino	acids.	It	is	cleaved	by	enzymes
within	cardiac	myocytes	into	the	active	Cterminal	BNP	(32	amino	acids)	and	an	inactive	peptide	(proBNP	1–76).	Both	are	seen	in	circulation.	The	active	BNP	is	secreted	by	the	ventricles	of	the	heart	in	response	to	excessive	stretching	of	heart	muscle	cells	(cardiomyocytes).	These	natriuretic	peptides	defend	against	excess	salt	and	water	retention.
Patients	with	congestive	heart	failure	have	high	plasma	concentrations	of	ANP	and	BNP.	The	concentrations	are	correlated	with	the	extent	of	ventricular	dysfunction.	High	ALKALINE	PHOSPHATASE	(ALP)	i.	ALP	is	a	nonspecific	enzyme	which	hydrolyses	aliphatic,	aromatic	or	heterocyclic	compounds.	The	pH	optimum	for	the	enzyme	reaction	is
between	9	and	10.	It	is	activated	by	magnesium	and	manganese.	Zinc	is	a	constituent	ion	of	ALP.	ii.	It	is	produced	by	osteoblasts	of	bone,	and	is	associated	with	the	calcification	process	(Chapter	35).	It	is	localised	in	cell	membranes	(ecto-enzyme),	and	is	associated	with	transport	mechanisms	in	liver,	kidney	and	intestinal	mucosa.	iii.	Normal	serum
value	of	ALP	is	40-125	U/L.	In	children	the	upper	level	of	normal	value	may	270		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	be	more,	because	of	the	increased	osteoblastic	activity	in	children.	iv.	Moderate	(2-3	times)	increase	in	ALP	level	is	seen	in	hepatic	diseases	such	as	infective	hepatitis,	alcoholic	hepatitis	or
hepatocellular	carcinoma	(Chapter	26).	v.	Very	high	levels	of	ALP	(10-12	times	of	upper	limit)	may	be	noticed	in	extrahepatic	obstruction	(obstructive	jaundice)	caused	by	gallstones	or	by	pressure	on	bile	duct	by	carcinoma	of	head	of	pancreas.	Intrahepatic	cholestasis	may	be	due	to	virus	(infective	hepatitis)	or	by	drugs	(chlorpromazine).	ALP	is
produced	by	epithelial	cells	of	biliary	canaliculi	and	obstruction	of	bile	with	consequent	irritation	of	epithelial	cells	leads	to	secretion	of	ALP	into	serum.	vi.	Drastically	high	levels	of	ALP	(10-25	times	of	upper	limit)	are	seen	in	bone	diseases	where	osteoblastic	activity	is	enhanced	such	as	Paget's	disease	(osteitis	deformans),	rickets,	osteomalacia,
osteoblastoma,	metastatic	carcinoma	of	bone	and	hyperparathyroidism.	Iso-enzymes	of	Alkaline	Phosphatase	1.	Alpha-1	ALP	moves	in	alpha-1	position,	it	is	synthesized	by	epithelial	cells	of	biliary	canaliculi.	It	is	about	10%	of	total	activity	and	is	increased	in	obstructive	jaundice.	2.	Alpha-2	heat	labile	ALP	is	stable	at	56oC;	but	loses	its	activity	when
kept	at	65oC	for	30	minutes.	It	is	produced	by	hepatic	cells.	This	liver	iso-enzyme	forms	about	25%	of	total	ALP.	3.	Alpha-2	heat	stable	ALP	will	not	be	destroyed	at	65oC,	but	is	inhibited	by	phenylalanine.	It	is	of	placental	origin,	which	is	found	in	blood	in	normal	pregnancy.	An	isoenzyme	closely	resembling	the	placental	form	is	characteristically	seen
in	circulation	in	about	15%	cases	of	carcinoma	of	lung,	liver	and	gut	and	named	as	Regan	iso-enzyme	(after	the	first	patient	in	whom	it	was	detected)	or	carcinoplacental	iso-enzyme.	Normal	level	is	only	1%	of	the	total	ALP.	4.	Pre-beta	ALP	is	of	bone	origin	and	elevated	levels	are	seen	in	bone	diseases.	This	is	heat	labile	(destroyed	at	56°C,	10	min).
This	constitutes	about	50%	of	normal	ALP	activity.	Heat	labile	bone	iso-enzyme	of	alkaline	phosphatase	(BAP)	is	a	marker	of	bone	disease.	5.	Gamma-ALP	is	inhibited	by	phenylalanine	and	originates	from	intestinal	cells.	It	is	increased	in	ulcerative	colitis.	About	10%	of	plasma	ALP	are	of	intestinal	origin.	6.	The	leukocyte	alkaline	phosphatase	(LAP)	is
significantly	decreased	in	chronic	myeloid	leukemia.	It	is	increased	in	lymphomas.	Nucleotide	Phosphatase	(NTP)	1.	It	is	also	known	as	5'	nucleotidase.	This	enzyme	hydrolyses	5'	nucleotides	to	corresponding	nucleosides	at	an	optimum	pH	of	7.5.	Nickel	ions	inhibit	NTP	but	not	ALP.	2.	It	is	a	marker	enzyme	for	plasma	membranes	and	is	seen	as	an
ecto-enzyme	(enzyme	present	on	the	cell	membrane).	3.	Normal	NTP	level	in	serum	is	2-10	IU/L.	It	is	moderately	increased	in	hepatitis	and	highly	elevated	in	biliary	obstruction.	Unlike	ALP,	the	level	is	unrelated	with	osteoblastic	activity	and	therefore	is	unaffected	by	bone	diseases.	Gamma	Glutamyl	Transferase	(GGT)	1.	The	old	name	was	gamma
glutamyl	transpeptidase.	It	can	transfer	gamma	glutamyl	residues	to	substrate.	In	the	body	it	is	used	in	the	synthesis	of	glutathione	(Chapter	15).	GGT	has	11	iso-enzymes.	It	is	seen	in	liver,	kidney,	pancreas,	intestinal	cells	and	prostate	gland.	2.	Normal	serum	value	of	GGT	is	10-30	U/L.	It	is	moderately	increased	in	infective	hepatitis	and	prostate
cancers.	3.	GGT	is	clinically	important	because	of	its	sensitivity	to	detect	alcohol	abuse.	GGT	is	increased	in	alcoholics	even	when	other	liver	function	tests	are	within	normal	limits.	GGT	level	is	rapidly	decreased	within	a	few	days	when	the	person	stops	to	take	alcohol.	Increase	in	GGT	level	is	generally	proportional	to	the	amount	of	alcohol	intake.
PROSTATE	SPECIFIC	ANTIGEN	(PSA)	1.	It	is	produced	from	the	secretory	epithelium	of	prostate	gland.	It	is	normally	secreted	into	seminal	fluid,	where	it	is	necessary	for	the	liquefaction	of	seminal	coagulum.	2.	It	is	a	serine	protease,	and	is	a	32	kD	glycoprotein.	In	blood	it	is	bound	to	alpha-2-macroglobulin	and	alpha-1-antitrypsin;	a	very	small
fraction	is	in	the	free	form	also.	3.	Normal	value	is	1-5	microgram/L.	It	is	very	specific	for	prostate	activity.	Values	above	10	microgram/	L	is	indicative	of	prostate	cancer.	ACID	PHOSPHATASE	(ACP)	1.	It	hydrolyses	phosphoric	acid	ester	at	pH	between	4	and	6.	Normal	serum	value	for	ACP	is	2.5-12	U/L.	2.	ACP	is	secreted	by	prostate	cells,	RBC,
platelets	and	WBC.	3.	The	prostate	iso-enzyme	is	inactivated	by	tartaric	acid.	Normal	level	of	tartrate	labile	fraction	of	ACP	is	1	U/L.	4.	ACP	total	value	is	increased	in	prostate	cancer	and	highly	elevated	in	bone	metastasis	of	Chapter	23;	Clinical	Enzymology	and	Biomarkers		271	Box	23.4.	Enzyme	Patterns	(Enzyme	profiles)	in	Diseases	I.	Hepatic
diseases	1.	Alanine	amino	transferase	(ALT)	Marked	increase	in	parenchymal	liver	diseases	2.	Aspartate	amino	transferase	(AST)	Elevated	in	parenchymal	liver	disease	3.	Alkaline	phosphatase	(ALP)	Marked	increase	in	obstructive	liver	disease	4.	Gamma	glutamyl	transferase	(GGT)	Increase	in	obstructive	and	alcoholic	liver	II.	Myocardial	infarction	1.
Creatine	kinase	(CK-MB)	First	enzyme	to	rise	following	infarction	CK-MB	isoenzyme	is	specific	2.	Aspartate	amino	transferase	(AST)	Rises	after	the	rise	in	CK	and	returns	to	normal	in	4-5	days	3.	Lactate	dehydrogenase	(LDH)	LDH-1	becomes	more	than	2	(flipped	pattern)	III.	Muscle	diseases	1.	Creatine	kinase	(CK-MM)	Marked	increase	in	muscle
diseases.	CK-MM	fraction	is	elevated	2.	Aspartate	amino	transferase	(AST)	Increase	in	muscle	disease;	not	specific	3.	Aldolase	(ALD)	Earliest	enzyme	to	rise,	but	not	specific	IV.Bone	diseases	1.	Alkaline	phosphatase	(ALP)	Marked	elevation	in	rickets	and	Paget's	disease	Heat	labile	bone	isoenzyme	is	elevated	(BAP).	V.	Prostate	cancer	1.	Prostate
specific	antigen	(PSA)	Marker	for	prostate	cancer.	Mild	increase	in	benign	prostate	enlargement	2.	Acid	phosphatase	(ACP)	Marker	for	prostate	cancer.	Metastatic	bone	disease	especially	from	a	primary	from	prostate.	Inhibited	by	L	tartrate.	prostate	cancer.	In	these	conditions,	the	tartrate	labile	iso-enzyme	is	elevated.	This	assay	is	very	helpful	in
follow-up	of	treatment	of	prostate	cancers.	So,	ACP	is	an	important	tumor	marker	(Chapter	51).	5.	Since	blood	cells	contain	excess	quantity	of	ACP,	care	must	be	taken	to	prevent	hemolysis	while	taking	blood	from	the	patient.	Prostate	massage	may	also	increase	the	value.	So	blood	may	be	collected	for	ACP	estimation	before	rectal	examination	of
patient.	Cholinesterase	(ChE)	i.	Acetyl	cholinesterase	or	true	ChE	or	Type	1	ChE	can	act	mainly	on	acetyl	choline.	It	is	present	in	nerve	endings	and	in	RBCs.	Newly	formed	RBC	will	have	high	levels	of	ChE	which	is	slowly	reduced	according	to	the	age	of	the	cell.	Therefore,	ChE	level	in	RBCs	will	be	proportional	to	the	reticulocyte	count.	ii.
Organophosphorus	insecticides	(Parathione)	irreversibly	inhibit	ChE	in	RBCs.	Measurement	of	ChE	level	in	RBCs	is	useful	to	determine	the	amount	of	exposure	in	persons	working	with	these	insecticides.	iii.	Pseudo	cholinesterase	or	type	II	ChE	is	nonspecific	and	can	hydrolyse	acyl	esters.	It	is	produced	mainly	by	liver	cells.	Succinyl	choline	is	a
widely	used	muscle	relaxant.	It	is	a	structural	analogue	of	ACh,	and	so	competitively	fixes	on	post-synaptic	receptors	of	ACh.	Succinyl	choline	is	hydrolysed	by	the	liver	ChE	within	2–4	minutes.	But	in	certain	persons	the	ChE	activity	may	be	absent;	this	is	a	genetically	transmitted	condition.	In	such	individuals	when	succinyl	choline	is	given	during
surgery,	it	may	take	hours	to	get	the	drug	metabolized.	Very	prolonged	‘scoline	apnea'	may	result	in	‘nightmare	of	anesthetist'.	Glucose-6-phosphate	Dehydrogenase	1.	It	is	a	dimer	with	identical	subunits.	It	is	an	important	enzyme	in	the	hexose	monophosphate	shunt	pathway	of	glucose	(Chapter	10).	It	is	mainly	used	for	production	of	NADPH.	2.
Hydrogen	peroxide	is	continuously	formed	inside	the	RBC.	Peroxide	will	destroy	RBC	cell	membrane.	Glutathione	and	NADPH	will	prevent	this	process.	Therefore,	NADPH	is	very	essential	for	preserving	the	RBC	integrity.	3.	Drug	Induced	Hemolytic	Anemia:	Normal	value	of	GPD	in	RBC	is	6-12	U/g	of	Hb.	This	is	reduced	in	drug	induced	hemolytic
anemias.	In	the	GPD	deficient	individuals,	RBC	life-span	may	be	reduced,	but	there	will	be	no	disease	manifestations.	But	when	certain	drugs	(aspirin,	mepacrine,	primaquine,	sulpha)	are	taken	by	such	individuals,	there	will	be	sudden	damage	to	RBCs.	Primaquin	stimulates	peroxide	formation.	In	G6PD	deficient	cells	the	level	of	NADPH	is	low,
leading	to	unchecked	build	up	of	peroxides	resulting	in	premature	cell	lysis.	This	drug-induced	hemolytic	anemia	is	characteristic	of	GPD	deficiency.	Fava	beans	(star	beans,	corner	beans)	may	also	induce	hemolytic	anemia	which	is	called	favism.	272		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	4.	Carrier	state	has
biological	advantage:	The	gene	for	GPD	is	located	in	X-chromosome.	Therefore	hemizygous	males	and	homozygous	females	will	manifest	the	disease,	while	heterozygous	females	are	carriers.	In	heterozygous	conditizon,	where	one	gene	is	abnormal	and	the	alleleic	form	is	normal,	the	GPD	level	in	RBC	is	half	the	normal	value.	GPD	deficiency	seems	to
protect	the	person	from	falciparum	malaria.	The	malarial	parasites	require	NADPH	for	optimal	growth.	Thus,	GPD	deficiency	has	a	selective	advantage	in	malaria-infested	regions	(Chapters	10	and	22).	5.	Met-hemoglobinemia:	NADPH	is	also	necessary	for	reduction	of	met-hemoglobin	(oxidised	form)	to	hemoglobin	(Chapter	22).	Hence	in	GPD
deficient	individuals,	met-hemoglobinemia	may	also	be	manifested.	6.	Nearly	400	variants	(isoforms)	of	GPD	are	described.	Some	of	the	variants	have	decreased	enzyme	activity.	AMYLASE	1.	The	enzyme	splits	starch	to	maltose.	It	is	activated	by	calcium	and	chloride	ions.	It	is	produced	by	pancreas	and	salivary	glands.	2.	Normal	serum	value	is	50-
120	IU/L.	The	value	is	increased	about	1000	times	in	acute	pancreatitis	which	is	a	life-threatening	condition.	The	peak	values	are	seen	between	5-12	hours	after	the	onset	of	disease	and	returns	to	normal	levels	within	2-4	days	after	the	acute	phase	has	subsided.	3.	Moderate	increase	in	serum	levels	are	seen	in	chronic	pancreatitis,	mumps	(parotitis)
and	obstruction	of	pancreatic	duct.	Table	23.4.	Therapeutic	use	of	enzymes	Enzyme	Therapeutic	application	1.	Asparaginase	Acute	lymphoblastic	leukemia	2.	Streptokinase	To	lyse	intravascular	clot	3.	Urokinase	do	4.	Streptodornase	DNAse;	applied	locally	5.	Pancreatin	(trypsin	and	lipase)	Pancreatic	insufficiency;	oral	administration	6.	Papain	Anti-
inflammatory	7.	Alpha-1-antitrypsin	AAT	deficiency;	emphysema	4.	Normal	value	of	amylase	in	urine	is	less	than	375	U/L.	It	is	increased	in	acute	pancreatitis.	It	is	increased	on	the	1st	day	and	remains	to	be	elevated	for	7-10	days.	LIPASE	It	will	hydrolyse	triglyceride	to	beta-monoglyceride	and	fatty	acid.	The	enzyme	is	present	in	pancreatic	secretion.
The	level	in	blood	is	highly	elevated	in	acute	pancreatitis	and	this	persists	for	7-14	days.	Thus,	lipase	remains	elevated	longer	than	amylase.	Moreover,	lipase	is	not	increased	in	mumps.	Therefore,	lipase	estimation	has	advantage	over	amylase.	It	is	moderately	increased	in	carcinoma	of	pancreas,	biliary	diseases	and	perforating	peptic	ulcers.
ENOLASE	It	is	a	glycolytic	enzyme.	Neuron-specific	enolase	(NSE)	is	an	iso-enzyme	seen	in	neural	tissues	and	Apudomas.	NSE	is	a	tumor	marker	(Table	51.8)	for	cancers	associated	with	neuroendocrine	origin,	small	cell	lung	cancer,	neuroblastoma,	pheochromocytoma,	medullary	carcinoma	of	thyroid,	etc.	It	is	measured	by	RIA	or	ELISA.	Enzyme
patterns	in	some	important	diseases	are	given	in	Box	23.4.	Important	enzymes	in	body	fluids	are	shown	in	Table	23.5.	Aldolase	(ALD)	It	is	a	tetrameric	enzyme	with	A	and	B	subunits;	so	there	are	5	iso-enzymes.	It	is	a	glycolytic	enzyme.	Normal	range	of	serum	is	1.5-7	U/L.	It	is	drastically	elevated	in	muscle	damages	such	as	progressive	muscular
dystrophy,	poliomyelitis,	myasthenia	gravis	and	multiple	sclerosis.	It	is	a	very	sensitive	early	index	in	muscle	wasting	diseases.	Ceruloplasmin	It	is	otherwise	called	Ferroxidase,	and	is	described	in	detail	in	Chapter	28.	Normal	serum	level	is	25-50	mg/dl.	It	is	estimated	Table	23.5.	Enzymes	in	other	body	fluids	Enzyme	Clinical	significance	Adenosine
deaminase	in	pleural	fluid	Elevated	in	tuberculous	pleural	effusion,	but	not	in	malignant	effusion.	Lactate	dehydrogenase	in	CSF,	pleural	fluid,	ascitic	fluid	Elevated	levels	indicate	the	presence	of	a	malignant	tumor.	But	not	diagnostic,	as	the	enzyme	is	not	tissue	specific.	Chapter	23;	Clinical	Enzymology	and	Biomarkers		273	Table	23.6.	Enzymes	used
for	diagnostic	purpose	Enzyme	Used	for	testing	Urease	Urea	Uricase	Uric	acid	Glucose	oxidase	Glucose	Peroxidase	Glucose;	Cholesterol	Hexokinase	Glucose	Cholesterol	oxidase	Cholesterol	Lipase	Triglycerides	Horse	radish	peroxidase	ELISA	Alkaline	phosphatase	ELISA	Restriction	endonuclease	Southern	blot;	RFLP	Reverse	transcriptase
Polymerase	chain	reaction	(RT=PCR)	by	the	ability	of	ceruloplasmin	to	oxidise	paraphenylene	diamine	to	a	purple	compound,	which	is	colorimetrically	read	at	530	nm.	Modern	techniques	based	on	radial	immunodiffusion	or	immunoturbidimetric	methods	are	also	available.	Since	it	is	an	acute	phase	protein,	it	is	increased	in	all	inflammatory
conditions,	collagen	diseases,	malignancies	and	pregnancy.	A	value	less	than	20	mg/dl	is	pathognomonic	of	Wilson's	hepatolenticular	degeneration,	in	which	copper	toxicity	is	manifested	(see	under	copper,	Chapter	35).	Enzymes	as	Therapeutic	Agents	Streptokinase	(from	Streptococcus)	or	Urokinase	(from	urine)	can	lyse	intravascular	clots	and	are
therefore	used	in	myocardial	infarction.	Pepsin	and	trypsin	are	given	to	patients	with	defective	digestion.	Asparaginase	is	used	as	an	anticancer	drug.	A	list	of	therapeutically	useful	enzymes	is	given	in	Table	23.4.	Enzymes	Used	for	Diagnosis	A	list	of	enzymes	used	in	clinical	laboratory	is	given	in	Table	23.6.	Methods	for	blood	analyte	estimations	are
made	specific	by	using	enzymes.	For	example,	glucose	oxidase	is	used	to	estimate	glucose.	Urease	will	act	only	on	urea,	and	therefore,	it	is	conveniently	used	to	quantitate	urea	in	biological	fluids.	The	presence	of	antibody	in	circulation	is	identified	by	fixing	them	on	antigen	and	identified	by	a	second	antibody	tagged	with	peroxidase.	These	enzymes
are	effective	to	produce	a	color	reaction.	This	ELISA	test	is	described	in	detail	in	Chapter	54.	Restriction	endonucleases	are	used	to	cut	DNA	at	specific	sites;	and	applied	in	recombinant	DNA	technology,	Southern	blotting,	and	other	advanced	techniques	(Chapter	55).	Immobilized	Enzymes	Enzymes	have	been	fixed	or	rendered	insoluble	by	attaching
them	to	insoluble	matrix	such	as	plastic	beads	or	cellulose	strips.	These	strips	are	used	for	detection	of	abnormal	substances	in	blood	or	urine.	For	example,	a	strip	of	paper	coated	with	immobilized	glucose	oxidase	(GOD)	and	peroxidase	(POD)	enzymes	is	used	for	detection	of	glucose	in	urine.	The	following	reactions	take	place:	Glucose	+	O2	+	H2O	--
-(GOD)--->	Gluconic	acid	+	H2O2	H2O2	--------------------(POD)--->	H2O	+	Nascent	O	O-toluidine(colorless)	+	O	--->	oxidised	toludine(blue)	Similarly	immobilized	urease,	hexokinase,	amylase	etc.	are	also	used	for	diagnostic	purpose.	Related	Topics	Tumor	markers	are	described	in	Chapter	51.	274		Textbook	of	Biochemistry;	Section	C:	Clinical	and
Applied	Biochemistry	CHAPTER	24	Regulation	of	Blood	Glucose,	Insulin	and	Diabetes	Mellitus	CHAPTER	AT	A	GLANCE	Box	24.	1:	Factors	Maintaining	Blood	Sugar	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Factors	maintaining	blood	glucose	2.	Normal	plasma	glucose	level	3.	Effects	of	hormones	on	glucose	level	4.	Oral
glucose	tolerance	test	(OGTT)	5.	Diagnostic	criteria	for	diabetes	mellitus	6.	Impaired	glucose	tolerance	7.	Reducing	substances	in	urine	8.	Benedict's	test	9.	Insulin,	synthesis	and	secretion	10.	Physiological	action	of	insulin	11.	Glucagon	12.	Diabetes	mellitus	types	13.	Metabolic	derangements	in	diabetes	14.	Clinical	aspects	of	diabetes	mellitus	15.
Laboratory	investigations	in	diabetes	16.	Glycated	hemoglobin	1.	The	plasma	glucose	level	at	an	instant	depends	on	the	balance	between	glucose	entering	and	leaving	the	extracellular	fluid.	2.	Hormones	will	make	this	balance	possible	(Fig.	24.1).	3.	The	major	factors	which	cause	entry	of	glucose	into	blood	are:	a.	Absorption	from	intestines	b.
Glycogenolysis	(breakdown	of	glycogen)	c.	Gluconeogenesis	d.	Hyperglycemic	hormones	(glucagon,	steroids)	4.	Factors	leading	to	depletion	of	glucose	in	blood	are:	a.	Utilization	by	tissues	for	energy	b.	Glycogen	synthesis	c.	Conversion	of	glucose	into	fat	(lipogenesis)	d.	Hypoglycemic	hormone	(insulin)	REGULATION	OF	BLOOD	GLUCOSE	The
maintenance	of	glucose	level	in	blood	within	narrow	limits	is	a	very	finely	and	efficiently	regulated	system.	This	is	important,	because	it	is	essential	to	have	continuous	supply	of	glucose	to	the	brain.	Even	though	it	can	utilize	ketone	bodies	to	some	extent,	brain	has	an	obligatory	requirement	for	glucose.	RBC	and	renal	medulla	are	also	dependent	on
glucose	for	meeting	their	fuel	needs.	Factors	maintaining	the	blood	glucose	are	shown	in	Box	24.1	and	Figures	24.1	and	24.3.	Post-prandial	Regulation	Following	a	meal,	glucose	is	absorbed	from	the	intestine	and	enters	the	blood.	The	rise	in	the	blood	glucose	level	stimulates	the	secretion	of	insulin	by	beta	cells	of	islets	of	Langerhans	of	pancreas.
The	uptake	of	glucose	by	most	extrahepatic	tissues,	except	brain	is	dependent	on	insulin.	Moreover,	insulin	helps	in	the	storage	of	glucose	as	glycogen	or	its	conversion	to	fat	(Fig.	24.2A).	Fig.	24.1.	Homeostasis	of	blood	glucose	Chapter	24;	Regulation	of	Blood	Glucose,	Insulin	and	Diabetes	Mellitus		275	Fig.	24.2A.	Blood	glucose	regulation	during
fasting	state	(high	glucagon).	In	fasting	state,	blood	glucose	level	is	maintained	by	glycogenolysis	and	gluconeogenesis;	further,	adipose	tissue	releases	free	fatty	acids	as	alternate	source	of	energy.	Red	arrows	indicate	activation;	blue	arrow	indicates	inhibition	Fig.	24.2B.	Blood	glucose	regulation	during	postprandial	state	(high	insulin).	In	post-
prandial	state,	glucose	level	is	high;	then	blood	glucose	level	is	lowered	by	tissue	oxidation,	glycogen	synthesis	and	lipogenesis.	Red	arrows	indicate	activation;	blue	arrow	indicates	inhibition	Regulation	in	Fasting	State	i.	Normally,	2	to	2½	hours	after	a	meal,	the	blood	glucose	level	falls	to	near	fasting	levels.	It	may	go	down	further;	but	this	is
prevented	by	processes	that	contribute	glucose	to	the	blood.	ii.	For	another	3	hours,	hepatic	glycogenolysis	will	take	care	of	the	blood	glucose	level.	iii.	Thereafter,	gluconeogenesis	will	take	charge	of	the	situation	(Figs	24.2A	and	B).	iv.	Liver	is	the	major	organ	that	supplies	the	glucose	for	maintaining	blood	glucose	level	(Fig.	24.1).	v.	Hormones	like
glucagon,	epinephrine,	glucocorticoids,	growth	hormone,	ACTH	and	thyroxine	will	keep	the	blood	glucose	level	Fig.	24.3.	Overview	of	regulation	of	blood	glucose	276		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	from	falling.	They	are	referred	to	as	antiinsulin	hormones	or	hyperglycemic	hormones.	An	overview	of	the
regulatory	mechanism	is	shown	in	Figure	24.3.	Effects	of	hormones	are	shown	in	Box	24.2.	Determination	of	Glucose	in	Body	Fluids	Estimation	of	glucose	is	the	most	common	analysis	done	in	clinical	laboratories.	The	blood	is	collected	using	an	anticoagulant	(potassium	oxalate)	and	an	inhibitor	of	glycolysis	(sodium	fluoride).	Plasma	is	separated	for
glucose	estimation.	Fluoride	inhibits	the	enzyme,	enolase,	and	so	glycolysis	on	the	whole	is	inhibited.	If	fluoride	is	not	added,	cells	will	utilize	glucose	and	false	low	value	may	be	obtained.	Capillary	blood	from	fingertips	may	also	be	used	for	glucose	estimation	by	strip	method.	Modern	techniques	use	serum	samples	also.	Enzymatic	Method	This	is
highly	specific,	giving	‘true	glucose'	values	(fasting	70-110	mg/dl	).	Present	day	autoanalyzers	can	use	only	the	enzymatic	methods.	The	glucose	oxidase	(GOD)	method	is	the	one	most	widely	used.	Glucose	oxidase	is	very	specific;	it	converts	glucose	to	gluconic	acid	and	hydrogen	peroxide.	Peroxidase	converts	the	H2O2	into	H2O	and	nascent	oxygen.
The	oxygen	oxidises	a	colorless	chromogenic	substrate	(e.g.	ortho	di	Box	24.2.	Effects	of	Hormones	on	Glucose	Level	in	Blood	A.	Effect	of	Insulin	(hypoglycemic	hormone)	1.	Lowers	blood	glucose	2.	Favors	glycogen	synthesis	3.	Promotes	glycolysis	4.	Inhibits	gluconeogenesis	B.	Glucagon	(hyperglycemic	hormone)	1.	Increases	blood	glucose	2.
Promotes	glycogenolysis	3.	Enhances	gluconeogenesis	4.	Depresses	glycogen	synthesis	5.	Inhibits	glycolysis	(Details	given	below).	C.	Cortisol	(hyperglycemic	hormone)	1.	Increases	blood	glucose	level	2.	Increases	gluconeogenesis	3.	Releases	amino	acids	from	the	muscle	D.	Epinephrine	or	Adrenaline	(hyperglycemic)	1.	Increases	blood	glucose	level
2.	Promotes	glycogenolysis	3.	Increases	gluconeogenesis	4.	Favors	uptake	of	amino	acids	E.	Growth	Hormone	(hyperglycemic)	1.	Increases	blood	glucose	level	2.	Decreases	glycolysis	3.	Mobilizes	fatty	acids	from	adipose	tissue	anisidine)	to	a	colored	one;	the	color	intensity	is	directly	proportional	to	concentration	of	glucose.	As	a	modification,	the
above	GOD	reaction	mixture	is	immobilized	on	a	plastic	film	(dry	analysis).	One	drop	of	blood	is	placed	over	the	reagent.	The	color	is	developed	within	one	minute.	The	intensity	of	dye	is	measured	by	reflectance	photometry.	The	instrument	is	named	as	glucometer.	It	is	useful	for	self	monitoring	of	blood	glucose	(SMBG)	by	patients	at	home.	But	the
instrument	is	less	accurate.	Commonly	Employed	Terms	Regarding	Glucose	1.	Plasma	glucose	analyzed	at	any	time	of	the	day,	without	any	prior	preparations,	is	called	random	plasma	glucose.	2.	Sugar	estimated	in	the	early	morning,	before	taking	any	breakfast	is	called	fasting	plasma	glucose.	Fasting	state	means,	glucose	is	estimated	after	an
overnight	fast	(12	hours	after	the	food)	(post-absorptive	state).	3.	The	test	done	about	2	hr	after	a	good	meal	is	called	post-prandial	plasma	glucose	(Latin	=	after	food).	4.	When	plasma	glucose	level	is	within	normal	limits,	it	is	referred	to	as	normoglycemia.	When	values	are	above	the	normal	range,	it	is	known	as	hyperglycemia.	When	values	are
below	the	normal	range,	it	is	called	hypoglycemia.	(Greek,	hyper	=	above;	hypo	=	below).	5.	When	the	plasma	glucose	is	below	50	mg/dl,	it	is	a	very	serious	condition.	Hyperglycemia	is	harmful	in	the	long	run;	while	hypoglycemia	even	for	a	short	while	is	dangerous,	and	may	even	be	fatal.	6.	The	plasma	values	are	slightly	higher	than	whole	blood
glucose	values	because	RBCs	contain	less	water	(73%)	than	plasma	(93%).	7.	The	ability	of	a	person	to	metabolise	a	given	load	of	glucose	is	referred	to	as	glucose	tolerance.	Conducting	the	Glucose	Tolerance	Test	1.	At	about	8	am,	a	sample	of	blood	is	collected	in	the	fasting	state.	Urine	sample	is	also	obtained.	This	is	denoted	as	the	"0"	hour	sample.
2.	Glucose	Load	Dose:	The	dose	is	75	g	anhydrous	glucose	(82.5	g	of	glucose	monohydrate)	in	250300	ml	of	water.	This	dose	is	fixed	for	an	adult,	irrespective	of	body	weight.	(When	the	test	is	done	in	children,	the	glucose	dose	is	adjusted	as	1.75	g	/kg	body	weight).	In	order	to	prevent	vomiting,	patient	is	asked	to	drink	it	slowly	(within	about	5
minutes).	Flavouring	of	the	solution	will	also	reduce	the	tendency	to	vomit.	3.	Sample	Collection:	As	per	current	WHO	recommendations,	2	samples	are	collected,	one	Chapter	24;	Regulation	of	Blood	Glucose,	Insulin	and	Diabetes	Mellitus		277	Following	the	glucose	load,	the	level	rises	and	reaches	a	peak	within	1	hour	and	then	comes	down	to	normal
fasting	levels	by	2	to	2½	hours.	This	is	due	to	the	secretion	of	insulin	in	response	to	the	elevation	in	blood	glucose.	None	of	the	urine	sample	shows	any	evidence	of	glucose.	Diagnostic	criteria	for	diabetes	mellitus	are	given	in	Table	24.1	and	Box	24.3.	Oral	glucose	tolerance	test	and	physiological	tolerance	test	are	different	(Box	24.4).	Fig.	24.4.	Oral
glucose	tolerance	test	(OGTT)	at	fasting	("0"	hr	sample)	and	2	hr	post-glucose	load.	Urine	samples	may	also	be	collected	along	with	these	blood	samples.	This	is	sufficient	to	get	a	correct	assessment	of	the	patient.	Normal	Values	and	Interpretations	As	per	WHO	recommendation,	In	a	normal	person,	fasting	plasma	glucose	is	70-110	mg/dl.	The	present
day	tendency	is	to	view	values	above	100	mg/ml	as	suspicious.	According	to	the	recommendations	of	the	American	Diabetic	Association,	the	revised	upper	limit	is	100	mg/dl,	above	which	a	person	has	to	be	further	tested	periodically.	Currently	the	International	Diabetes	Federation	says	that	a	value	more	than	100	mg/dl	is	one	of	the	criteria	for	the
metabolic	syndrome.	Table	24.1.	The	plasma	glucose	levels	in	OGTT	in	normal	persons	and	in	diabetic	patients	Fasting	Normal	persons	Criteria	for	diagnosing	diabetes	<	110	mg/dl	126	mg/dl	>(7.0	mmol/L)	1	hr	(peak)	<	160	mg/dl	after	glucose	<	(9	mmol/L)	2	hr	after	glucose	Not	prescribed	<	140	mg/dl	>	200	mg/dl	<	(7.8	mmol/L)	>(11.1	mmol/L)
Criteria	for	diagnosing	IGT	110	to	126	mg/dl	Not	prescribed	140	to	199	mg/dl	Classical	Oral	Glucose	Tolerance	Test	(OGTT)	The	above	mentioned	method	is	sufficient	to	assess	the	condition	of	most	of	the	patients,	and	modern	day	tendency	is	to	take	only	2	blood	samples,	as	described	above.	However,	in	selected	cases,	the	conventional	OGTT	may	be
employed,	where	6	blood	samples	are	taken,	and	the	procedure	is	given	below.	Glucose	tolerance	test	is	artificial,	because	in	day-to-day	life,	such	a	large	quantity	of	glucose	does	not	enter	into	blood.	However,	the	GTT	is	a	wellstandardized	test,	and	is	highly	useful	to	diagnose	diabetes	mellitus	in	doubtful	cases.	Indications	for	OGTT	1.	Patient	has
symptoms	suggestive	of	diabetes	mellitus;	but	fasting	blood	sugar	value	is	inconclusive	(between	100	and	126	mg/dl).	2.	During	pregnancy,	excessive	weight	gaining	is	noticed,	with	a	past	history	of	big	baby	(more	than	4	kg)	or	a	past	history	of	miscarriage.	3.	To	rule	out	benign	renal	glucosuria.	Contraindications	for	OGTT	1.	There	is	no	indication	for
doing	OGTT	in	a	person	with	confirmed	diabetes	mellitus.	2.	GTT	has	no	role	in	follow-up	of	diabetes.	It	is	indicated	only	for	the	initial	diagnosis.	3.	The	test	should	not	be	done	in	acutely	ill	patients.	Preparation	of	the	Patient	1.	The	patient	is	instructed	to	have	good	carbohydrate	diet	for	3	days	prior	to	the	test.	Further,	diet	containing	about	30-50	g
of	carbohydrate	should	be	taken	on	the	evening	prior	to	the	test.	This	is	important.	Otherwise	carbohydrates	may	not	be	tolerated	even	in	a	normal	person.	2.	Patient	should	avoid	drugs	likely	to	influence	the	blood	glucose	levels,	for	at	least	2	days	prior	to	the	test.	Patient	should	abstain	from	smoking	during	the	test.	Strenuous	exercise	on	the
previous	day	is	to	be	avoided.	3.	Patient	should	not	take	food	after	8	PM	the	previous	night.	Should	not	take	any	breakfast.	This	is	to	ensure	12	hours	fasting.	4.	The	patients	are	advised	to	remain	in	the	hospital	during	the	waiting	period	of	two	hours	without	any	active	exercise.	The	practice	of	leaving	the	hospital	and	rushing	back	at	the	end	of	2
hours	should	be	discouraged.	Difference	between	modern	and	classical	GTT	Glucose	load	given	is	the	same	in	both	instances.	In	the	classical	procedure,	the	blood	and	urine	samples	are	collected	278		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	Box	24.3.	Diagnostic	Criteria	for	Diabetes	Mellitus	1.	If	the	fasting	plasma
glucose	is	more	than	126	mg/dl,	on	more	than	one	occasion.	2.	Or,	if	2	hr	post-glucose	load	value	of	OGTT	is	more	than	200	mg/dl	(even	at	one	occasion).	3.	Or,	if	both	fasting	and	2	hr	values	are	above	these	levels,	on	the	same	occasion.	4.	If	the	random	plasma	glucose	level	is	more	than	200	mg/dl,	on	more	than	one	occasion.	Diagnosis	should	not	be
based	on	a	single	random	test	alone;	it	should	be	repeated.	at	½	an	hour	intervals	for	the	next	2½	hours.	(Total	six	samples,	including	0	hr	sample).	Glucose	is	estimated	in	all	the	blood	samples.	Urine	samples	are	tested	for	glucose	qualitatively.	In	modern	times,	only	2	blood	samples	are	collected.	Figure	24.4	represents	the	graph,	when	plasma
glucose	values	are	plotted	on	the	vertical	axis	against	the	time	of	collection	on	the	horizontal	axis.	Causes	for	Abnormal	GTT	Curve	1.	Impaired	Glucose	Tolerance	(IGT)	It	is	otherwise	called	as	Impaired	Glucose	Regulation	(IGR).	Here	plasma	glucose	values	are	above	the	normal	level,	but	below	the	diabetic	levels	(see	Table	24.1).	In	IGT,	the	fasting
plasma	glucose	level	is	between	110	and	126	mg/dl	and	2-hour	postBox	24.4.	Post-Glucose	Load	Values	and	PostPrandial	Values	are	Different	Oral	glucose	tolerance	test	(	OGTT)	is	always	nonphysiological,	where	glucose	is	administered	in	a	large	dose.	But	it	is	a	very	standard	test,	and	is	useful	for	diagnosis.	In	this	test,	the	plasma	glucose	reaches	a
peak	value	at	1	hour	and	comes	back	to	fasting	value	by	about	2	hours.	These	are	referred	to	as	post-glucose	load	values.	This	OGTT	is	different,	and	should	not	be	confused,	with	the	physiological	tolerance	test	often	employed	in	clinical	practice.	Here	fasting	blood	sample	is	taken;	then	patient	is	asked	to	take	a	heavy	breakfast	(instead	of	glucose
load).	This	will	certainly	mimic	what	is	happening	in	daily	life.	The	blood	sample	at	2	hr	after	the	meal	is	also	taken;	when	the	result	is	referred	to	as	postprandial	(Latin,	after	food)	value.	In	normal	persons,	the	2	hr	post-prandial	value	will	be	less	than	140	mg/dl.	glucose	value	is	between	140	and	200	mg/dl	(Fig.	24.4).	Such	persons	need	careful
follow-up	because	IGT	progresses	to	frank	diabetes	at	the	rate	of	2%	patients	per	year.	2.	Impaired	Fasting	Glycemia	(IFG)	In	this	condition,	fasting	plasma	glucose	is	above	normal	(between	110	and	126	mg/dl);	but	the	2	hour	post-glucose	value	is	within	normal	limits	(less	than	140	mg/dl).	These	persons	need	no	immediate	treatment;	but	are	to	be
kept	under	constant	check	up.	3.	Gestational	Diabetes	Mellitus	(GDM)	This	term	is	used	when	carbohydrate	intolerance	is	noticed,	for	the	first	time,	during	a	pregnancy.	A	known	diabetic	patient,	who	becomes	pregnant,	is	not	included	in	this	category.	In	all	antenatal	women,	a	glucose	challenge	test	is	done	between	22	and	24	weeks	of	pregnancy	by
giving	an	oral	glucose	load	of	50	g	of	glucose	regardless	of	the	time.	If	the	2-hour	post-glucose	value	is	more	than	140	mg/dl,	the	test	is	positive.	An	OGTT	with	75	g	glucose	load	should	be	done	to	confirm	or	exclude	GDM.	Some	obstetricians	prefer	to	do	an	OGTT	without	a	screening	test	with	75	gm	of	glucose.	In	these	cases,	three	blood	samples	are
drawn,	fasting,1	hour	and	2-hour	post-glucose	load.	Women	with	GDM	are	at	increased	risk	for	subsequent	development	of	frank	diabetes.	GDM	is	associated	with	an	increased	incidence	of	neonatal	mortality.	Maternal	hyperglycemia	causes	the	fetus	to	secrete	more	insulin,	causing	stimulation	of	fetal	growth	and	increased	birth	weight.	After	the
child	birth,	the	women	should	be	re-assessed.	4.	Alimentary	Glucosuria	Here	the	fasting	and	2	hr	values	are	normal;	but	an	exaggerated	rise	in	blood	glucose	following	the	ingestion	of	glucose	is	seen.	This	is	due	to	an	increased	rate	of	absorption	of	glucose	from	the	intestine.	This	is	seen	in	patients	after	a	gastrectomy	or	in	hyperthyroidism.	5.	Renal
Glucosuria	Normal	renal	threshold	for	glucose	is	175-180	mg/dl.	If	blood	glucose	rises	above	this,	glucose	starts	to	appear	in	urine.	Generally,	the	increased	blood	glucose	level	is	reflected	in	urine.	But	when	renal	threshold	is	lowered,	glucose	is	excreted	in	urine.	Renal	tubular	reabsorption	is	lowered,	as	the	SGLT2	is	abnormal.	Chapter	24;
Regulation	of	Blood	Glucose,	Insulin	and	Diabetes	Mellitus		279	Table	24.2.	Reducing	substances	in	urine	Sugars	Noncarbohydrates	Glucose	Fructose	Lactose	Galactose	Pentoses	Homogentisic	acid	Salicylates	Ascorbic	acid	Glucuronides	of	drugs	In	these	cases,	the	blood	glucose	levels	are	within	normal	limits.	This	is	called	renal	glycosuria.	Renal
threshold	is	lowered	physiologically	in	pregnancy;	it	is	a	harmless	condition;	it	will	not	progress.	About	10%	women,	pregnant	women	show	renal	glucosuria	in	the	last	trimester	of	pregnancy.	Renal	glucosuria	is	associated	with	renal	diseases	with	renal	tubular	transport	defects;	e.g.	Fanconi's	syndrome.	In	these	cases	glucosuria	is	seen	along	with
amino	aciduria	and	phosphaturia.	In	some	cases,	renal	threshold	may	be	increased	when	glucose	will	not	appear	in	urine,	even	though	blood	glucose	is	elevated.	Here,	GFR	is	decreased	with	minimal	or	no	impairment	of	tubular	reabsorption.	This	is	seen	in	old	age	(arteriosclerosis)	and	in	Kimmelsteil-Wilson	syndrome	(diabetic	nephrosclerosis).
Factors	Affecting	GTT	1.	Insulin	level;	GTT	is	used	to	detect	insulin	deficiency.	2.	Carbohydrate	starvation.	Therefore,	patient	is	advised	to	take	carbohydrate-rich	diet	for	3	days	before	test.	3.	Exercise.	Patient	is	advised	to	take	rest	during	and	prior	to	the	test.	4.	In	liver	diseases,	curve	is	elevated	and	prolonged.	5.	In	acute	infections,	cortisol	is
secreted,	and	so	curve	is	elevated	and	prolonged.	6.	In	hyperthyroidism	there	will	be	steep	rise	in	curve.	A	flat	curve	is	seen	in	hypothyroidism.	Corticosteroid	Stressed	GTT	Cortisone	(100	mg)	in	2	divided	doses	are	given	orally,	8	hours	and	2	hours	prior	to	the	test.	Then	glucose	is	given	orally.	Normal	blood	sugar	values	in	this	test	will	be	at	1	hour	<
180	mg/dl	and	at	2	hours	<	160	mg/dl.	The	values	will	be	high	in	persons	who	are	in	pre-diabetic	state	or	in	persons	prone	to	get	diabetes	in	future.	The	cortisone	primed	test	has	very	limited	use;	and	is	seldom	done	nowadays.	Intravenous	GTT	This	test	is	done	in	patients	with	suspected	malabsorption,	where	results	of	oral	GTT	may	not	be
conclusive.	Then	patient	is	advised	for	fast	for	12	hr.	In	the	morning	25	g	of	glucose	in	100	ml	sterile	distilled	water	is	given	as	intravenous	injection	within	5	min.	Completion	of	infusion	is	taken	as	0	time.	Blood	samples	are	taken	at	10	min	intervals	for	the	next	hour.	Peak	value	is	reached	within	a	few	minutes	(200-250	mg/dl).	The	value	reaches	100
mg/dl	by	45-60	min	in	normal	persons.	Box	24.5.	Differential	diagnosis	of	reducing	substances	in	urine	1.	Glucosuria	a.	Diabetes	mellitus	b.	Transient	glucosuria	c.	Alimentary	glucosuria	d.	Renal	glucosuria	2.	Fructosuria	a.	Deficiency	of	fructokinase	b.	Fructose	intolerance	(aldolase	B	deficiency)	(Chapter	10)	3.	Lactosuria	4.	Galactosuria	(deficiency
of	galactose-1phosphate	uridyl	transferase)	(Chapter	10)	5.	Pentosuria	(xylulosuria)	(Chapter	10)	6.	Non-carbohydrate	reducing	substances	a.	Glucuronides,	salicylate	b.	Ascorbic	acid	(vitamin	C)	c.	Homogentisic	acid	REDUCING	SUBSTANCES	IN	URINE	Normally	glucose	is	not	excreted	in	urine.	But	if	blood	glucose	is	more	than	180	mg/dl,	urine
contains	glucose.	The	blood	level	of	glucose	above	which	glucose	is	excreted	is	called	renal	threshold.	The	excretion	of	reducing	substances	in	urine	is	detected	by	a	positive	Benedict's	test	(see	Chapter	6).	About	0.5	ml	of	urine	is	boiled	with	5	ml	Benedict's	reagent	for	2	minutes	(or	kept	for	2	minutes	in	water	bath	which	is	already	boiling).	The
formation	of	a	precipitate	is	observed	on	cooling.	The	test	is	semi-quantitative	and	the	color	of	the	precipitate	roughly	parallels	the	concentration	of	reducing	sugar.	Blue	color	indicates	the	absence	of	sugar	in	urine.	The	green	precipitate	means	0.5%;	yellow	(1%);	orange	(1.5%)	and	red	indicates	2%	or	more	of	sugar	(1%	means	1	g	per	100	ml).
Nowadays,	strips	are	available,	which	when	dipped	in	urine	will	give	the	color,	if	it	contains	sugar.	Any	reducing	sugar	will	give	a	positive	Benedict's	test.	So	differentiation	of	various	sugars	which	may	be	present	in	urine	has	practical	importance.	Such	conditions	together	are	sometimes	called	as	"mellituria".	The	substances	in	urine	answering
Benedict's	test	are	enumerated	in	Table	24.2.	Differential	diagnosis	of	a	positive	Benedict's	test	is	shown	in	Box	24.5.	280		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	When	reducing	sugars	are	excreted	in	urine,	the	condition	is	referred	to	as	glycosuria.	To	denote	the	excretion	of	specific	sugars	the	suffix	‘uria'	is	added	to
the	name	of	the	sugar,	e.g.	glucosuria,	fructosuria,	lactosuria.	Glucosuria	means	glucose	in	urine;	glycosuria	means	any	sugar	in	urine.	Since	glucose	is	the	most	common	reducing	sugar	excreted	in	urine,	the	term	glycosuria	is	often	(though	incorrectly)	used	to	denote	the	excretion	of	glucose.	Hyperglycemic	glucosuria	i.	When	blood	glucose	level
exceeds	the	renal	threshold	(175-80	mg/dl),	glucose	is	excreted	in	urine.	Diabetes	mellitus	is	the	most	common	cause.	ii.	Transient	glucosuria.	It	may	occur	in	some	people	due	to	emotional	stress.	Excessive	secretion	of	anti-insulin	hormones	like	cortisol	(anxiety)	and	thyroid	hormone	may	cause	glucosuria.	Once	the	stress	is	removed,	the	glucosuria
disappears.	iii.	Renal	glucosuria	iv.	Alimentary	glucosuria;	both	are	described	under	glucose	tolerance	test.	Lactosuria	It	is	the	second	most	common	reducing	sugar	found	in	urine.	It	is	observed	in	the	urine	of	normal	women	during	3rd	trimester	of	pregnancy	and	lactation.	The	condition	is	harmless.	In	pregnancy,	it	is	important	to	distinguish
lactosuria	from	glucosuria	when	gestational	diabetes	mellitus	is	suspected.	Methyl	amine	test	will	be	positive	for	lactose.	To	5	ml	of	urine	1	ml	of	methylamine	in	sodium	hydroxide	is	added.	When	kept	at	56°C	for	30	min,	red	color	develops	indicating	the	presence	of	lactose.	Fructosuria	In	hereditary	fructose	intolerance,	due	to	the	absence	of	the
enzyme	Aldolase	B,	fructose	is	not	metabolized,	and	so	excreted	in	urine	(Chapter	10).	Seliwanoff's	test	will	distinguish	glucose	and	fructose.	The	reagent	is	resorcinol	in	HCl.	3	ml	of	the	reagent	and	0.5	ml	of	urine	is	heated	for	30	seconds	(up	to	boiling	point).	The	appearance	of	red	color	indicates	the	presence	of	fructose.	Galactosuria	Urine	contains
galactose	in	patients	with	absence	of	galactose1-phosphate	uridyl	transferase	(Chapter	10).	Mucic	acid	test	will	be	positive.	Boiling	the	urine	with	nitric	acid	will	lead	to	formation	of	crystals	of	mucic	acid	when	either	lactose	or	galactose	is	present.	Pentosuria	i.	Essential	pentosuria	is	characterised	by	the	excretion	of	L-xylulose	in	urine	due	to
deficiency	of	any	of	the	two	enzymes	xylitol	dehydrogenase	or	xylulose	reductase	(see	Chapter	10).	It	is	a	harmless	condition.	ii.	Rarely	alimentary	pentosuria	may	occur	due	to	ingestion	of	cherries,	berries	and	plums.	iii.	Bial's	test	will	be	positive.	The	reagent	contains	orcinol	in	HCl.	0.5	ml	of	urine	and	5	ml	of	Bial's	reagent	are	heated	to	boil.	A	green
color	indicates	the	presence	of	pentoses.	Non-carbohydrate	Reducing	Compounds	i.	Glucuronides:	Many	drugs,	e.g.	isonictonic	acid,	paraamino	salicylate,	penicillin,	cephaloxin,	nalidixic	acid	are	excreted	as	conjugates	of	glucuronic	acid.	In	alkaline	conditions,	the	glucuronic	acid	is	released,	which	is	a	powerful	reducing	agent.	So,	Benedict's	test	will
be	positive.	ii.	Salicylates:	Salicylic	acid	is	conjugated	with	glycine	and	excreted	in	urine.	This	can	give	a	positive	test.	But	test	becomes	negative	when	the	drug	is	withdrawn.	iii.	Ascorbic	acid:	Ascorbic	acid	or	vitamin	C	is	a	very	common	ingredient	of	many	tonics.	Persons	taking	such	tonics	will	excrete	ascorbic	acid	in	urine.	It	is	a	powerful	reducing
agent.	This	may	cause	confusion,	as	the	Benedict's	test	is	positive	in	such	normal	individuals.	iv.	Homogentisic	acid:	It	is	an	intermediate	in	the	catabolism	of	the	amino	acids	phenylalanine	and	tyrosine.	It	is	excreted	in	Alkaptonuria,	an	inborn	error	of	metabolism(Chapter	17).	This	causes	a	yellow	precipitate	when	treated	with	Benedict's	reagent.	This
can	be	distinguished	by	a	positive	ferric	chloride	test.	INSULIN	The	word	"insulin"	is	derived	from	Latin,	insula,	meaning	island	(islet).	In	1869,	Langerhans	identified	the	alpha	and	beta	cells	Chapter	24;	Regulation	of	Blood	Glucose,	Insulin	and	Diabetes	Mellitus		281	in	islets	of	pancreas.	In	1889,	von	Mering	and	Minkowski	produced	experimental
diabetes	by	pancreatectomy.	In	1922,	Banting	and	Best	extracted	insulin	from	pancreas.	Insulin	was	the	first	hormone	to	be	isolated	in	a	pure	form.	They	injected	the	extract	to	a	diabetic	dog,	Marjorie,	who	was	kept	alive	by	regular	insulin	injections.	For	this	work	Banting	was	awarded	Nobel	prize	in	1923.	But	Best	was	deleted	in	the	list	and	instead
John	Macleod,	the	Director	of	the	institution	was	awarded	the	Nobel	prize.	As	a	compensation,	Banting	declared	that	half	his	share	of	the	prize	will	go	to	Best.	Macleod	declared	that	half	of	his	share	of	prize	will	go	to	JB	Collip,	Professor	of	Medicine,	Toronto	Hospital,	who	first	administered	insulin	to	his	patients.	In	1927,	Abel	crystallized	the	insulin.
In	1954,	Sanger	studied	the	amino	acid	sequence	of	insulin;	it	was	the	first	protein	in	which	complete	amino	acid	sequencing	was	done.	For	this	work	Sanger	got	Nobel	prize	in	1958.	Insulin	is	the	first	protein	produced	by	recombinant	DNA	technology	(1982).	Structure	of	insulin	Insulin	is	a	protein	hormone	with	2	polypeptide	chains.	The	A	chain	has
21	amino	acids	and	B	chain	has	30	amino	acids.	These	two	chains	are	joined	together	by	two	interchain	disulphide	bonds,	between	A7	to	B7	and	A20	to	B19.	There	is	also	an	intrachain	disulphide	link	in	A	chain	between	6th	and	11th	amino	acids	(see	Chapter	4,	Fig.	4.4).	Species	variation	is	restricted	to	amino	acids	8,9	and	10	of	A	chain	and	C
terminal	of	B	chain.	Biosynthesis	of	insulin	i.	Insulin	is	a	protein	synthesized	and	secreted	by	the	betacells	of	the	islets	of	Langerhans	of	the	pancreas.	ii.	The	insulin	is	synthesized	as	a	larger	precursor	polypeptide	chain,	the	pre-pro-insulin.	It	has	109	amino	acids.	It	is	rapidly	converted	to	pro-insulin	in	the	endoplasmic	reticulum	by	removal	of	leader
sequence	of	23	amino	acid	residues.	iii.	The	proinsulin	with	86	amino	acids	is	transported	to	Golgi	apparatus	where	it	is	cleaved	by	a	protease	(Fig.	24.5).	Thus	C-peptide	or	connecting	peptide	with	33	amino	acids	is	removed.	(The	number	of	amino	acids	in	C	peptide	may	vary	according	to	species).	Insulin	with	51	amino	acids	is	thus	formed	(Fig.
24.5).	Approximately	50	units	of	insulin	is	secreted	per	day.	Normal	insulin	level	in	blood	is	5-15	microunits/ml.	Proinsulin	contributes	5	to	10%	of	the	total	insulin	measured	in	plasma.	Proinsulin	has	about	one-third	biological	activity	as	that	of	insulin.	Insulin	and	C-peptide	are	synthesized	and	secreted	in	equimolar	quantities.	Therefore,	measurement
of	C-peptide	is	an	index	of	rate	of	secretion	of	insulin.	Mutations	causing	changes	in	amino	acid	sequence	at	the	cleavage	points	can	lead	to	familial	pro-insulinemia.	Factors	increasing	insulin	secretion	1.	Glucose	Glucose	is	the	major	stimulant	of	insulin	secretion.	As	blood	glucose	level	increases,	the	insulin	secretion	also	correspondingly	increases.
Glucose	induces	a	biphasic	response	to	insulin	secretion.	A	discharge	of	insulin	from	the	beta	cell	storage	pool	occurs	during	the	initial	rapid	phase	of	insulin	release	within	first	2	minutes.	The	second	phase	of	insulin	release	lasting	for	5-10	minutes	is	of	smaller	magnitude	and	is	due	to	discharge	of	newly	synthesized	hormone.	The	beta	cells	have
GluT	2	receptors	(Chapter	9),	through	which	glucose	is	absorbed.	Glucose	is	oxidised,	so	that	more	ATP	is	produced.	ATP	stimulates	an	ATP	Binding	Cassette	protein	(ABC	protein)	which	is	referred	to	as	Sulfonyl	Urea	Receptor	(SUR).	Simultaneously	potassium	channels	are	closed	and	calcium	channels	are	opened	(Fig.	24.6).	Increased	intracellular
calcium	causes	the	insulin	secretion.	2.	Gastrointestinal	hormones:	Insulin	secretion	is	enhanced	by	secretin,	pancreozymin	and	gastrin.	After	taking	food,	these	hormones	are	increased.	3.	Proteins	and	amino	acids:	Leucine	and	arginine	are	stimulants.	4.	Parasympathetic	and	beta-adrenergic	stimulation.	5.	Glucagon	and	growth	hormone.	6.	Drug,
Tolbutamide.	7.	Incretin	hormones:	Glucose	dependent	insulinotropic	polypeptide	(GIP,	41	amino	acids)	and	Glucagon	like	Secretion	of	insulin	The	insulin	is	packed	into	granules.	The	molecules	take	shape	of	a	hexamer	with	2	zinc	ions	and	one	calcium	ion.	Fig.	24.5.	Insulin	biosynthesis	Fig.	24.6.	Mechanism	of	insulin	secretion	282		Textbook	of
Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	peptide	1	(GLP-1,	31	amino	acids)	are	involved	in	the	release	of	insulin	following	nutrient	entry	into	stomach.	They	are	both	secreted	by	specialized	cells	in	the	gastrointestinal	tract	and	have	receptors	located	in	islet	cells.	They	have	a	very	short	half	life.	For	treatment	of	diabetes,	new	drugs
are	being	developed	either	to	mimic	or	to	target	these	hormones.	Factors	decreasing	the	insulin	secretion	1.	Epinephrine:	During	stressful	conditions	and	during	exercise,	adrenal	medulla	releases	adrenaline.	This	suppresses	insulin	release,	and	at	the	same	time,	mobilises	glucose	from	liver	for	energy	purpose.	2.	Alpha	adrenergic	stimulation.
Degradation	of	insulin	Insulin	is	rapidly	degraded	by	the	liver.	Plasma	half-life	is	less	than	5	minutes.	An	insulin	specific	protease	(insulinase)	is	involved	in	the	degradation	of	insulin.	Mechanisms	of	Action	of	Insulin	1.	Insulin	Receptors	Insulin	acts	by	binding	to	a	plasma	membrane	receptor	on	the	target	cells.	In	obesity,	the	number	of	receptors	are
decreased	and	target	tissue	becomes	less	sensitive	to	insulin	(diabetes	mellitus	Type	2).	Insulin	receptor	is	a	glycoprotein	with	4	subunits;	2	alpha	and	2	beta	subunits.	The	alpha	units	(135	kD)	are	located	on	the	extracellular	side,	to	which	insulin	binds.	The	beta	subunits	(95	kD)	traverse	the	membrane	and	are	exposed	on	the	cytoplasmic	side	(Fig.
24.7).	Beta	subunit	has	tyrosine	kinase	activity.	2.	Signal	Transduction	Insulin	binds	to	the	alpha	subunit.	This	binding	activates	the	tyrosine	kinase	activity	of	the	beta	subunit,	leading	to	autophosphorylation	of	the	beta	subunit	(Fig.	24.7).	This	event,	in	turn,	phosphorylates	insulin	receptor	substrates	(IRS).	The	message	is	later	transmitted	into	a
series	of	serine/threonine	kinases,	such	as	IRS	→	Ras	→	Raf	→	MAPK,	etc.	which	causes	cellular	responses.	IRS	are	further	described	in	Chapter	48.	3.	Gene	Transcription	(new	enzyme	synthesis)	Insulin	acts	at	the	transcriptional	level	to	regulate	synthesis	of	more	than	100	proteins.	3-A.	Insulin	induces	the	following	enzymes:	i.	Glucokinase	ii.
Pyruvate	kinase	iii.	Phospho	fructo	kinase	iv.	Acetyl	CoA	carboxylase	3-B.	Insulin	represses	the	following	enzymes:	i.	Glucose-6-phosphatase	ii.	Phospho	enol	pyruvate	carboxy	kinase	iii.	Fructose-1,6-bisphosphatase	4.	Activation	of	Enzymes	Insulin	activates	the	existing	molecules	of	enzymes	by	covalent	modification	(phosphorylation	or
dephosphorylation).	There	are	more	than	50	enzymes	activated	by	this	mechanism.	A	short	selected	list	is	shown	in	Table	24.3.	Insulin	activates	protein	phosphatase	I	(PPI)	which	dephosphorylates	enzyme	proteins.	5.	DNA	Synthesis	Through	the	IRS-1	pathway,	(see	signal	transduction)	insulin	increases	DNA	synthesis,	cell	growth	and	anabolism.	In
all	the	above	mentioned	pathways,	intracellular	mediators	have	been	implicated	in	insulin	action.	These	are	Ca++	and	cyclic	AMP.	Insulin	activates	phospho	diesterase	and	thereby	decreases	cAMP.	So,	reactions	dependent	on	cAMP	are	inhibited,	e.g.	glycogen	phosphorylase	(Chapter	9).	6.	Glucose	Uptake	Insulin	increases	the	recruitment	of	GluT4
in	cells.	Table	24.3.	Insulin	acting	through	co-valent	modification	Fig.	24.7.	Insulin	receptor	Enzyme	Activity	Mechanism	Glycogen	synthase	increase	dephosphorylation	Pyruvate	dehydrogenase	increase	dephosphorylation	Pyruvate	kinase	increase	dephosphorylation	Acetyl	CoA	carboxylase	increase	dephosphorylation	HMGCoA	reductase	increase
dephosphorylation	Chapter	24;	Regulation	of	Blood	Glucose,	Insulin	and	Diabetes	Mellitus		283	Table.	24.4.	Biological	effects	of	insulin	Metabolism	Key	enzyme	Action	of	insulin	on	the	enzyme	Direct	effect	Carbohydrate	Translocase	Glucokinase	Phospho	fructo	kinase	Pyruvate	kinase	stimulation	stimulation	stimulation	stimulation	Glycolysis	favored
Lipid	Protein	Pyruvate	carboxylase	inhibition	PEPCK	inhibition	Fructose-1,6-bisphosphatase	inhibition	Glucose-6-phosphatase	inhibition	Gluconeogenesis	depressed	Glycogen	synthase	Glycogen	phosphorylase	activation	inactivation	Glycogen	deposition	GPD	stimulation	Generation	of	NADPH	Acetyl	CoA	carboxylase	Glycerol	kinase	Hormone	sensitive
lipase	HMG	CoA	reductase	stimulation	stimulation	inhibition	stimulation	Lipogenesis	favored	Transaminases	Ornithine	transcarbamoylase	RNA	polymerase	and	ribosome	assembly	inhibition	inhibition	Catabolism	inhibited	favored	Physiological	Actions	of	Insulin	(Metabolic	Effects	of	Insulin)	Insulin	plays	a	central	role	in	regulation	of	the	metabolism
of	carbohydrates,	lipids	and	proteins	(see	Table	24.4).	1.	Uptake	of	Glucose	by	Tissues	Insulin	facilitates	the	membrane	transport	of	glucose.	Facilitated	diffusion	of	glucose	in	muscle	is	enhanced	by	insulin.	In	diabetes	mellitus,	the	transporter,	GIuT4	is	reduced	(Chapter	9).	However,	glucose	uptake	in	liver	(by	GluT2)	is	independent	of	insulin.	2.
Utilization	of	Glucose	i.	Glycolysis	is	stimulated	by	insulin.	The	activity	and	amount	of	key	glycolytic	enzymes	(glucokinase,	phosphofructokinase	and	pyruvate	kinase)	are	increased.	ii.	Glycogen	synthase	enzyme	is	activated,	and	so	insulin	favors	glucose	storage	as	glycogen.	(Chapter	9).	iii.	Insulin	favors	synthesis	of	fatty	acid	from	glucose	and	so
glucose	utilization	is	increased.	3.	Hypoglycemic	Effect	i.	Insulin	lowers	the	blood	glucose	level	by	promoting	utilization	and	storage.	Lipolysis	inhibited	Cholesterol	synthesis	Protein	synthesis	favored	Overall	effect	Hypoglycemia	Glucose	is	used	for	lipogenesis;	glucose	lowered	Decreased	ketogenesis	General	anabolism	ii.	Gluconeogenesis	is	inhibited
by	insulin	by	repressing	the	key	enzymes,	pyruvate	carboxylase	(PC)	phosphoenol	pyruvate	carboxykinase	(PEPCK)	and	glucose-6phosphatase	(Chapter	9).	iii.	Insulin	inhibits	glycogenolysis	by	favoring	the	inactivation	of	glycogen	phosphorylase	and	inhibiting	glucose-6-phosphatase.	The	net	effect	of	all	these	three	mechanisms,	blood	glucose	level	is
lowered.	4.	Lipogenesis	i.	Lipogenesis	is	favored	by	providing	more	acetyl	CoA	by	pyruvate	dehydrogenase	reaction.	ii.	Insulin	increases	the	activity	of	acetyl	CoA	carboxylase	and	provides	glycerol	for	esterification	of	fatty	acids	to	TAG	(Chapter	11).	iii.	Insulin	also	provides	NADPH	by	increasing	the	GPD	activity	of	the	HMP	shunt	pathway.	5.	Anti-
lipolytic	Effect	i.	Insulin	inhibits	lipolysis	in	adipose	tissue	due	to	inhibition	of	hormone	sensitive	lipase.	ii.	The	increased	level	of	FFA	in	plasma	in	diabetes	is	due	to	the	loss	of	this	inhibitory	effect	on	lipolysis.	6.	Anti-ketogenic	Effect	i.	Insulin	depresses	HMG	CoA	synthase	and	so	ketogenesis	is	decreased.	284		Textbook	of	Biochemistry;	Section	C:
Clinical	and	Applied	Biochemistry	ii.	Moreover,	in	presence	of	insulin,	acetyl	CoA	is	completely	utilized	in	the	citric	acid	cycle,	because	oxaloacetate	generated	from	glucose	is	available	in	plenty.	Insulin	also	favors	fatty	acid	synthesis	from	acetyl	CoA.	iii.	All	these	factors	reduce	the	availability	of	acetyl	CoA,	so	that	production	of	ketone	bodies
reduced.	7.	Other	General	Effects	i.	Protein	synthesis	is	promoted	and	degradation	is	retarded.	ii.	It	is	an	anabolic	hormone.	iii.	Insulin	stimulates	replication	of	cells.	In	fact,	insulin	is	an	essential	growth	factor	for	all	mammalian	cells.	These	effects	are	summarized	in	Table	24.4.	HYPERGLYCEMIC	HORMONES	1.	Glucagon	2.	Epinephrine	or
Adrenaline	3.	Glucocorticoids	4.	ACTH	5.	Growth	hormone	6.	Thyroxine	All	these	are	anti-insulin	hormones.	Glycogeno	lysis	Liver	Glycogen	synthesis	Fig.	24.8.	Combined	action	of	insulin	and	glucagon	will	keep	the	blood	glucose	level	within	normal	limits.	High	blood	glucose	stimulates	insulin	secretion	(yellow	pathway).	Low	blood	glucose	causes
glucagon	secretion	(blue	pathway)	Glucagon	has	a	half-life	in	plasma	at	about	5	minutes.	It	is	inactivated	in	the	liver.	The	major	regulator	of	secretion	of	glucagon	is	glucose.	An	increase	in	blood	glucose	level	inhibits	secretion	of	glucagon.	GLUCAGON	It	is	a	polypeptide	hormone	with	29	amino	acids.	It	is	secreted	by	the	alpha	cells	of	pancreas.
Enteroglucagon	is	a	peptide	hormone	secreted	by	duodenal	mucosa,	having	same	immunological	and	physiological	properties	of	glucagon.	Glucagon	is	synthesized	as	a	longer	proglucagon	precursor.	Physiological	Actions	of	Glucagon	1.	Glucagon	is	the	most	potent	hyperglycemic	hormone.	It	is	anti-insulin	in	nature.	Therefore,	the	net	effect	is	decided
by	the	insulin-glucagon	ratio	(Fig.24.8).	2.	Glucagon	is	mainly	glycogenolytic.	The	active	form	of	glycogen	phosphorylase	is	formed	under	Table	24.5.	Comparison	of	action	of	insulin	and	anti-insulin	hormones	Metabolism	Key	enzymes	Insulin	Glucagon	Glucocorticoids	Growth	hormone	Glycolysis	GK,	PFK	and	PK	stimulation	Gluconeogenesis	PEPCK,
G6	Pase,	inhibition	F-bisphosphatase	stimulation	Glycogen	synthesis	Glycogen	synthase	activation	inhibition	Glycogenolysis	Phosphorylase	inactivation	activation	Lipolysis	Hormone	sensitive	lipase	inhibition	stimulation	Ketogenesis	Carnitine	acyl	transferase	inhibition	stimulation	Protein	breakdown	Transaminases	inhibition	stimulation	Protein
synthesis	anabolism	catabolism	anabolism	Blood	glucose	level	decreases	increases	increases	inhibition	increases	stimulation	stimulation	stimulation	stimulation	stimulation	Chapter	24;	Regulation	of	Blood	Glucose,	Insulin	and	Diabetes	Mellitus		285	Stanley	Rossiter	Benedict	(18841936)	discovered	the	Benedict's	Reagent	in	1908,	while	working	as	a
PhD	student	at	Yale	University.	He	was	Professor	of	Physiological	chemistry	in	Cornell	University	Medical	College	from	1912	till	death.	3.	4.	5.	6.	the	influence	of	glucagon.	Liver	is	the	primary	target	for	the	glycogenolytic	effect	of	glucagon.	It	depresses	glycogen	synthesis.	Gluconeogenesis	is	favored	by	glucagon	by	inducing	enzymes	like	PEPCK,
glucose-6phosphatase	and	fructose-1,6-bisphosphatase.	Glucagon	increases	plasma	free	fatty	acid	level.	In	adipose	tissue	glucagon	favors	beta-oxidation,	as	it	activates	carnitine	acyl	transferase.	The	mitochondrial	acetyl	CoA	level	increases	Ketogenesis	is	favored.	Mechanism	of	action	Glucagon	combines	with	a	membrane	bound	receptor.	This



activates	the	GDP-bound	G-protein,	by	converting	it	into	GTP	form	(Chapter	44).	The	alpha	subunit	of	the	G	protein	dissociates	from	the	beta	and	gamma	subunits.	The	alpha	subunit	binds	to	GTP.	The	GTP-G	protein	will	in	turn	activate	adenylate	cyclase	to	convert	ATP	to	cAMP.	Cyclic	AMP	is	the	second	messenger,	which	combines	with	the
regulatory	subunit	of	the	protein	kinase	so	that	the	catalytic	subunit	is	free	to	act.	The	active	protein	kinase	will	phosphorylate	enzyme	proteins	and	alter	their	activity;	covalent	modification	and	activation	of	glycogen	phosphorylase,	inactivation	of	glycogen	synthase,	etc.	Anti-insulin	Hormones	i.	Regulation	of	carbohydrate	metabolism	in	general
depends	on	balance	between	insulin	and	anti-insulin	hormones.	A	summary	is	given	in	Box	24.2.	See	also	Table	24.5.	ii.	Glucocorticoids	act	mainly	by	stimulating	gluconeogenesis.	iii.	But	growth	hormone	antagonises	insulin	in	many	key	metabolic	reactions	(Table	24.5).	Bernado	Houssey	demonstrated	that	in	pancreatectomised	animals,	the
requirement	of	insulin	was	about	100	units	per	day.	When	anterior	pituitary	was	also	ablated	in	such	animals,	the	requirement	of	insulin	came	down	to	10	units	or	so.	This	shows	that	growth	hormone	antagonises	insulin.	Houssay	was	awarded	Nobel	prize	in	1947.	Diabetes	Mellitus	The	term	is	derived	from	the	Greek	words	dia	(=through),	bainein
(=to	go)	and	diabetes	literally	means	pass	through.	The	disease	causes	loss	of	weight	as	if	the	body	mass	is	passed	through	the	urine.	The	Greek	word,	mellitus,	means	sweet,	as	it	is	known	to	early	workers,	that	the	urine	of	the	patient	contains	sugar.	Diabetes	mellitus	is	a	disease	known	from	very	ancient	times.	Charaka	in	his	treatise	(circa	400	BC)
gives	a	very	elaborate	clinical	description	of	madhumeha	(=	sweet	urine).	He	had	the	vision	that	carbohydrate	and	fat	metabolisms	are	altered	in	this	disease.	In	Western	literature,	Thomas	Willis	in	1670	noticed	the	sweet	taste	of	diabetic	urine.	In	1838,	Bouchardt	and	Peligot	proved	that	the	sugar	of	diabetic	urine	is	the	same	as	that	present	in	grape
sugar.	A	crude	test	for	urine	sugar	was	first	developed	by	Trommer	in	1841.	Qualitative	test	for	urine	sugar	was	perfected	by	Hermann	Fehling	(1848)	and	semi-quantitative	test	by	Stanley	Benedict	(1908).	Folin	in	1919	identified	a	method	for	quantitative	determination	of	sugar	in	blood.	Diabetes	mellitus	is	a	metabolic	disease	due	to	absolute	or
relative	insulin	deficiency.	Diabetes	mellitus	is	a	common	clinical	condition.	About	10%	of	the	total	population,	and	about	1/5th	of	persons	above	the	age	of	50,	suffer	from	this	disease.	It	is	a	major	cause	for	morbidity	and	mortality.	Insulin	deficiency	leads	to	increased	blood	glucose	level.	In	spite	of	this	high	blood	glucose,	the	entry	of	glucose	into	the
cell	is	inefficient.	Hence,	all	cells	are	starved	of	glucose.	Criteria	for	diagnosis	of	Diabetes	Mellitus	are	shown	in	Table	24.1,	and	under	glucose	tolerance	test.	The	disease	may	be	classified	as	follows	(WHO	recommendation,	1999):	1.	Type	1	Diabetes	Mellitus	(formerly	known	as	Insulin-dependent	diabetes	mellitus;	IDDM)	.	About	5%	of	total	diabetic
patients	are	of	type	1.	Here	circulating	insulin	level	is	deficient.	It	is	subclassified	as:	a.	Immune	mediated	and	b.	Idiopathic.	2.	Type	2	Diabetes	Mellitus	(formerly	known	as	non-insulin	dependent	diabetes	mellitus;	NIDDM).	Most	of	the	patients	belong	to	this	type.	Here	circulating	insulin	level	is	normal	or	mildly	elevated	or	slightly	decreased,
depending	on	the	stage	of	the	disease.	This	type	is	further	classified	as:	286		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	a.	Obese	b.	Non-obese	c.	Maturity	onset	diabetes	of	young	(MODY).	3.	Diabetic	prone	states:	(a)	Gestational	diabetes	mellitus	(GDM);	(b)	Impaired	glucose	tolerance	(IGT);	(c)	Impaired	fasting	glycemia
(IFG)	4.	Secondary	to	other	known	causes:	(a)	endocrinopathies	(Cushing's	disease,	thyrotoxicosis,	acromegaly);	(b)	drug	induced	(steroids,	beta	blockers,	etc.);	(c)	pancreatic	diseases	(chronic	pancreatitis,	fibrocalculus	pancreatitis,	hemochromatosis,	cystic	fibrosis).	Type	1	Diabetes	Mellitus	i.	It	is	due	to	decreased	insulin	production.	Circulating
insulin	level	is	very	low.	These	patients	are	dependent	on	insulin	injections.	Onset	is	usually	below	30	years	of	age,	most	commonly	during	adolescence.	They	are	more	prone	to	develop	ketosis.	ii.	An	autoimmune	basis	is	attributed	to	most	of	these	cases.	Circulating	antibodies	against	insulin	is	seen	in	50%	cases,	and	antibodies	against	islet	cell
cytoplasmic	proteins	are	seen	in	80%	cases.	Type	1	diabetes	mellitus	is	an	autoimmune	disease	in	which	pathologic,	autoreactive	T	cells	of	the	immune	system	attack	the	insulinsecreting	pancreatic	islets	of	Langerhans.	Cytotoxic	T	cells,	which	bear	the	CD8	protein	on	their	membrane,	kill	islets,	thereby	leading	to	lifelong	dependence	on	insulin	for
affected	patients.	Often,	a	period	of	poorly	controlled	blood	glucose	levels	inevitably	result	in	early	illness	and	early	death.	Insulin	and	the	65-kD	isoform	of	glutamic	acid	decarboxylase	(GAD)	are	major	autoantigens	in	patients	with	type	1	diabetes.	GAD	is	a	naturally	occurring	protein	found	in	the	brain	and	in	insulin-secreting	islets	of	the	pancreas.	It
is	a	self	protein	that	functions	as	an	autoantigen	in	patients	with	type	1	diabetes.	The	self	proteins	can	be	subjected	to	attack	not	only	by	autoreactive	T	cells	but	also	by	autoantibodies	to	GAD.	A	variety	of	other	autoantibodies,	such	as	the	insulinomaassociated–2	autoantibody	(IA-2),	insulin	autoantibody	(IAA),	and	islet-specific	glucose-6-phosphatase–
related	protein	(IGRP),	are	also	seen.	Type	2	Diabetes	Mellitus	i.	95%	of	the	patients	belong	to	this	type.	The	disease	is	due	to	the	decreased	biological	response	to	insulin,	otherwise	called	insulin	resistance.	So	there	is	a	relative	insulin	deficiency.	ii.	Type	2	disease	is	commonly	seen	in	individuals	above	40	years.	These	patients	are	less	prone	to
develop	ketosis.	iii.	About	60%	of	patients	are	obese.	These	patients	have	high	plasma	insulin	levels.	iv.	The	maturity	onset	diabetes	of	young	(MODY)	is	due	to	defective	glucokinase	(GK).	This	mutation	produces	relative	insulin	deficiency	by	increasing	the	threshold	for	glucose	induced	insulin	secretion.	Common	MODY3	mutation	is	in	HNF1-alpha.
These	patients	respond	to	sulphonylurea.	When	MODY5	mutation	is	in	HNF1-beta,	insulin	is	required.	Metabolic	Syndrome	(MetS)	The	characteristic	features	are	shown	in	Box	24.6.	The	hallmarks	are	abdominal	obesity	and	insulin	resistance	or	decreased	glucose	tolerance.	The	body	cannot	properly	use	glucose	even	in	presence	of	normal	insulin
level.	In	other	words,	body	cannot	use	insulin	efficiently.	Therefore,	the	metabolic	syndrome	is	also	called	the	insulin	resistance	syndrome.	Syndrome	X	and	cardiometabolic	syndrome	are	other	terms	used	to	describe	the	same	condition.	People	with	the	MetS	are	at	increased	risk	of	coronary	heart	disease	and	type	2	diabetes.	The	MetS	has	become
increasingly	common	in	the	developing	countries.	Effects	of	insulin	resistance	are:	hydrolysis	of	stored	triglycerides	or	fats,	which	elevates	free	fatty	acids	(FFA)	in	the	plasma;	reduction	of	glucose	uptake	or	glucose	utilization	among	muscle	cells	and	reduction	of	glycogenesis	(glycogen	formation)	or	decreasing	glucose	storage	in	the	liver	cells	with
both	effects	leading	to	elevation	of	blood	sugar	levels.	In	obese	patients	especially	those	with	high	visceral	fat,	compensatory	hyperinsulinemia	causes	the	down	regulation	of	the	insulin	receptors	potentiated	by	the	inherent	defects	within	the	target	cells	itself.	Both	aspects	play	a	role	in	the	development	of	insulin	resistance.	Box	24.6.	Criteria	for
Diagnosis	of	Metabolic	Syndrome	i.	Elevated	waist	circumference:	(For	men	>90	cm	and	for	women,	>80	cm).	ii.	Elevated	triglycerides:	>150	mg/dL	iii.	Reduced	HDL	(“good”)	cholesterol:	For	men,	130/85	mm	Hg	v.	Elevated	fasting	glucose:	>100	mg/dL	vi.	Insulin	resistance	(hyperinsulinemia)	vii.	Additional	parameters	include:	coagulation
abnormalities,	hyperuricemia,	microalbuminuria	non-alcoholic	steatohepatitis	(NASH)	and	increased	CRP.	viii.	Diagnosis	is	made,	if	any	3	out	of	the	5	criteria	given	above.	Chapter	24;	Regulation	of	Blood	Glucose,	Insulin	and	Diabetes	Mellitus		287	Laboratory	tests	for	MetS:	The	fasting	insulin	level	greater	than	60	pmol/L	is	considered	to	be	a
positive	evidence	of	insulin	resistance.	Further,	hyperinsulinemic	euglycemic	clamp	test	may	be	done	in	selected	cases;	however,	this	is	rarely	performed	in	the	clinical	setting.	But	this	is	considered	to	be	the	gold	standard	because	it	measures	the	exact	amount	of	glucose	necessary	to	compensate	for	an	increased	insulin	level	without	causing
hypoglycemia.	Causes	for	MetS	or	associated	conditions	include:	obesity;	alcoholism;	sedentary	lifestyle	with	lack	of	physical	exercise;	polycystic	ovarian	syndrome	(PCOS);	hypercortisolism	(e.g.	steroid	use	or	Cushing’s	disease);	certain	drugs	such	as	rifampicin	(RIF),	isoniazid	(INH),	progesterone	derivatives,	antiretrovirals,	and	genetic	causes	such
as	mutations	of	the	insulin	receptors.	Polycystic	Ovary	Syndrome	(PCOS)	and	MetS:	They	have	overlapping	features.	The	common	factors	are	insulin	resistance	and	obesity.	In	PCOS	there	is	hyperandrogenism.	Those	with	PCOS	have	an	increased	risk	for	coronary	vascular	disease	as	in	patients	with	MetS.	PCOS	may	be	corrected	to	some	extent	by
lifestyle	modification	during	the	adolescent	age	by	weight	reduction	and	exercise.	A	higher	prevalence	of	PCOS	is	seen	in	women	with	Type	2	diabetes	mellitus.	Overweight	adolescents	with	PCOS	are	at	increased	risk	of	developing	impaired	glucose	tolerance	and	Type	2	diabetes	mellitus.	Management	of	the	Metabolic	Syndrome	i.	Weight	loss	to
achieve	a	desirable	weight.	ii.	Moderate	exercise	every	day.	iii.	Reduced	intake	of	saturated	fats,	trans	fatty	acids	and	cholesterol.	Metabolic	Derangements	in	Diabetes	The	effects	of	insulin	on	carbohydrate,	lipid	and	amino	acid	metabolisms	have	been	described	in	detail	previously	(Table	24.4).	In	diabetes	mellitus	all	these	effects	are	reversed	(see
Fig.	24.9).	1.	Derangements	in	Carbohydrate	Metabolism	Insulin	deficiency	decreases	the	uptake	of	glucose	by	cells.	The	insulin	dependent	enzymes	are	also	less	active.	Net	effect	is	an	inhibition	of	glycolysis	and	stimulation	of	gluconeogenesis	leading	to	hyperglycemia.	2.	Derangements	in	Lipid	Metabolism	i.	Fatty	acid	breakdown	leads	to	high	FFA
levels	of	plasma	and	consequent	fatty	liver.	ii.	More	acetyl	CoA	is	now	available,	which	cannot	be	efficiently	oxidized	by	TCA	cycle,	because	the	availability	of	oxaloacetate	is	limited.	The	stimulation	of	gluconeogenesis	is	responsible	for	the	depletion	of	oxaloacetate.	iii.	The	excess	of	acetyl	CoA	therefore,	is	diverted	to	ketone	bodies,	leading	to
ketogenesis	(Chapter	11).	This	tendency	is	more	in	Type	1	disease.	iv.	There	is	hyperlipidemia,	especially	an	increase	in	NEFA,	TAG	and	cholesterol	in	plasma.	Fig.	24.9.	Metabolic	derangements	in	diabetes	mellitus	288		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	3.	Derangement	in	Protein	Metabolism	Increased
breakdown	of	proteins	and	amino	acids	for	providing	substrates	for	gluconeogenesis	is	responsible	for	muscle	wasting.	Clinical	Presentations	in	Diabetes	Mellitus	Cardinal	Symptoms	1.	When	the	blood	glucose	level	exceeds	the	renal	threshold	glucose	is	excreted	in	urine	(glucosuria).	2.	Due	to	osmotic	effect,	more	water	accompanies	the	glucose
(polyuria).	3.	To	compensate	for	this	loss	of	water,	thirst	center	is	activated,	and	more	water	is	taken	(polydypsia).	4.	To	compensate	the	loss	of	glucose	and	protein,	patient	will	take	more	food	(polyphagia).	5.	The	loss	and	ineffective	utilization	of	glucose	leads	to	breakdown	of	fat	and	protein.	This	would	lead	to	loss	of	weight.	Important	differential
diagnosis	for	weight	loss	are	diabetes	mellitus,	tuberculosis,	hyperthyroidism,	cancer	and	AIDS.	6.	Often	the	presenting	complaint	of	the	patient	may	be	chronic	recurrent	infections	such	as	boils,	abscesses,	etc.	Any	person	with	recurrent	infections	should	be	investigated	for	diabetes.	When	glucose	level	in	extracellular	fluid	is	increased,	bacteria	get
good	nutrition	for	multiplication.	At	the	same	time,	macrophage	function	of	the	host	is	inefficient	due	to	lack	of	efficient	utilization	of	glucose.	In	India,	tuberculosis	is	commonly	associated	with	diabetes.	Acute	Metabolic	Complications	Diabetic	Keto	Acidosis	Ketosis	is	more	common	in	type	1	diabetes	mellitus.	Ketone	body	formation	and	explanations
for	ketosis	are	described	in	Chapter	11.	Normally	the	blood	level	of	ketone	bodies	is	less	than	1	mg/dl	and	only	traces	are	excreted	in	urine	(not	detectable	by	usual	tests).	But	when	the	rate	of	synthesis	exceeds	the	ability	of	extrahepatic	tissues	to	utilize	them,	there	will	be	accumulation	of	ketone	bodies	in	blood.	This	leads	to	ketonemia,	excretion	in
urine	(ketonuria)	and	smell	of	acetone	in	breath.	All	these	three	together	constitute	the	condition	known	as	ketosis.	Diagnosis	of	Ketosis	The	presence	of	ketosis	can	be	established	by	the	detection	of	ketone	bodies	in	urine	by	Rothera's	test.	Supportive	evidence	may	be	derived	from	estimation	of	serum	electrolytes,	acid–base	parameters	and	glucose
estimation.	Rothera's	Test:	Saturate	5	ml	of	urine	with	solid	ammonium	sulphate.	Add	a	few	drops	of	freshly	prepared	sodium	nitroprusside	followed	by	2	ml	of	liquor	ammonia	along	the	sides	of	the	test	tube.	Development	of	a	purple	ring	indicates	the	presence	of	ketone	bodies	in	urine.	Strip	tests	based	on	the	same	principle	are	also	available.
Differential	Diagnosis	of	Ketosis	The	urine	of	a	patient	with	diabetic	keto	acidosis	will	give	positive	Benedict's	test	as	well	as	Rothera's	test.	But	in	starvation	ketosis,	Benedict's	test	is	negative,	but	Rothera's	test	will	be	positive.	Causes	for	Ketosis	1.	Diabetes	Mellitus:	The	combination	of	hyperglycemia,	glucosuria,	ketonuria	and	ketonemia	is	called
diabetic	ketoacidosis	(DKA).	Untreated	diabetes	mellitus	is	the	most	common	cause	for	ketosis.	Even	though	glucose	is	in	plenty,	the	deficiency	of	insulin	causes	accelerated	lipolysis	and	more	fatty	acids	are	released	into	circulation.	Oxidation	of	these	fatty	acids	increases	the	acetyl	CoA	pool.	Enhanced	gluconeogenesis	restricts	the	oxidation	of	acetyl
CoA	by	TCA	cycle,	since	availability	of	oxaloacetate	is	less.	2.	Starvation:	In	starvation,	the	dietary	supply	of	glucose	is	decreased.	Available	oxaloacetate	is	channelled	to	gluconeogenesis.	The	increased	rate	of	lipolysis	provides	excess	acetyl	CoA	which	is	channeled	to	ketone	bodies.	The	high	glucagon	favors	ketogenesis.	Hyperemesis	(vomiting)	in
early	pregnancy	may	also	lead	to	starvation-like	condition	and	may	lead	to	ketosis.	In	both	diabetes	mellitus	and	starvation,	the	oxaloacetate	is	channelled	to	gluconeogenesis;	so	the	availability	of	oxaloacetate	is	decreased.	Hence,	acetyl	CoA	cannot	be	fully	oxidised	in	the	TCA	cycle.	Oxaloacetate	is	diverted	for	gluconeogenesis;	then	citric	acid	cycle
cannot	function	optimally.	Thus,	on	the	one	hand,	acetyl	CoA	is	generated	in	excess;	on	the	other	hand,	its	utilization	is	reduced.	This	excess	acetyl	CoA	is	channelled	into	ketogenic	pathway	(see	Fig.	24.9).	Ketosis	is	described	in	the	last	part	of	Chapter	11.	Consequences	of	Ketosis	i.	Metabolic	acidosis:	Acetoacetate	and	beta-hydroxy	butyrate	are
acids.	When	they	Chapter	24;	Regulation	of	Blood	Glucose,	Insulin	and	Diabetes	Mellitus		289	ii.	iii.	iv.	v.	vi.	vii.	viii.	ix.	accumulate,	metabolic	acidosis	results	(see	Chapter	29).	There	will	be	increased	anion	gap.	Reduced	buffers:	The	plasma	bicarbonate	is	used	up	for	buffering	of	these	acids.	Kussmaul's	respiration:	Patients	will	have	typical	acidotic
breathing	due	to	compensatory	hyperventilation.	Smell	of	acetone	in	patient's	breath.	Osmotic	diuresis	induced	by	ketonuria	may	lead	to	dehydration.	Sodium	loss:	The	ketone	bodies	are	excreted	in	urine	as	their	sodium	salt,	leading	to	loss	of	cations	from	the	body.	High	potassium:	Due	to	lowered	uptake	of	potassium	by	cells	in	the	absence	of	insulin.
Dehydration:	The	sodium	loss	further	aggravates	the	dehydration.	Coma:	Hypokalemia,	dehydration	and	acidosis	contribute	to	the	lethal	effect	of	ketosis.	Management	of	Ketosis	1.	Parenteral	administration	of	insulin	and	glucose	by	intravenous	route	to	control	diabetes.	2.	Intravenous	bicarbonate	to	correct	the	acidosis.	3.	Correction	of	water
imbalance	by	normal	saline.	4.	Correction	of	electrolyte	imbalance.	Insulin	induces	glycogen	deposition,	and	along	with	that,	extracellular	potassium	is	distributed	intracellularly.	This	leads	to	dangerous	hypokalemia,	which	is	to	be	immediately	corrected.	5.	Treatment	of	underlying	precipitating	causes,	such	as	infection.	Hyperosmolar	Nonketotic
Coma	It	can	result	due	to	elevation	of	glucose	to	very	high	levels	(900	mg/dl	or	more).	This	would	increase	the	osmolality	of	extracellular	fluid	(ECF).	Osmotic	diuresis	leads	to	water	and	electrolyte	depletion.	The	coma	results	from	dehydration	of	cerebral	cells	due	to	hypertonicity	of	ECF.	Lactic	Acidosis	It	is	another	acute	complication.	It	occurs	due
to	over	production	and	or	under	utilization	of	lactic	acid.	Overproduction	can	result	from	an	increased	rate	of	anaerobic	glycolysis	due	to	hypoxia.	Under	utilization	may	be	due	to	impairment	of	TCA	cycle.	Lactic	acidosis	is	seen	when	diabetic	patients	are	treated	with	biguanides.	This	drug	inhibits	TCA	cycle	and	gluconeogenesis	(see	Box	24.7).
Chronic	Complications	of	Diabetes	Mellitus	1.	Vascular	Diseases:	Atherosclerosis	in	medium	sized	vessels,	plaque	formation	and	consequent	intravascular	thrombosis	may	take	place.	If	it	occurs	in	cerebral	vessels,	the	result	is	paralysis.	If	it	is	in	coronary	artery,	myocardial	infarction	results.	In	the	case	of	small	vessels,	the	process	is	called	micro-
angiopathy,	where	endothelial	cells	and	mural	(cement)	cells	are	damaged.	Amyloglycans	are	deposited	in	mural	cells,	so	that	cementing	ability	is	lost.	This	leads	to	micro	angiopathy,	which	may	lead	to	diabetic	retinopathy	and	nephropathy.	2.	Complications	in	Eyes:	Early	development	of	cataract	of	lens	is	due	to	the	increased	rate	of	sorbitol
formation,	caused	by	the	hyperglycemia.	Retinal	microvascular	abnormalities	lead	to	retinopathy	and	blindness.	3.	Neuropathy:	Peripheral	neuropathy	with	paresthesia	is	very	common.	Decreased	glucose	utilization	and	its	diversion	to	sorbitol	in	Schwann	cells	may	be	caused	for	neuropathy.	Another	reason	proposed	is	the	production	of	advanced
glycation	end	products.	Neuropathy	may	lead	to	risk	of	foot	ulcers	and	gangrene.	Hence,	care	of	the	feet	in	diabetic	patients	is	important.	4.	Kimmelstiel-Wilson	syndrome	is	another	complication	of	diabetes,	resulting	from	nephrosclerosis,	characterized	by	proteinuria	and	renal	failure.	Persistent	hyperglycemia	leading	to	glycation	of	basement
membrane	proteins	may	be	the	cause	of	nephropathy.	5.	Pregnancy:	Diabetic	mothers	tend	to	have	big	babies,	because	insulin	is	an	anabolic	hormone.	Chances	of	abortion,	premature	birth	and	intrauterine	death	of	the	fetus	are	also	more,	if	the	diabetes	is	not	properly	controlled.	Box	24.7.	What	is	Lactic	Acidosis?	Lactate	is	the	normal	end	product	of
anaerobic	glycolysis.	All	tissues	can	produce	lactate	and	liver	can	metabolise	it.	The	blood	level	seldom	exceeds	1.5	mMol/L.	Under	conditions	of	decreased	oxygen	availability,	as	in	vigorous	excercise,	the	rate	of	lactate	production	increases.	The	term	lactic	acidosis	denotes	a	pathological	state,	when	the	lactate	level	in	blood	is	more	than	5	mMol/L.
So	blood	pH	is	low,	with	decreased	levels	of	bicarbonate.	Collection	of	blood	for	lactate	estimation	has	to	be	done	avoiding	tissue	hypoxia,	so	that	falsely	elevated	values	are	not	obtained.	290		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	Laboratory	Investigations	in	Diabetes	Random	blood	sugar	estimation	and	oral	glucose
tolerance	tests	are	used	for	the	diagnosis	(Table	24.1).	1.	Plasma	glucose	level	For	monitoring	a	diabetic	patient,	periodic	check	of	fasting	and	postprandial	plasma	glucose	are	to	be	done	at	least	once	in	3	months.	Plasma	glucose	level	has	to	be	maintained	within	the	normal	limits.	Persistent	hyperglycemia	is	the	most	important	factor,	which	leads	to
chronic	complications.	Fig.	24.10.	Formation	of	Hb	A1c	2.	Complete	lipid	profile	Total	cholesterol,	triglycerides,	HDL	and	LDL	cholesterol	levels	may	be	done	once	in	six	months	(Chapters	12	and	25).	Fig.	24.11.	Glycation	is	parallel	to	the	blood	glucose	3.	Kidney	function	tests	Blood	urea	and	serum	creatinine	may	be	done	at	least	twice	an	year
(Chapter	27).	4.	Micro-albuminuria	and	frank	albuminuria	Presence	of	albumin	(50	to	300	mg/day)	in	urine	is	known	as	micro-albuminuria	(Chapter	27).	It	is	a	predictor	of	progressive	renal	damage.	Albumin	more	than	300	mg/day	indicates	overt	diabetic	nephropathy.	Microalbuminuria	is	to	be	checked	at	least	once	in	an	year.	5.	Glycated	Hemoglobin
i.	The	best	index	of	long-term	control	of	blood	glucose	level	is	measurement	of	glycated	hemoglobin	or	glyco-hemoglobin.	ii.	Enzymatic	addition	of	any	sugar	to	a	protein	is	called	"glycosylation",	while	non-enzymatic	process	is	termed	"glycation".	iii.	When	there	is	hyperglycemia,	proteins	in	the	body	may	undergo	glycation.	It	is	a	nonenzymatic
process.	Glucose	forms	a	Schiff	base	with	the	N-terminal	amino	group	of	proteins	(Fig.	24.10).	This	is	reversible.	Later,	Amadori	rearrangement	takes	place	to	form	ketoamines,	when	the	attachment	becomes	irreversible.	The	overall	reaction	is	called	Maillard	reaction.	iv.	When	once	attached,	glucose	is	not	removed	from	hemoglobin.	Therefore,	it
remains	inside	the	erythrocyte,	throughout	the	life	span	of	RBCs	(120	days)	(Fig.	24.11).	v.	The	glycated	hemoglobins	are	together	called	HbA1	fraction.	Out	of	this	80%	molecules	are	HbA1c,	where	glucose	is	attached	to	the	N-terminal	valine	of	beta	chain	of	hemoglobin.	The	rest	of	molecules	are	HbA1a1,	where	fructose-1,6-bisphosphate	and
HbA1a2,	where	glucose-6-phosphate	are	attached.	When	glycation	takes	place	at	the	internal	lysine	residues	of	alpha	or	beta	chains,	it	is	called	HbA1d.	All	the	HbA1	groups	are	fast	hemoglobins,	having	increased	electrophoretic	mobility.	Routine	clinical	assays	are	carried	out	by	chromatography.	The	positively	charged	normal	hemoglobins	will
attach	to	the	negatively	charged	resins;	but	HbA1,	where	the	charge	is	masked	by	the	glucose,	will	come	out	of	the	column.	The	eluted	fraction	is	quantitated,	and	expressed	as	a	fraction	of	the	total	hemoglobin.	Nowadays,	simple	immunoturbidometric	method	is	commonly	employed	for	glyco-Hb	estimation.	Interpretation	of	Glyco-Hb	Values	i.	The
determination	of	glycated	hemoglobin	is	not	for	diagnosis	of	diabetes	mellitus;	but	only	for	monitoring	the	response	to	treatment.	The	Hb	A1c	level	reveals	the	mean	glucose	level	over	the	previous	10-12	weeks.	It	is	unaffected	by	recent	food	intake	or	recent	changes	in	blood	sugar	levels.	The	estimation	should	be	done	at	least	every	3	months	in	all
diabetic	patients.	ii.	Normally	the	level	of	Hb	A1c	is	less	than	6%.	The	value	6%	denotes	very	good	control	of	diabetes	by	treatment	measures;	7%	means	adequate	control;	8%	inadequate	control	and	9%	means	very	poor	control.	Any	value	above	6%	is	to	be	closely	watched	and	values	between	6.5	and	7	are	to	be	considered	as	impaired	glucose
tolerance.	iii.	Based	on	the	results	of	the	A1c-Derived	Average	Glucose	(ADAG)	value	study,	it	is	Chapter	24;	Regulation	of	Blood	Glucose,	Insulin	and	Diabetes	Mellitus		291	recommended	to	express	the	values	as	estimated	average	glucose,	or	eAG.	This	method	is	intended	to	help	health	care	providers	report	HbA1c	results	to	patients	using	the	same
units	(mg/dl)	that	patients	see	routinely	in	blood	glucose	measurements.	Thus,	HbA1c	value	of	6%	represents	average	glucose	level	of	126	mg/dl;	7%	means	154	mg;	8%	means	183	mg;	9%	means	212	mg;	and	Hb1Ac	10%	equals	240	mg/dl.	iv.	An	elevated	glycohemoglobin	indicates	poor	control	of	diabetes	mellitus.	The	risk	of	retinopathy	and	renal
complications	are	proportionately	increased	with	elevated	glycated	hemoglobin	value.	Reduction	in	1%	of	glycoHb	will	decrease	long-term	complications	to	an	extent	of	30%.	Fluctuations	of	HbA1c	are	postulated	to	be	responsible	for	long-term	complications	of	diabetes	like	retinopathy	and	nephropathy.	v.	HbF	also	behaves	similar	to	HbA1c	in	the
separating	column.	So,	abnormally	high	values	may	be	seen	even	in	normal	children,	as	well	as	persons	with	thalassemia.	On	the	other	hand	glycated	HbS	and	glyco-HbC	are	retained	in	the	column,	and	so	abnormal	low	values	are	obtained	in	persons	with	HbS	and	HbC,	even	though	they	have	diabetes.	Lowered	values	are	also	seen	in	hemolytic
anemias	due	to	shortened	life	span	of	red	blood	cells,	when	time	averaged	value	is	lesser.	These	false	results	are	generally	eliminated	by	the	newer	immunoturbidometric	measurements.	Fructosamines	Along	with	other	proteins,	albumin	is	also	glycated	in	diabetes	mellitus.	Glycated	albumin	is	more	correctly	called	as	fructosamino	albumin.	As	half-
life	of	albumin	is	about	20	days,	gluco-albumin	concentration	reflects	the	glucose	control	over	a	recent	past,	for	a	period	of	last	2-3	weeks.	Estimation	of	serum	fructosamine	is	preferred	in	gestational	diabetes	mellitus.	Fructose	participates	in	glycation	10	times	faster	than	glucose.	High	fructose	levels	are	related	to	aging	and	myocardial	infarction.
Advanced	Glycation	End	Products	(AGEs)	These	are	found	in	the	tissues	of	diabetic	patients.	Such	glycation	of	matrix	proteins,	when	once	occurred,	is	completely	irreversible.	Glycation	of	collagen	alters	the	properties,	cross	linking	is	increased	and	elasticity	of	collagen	is	lost.	Adhesion	of	plasma	proteins	in	the	altered	blood	vessels	leads	to
accumulation	of	LDL,	and	consequent	atherosclerosis.	In	diabetic	vascular	tissues	the	concentration	of	AGEP	is	four	times	that	of	normals.	Microvascular	damage	in	diabetes	is	attributed	to	AGEs.	Uptake	of	AGEs	by	macrophages	will	lead	to	production	of	inflammatory	cytokines.	Study	reveals	that	increased	AGEPs	are	associated	with	oxidative	stress
in	the	elderly	groups.	Such	AGEP	formation	might	have	a	role	in	cataract	formation,	which,	in	diabetic	patients,	occurs	more	commonly	as	compared	with	non-diabetic	cataract	patients.	The	rate	of	formation	of	AGEs	is	proportional	to	the	square	of	glucose	concentration.	Excessive	formation	and	accumulation	of	AGEs	lead	to	cross	linking	of
extracellular	proteins,	altered	matrix	interactions	and	modification	of	DNA	structure	and	function.	Aminoguanidine	is	an	inhibitor	of	the	formation	of	AGEs;	this	may	reduce	the	complications	of	diabetes	mellitus.	Management	of	Diabetes	Mellitus	1.	Diet	and	Exercise:	This	is	the	first	line	of	treatment.	A	diabetic	patient	is	advised	to	take	a	balanced
diet	with	high	protein	content,	low	calories,	devoid	of	refined	sugars	and	low	saturated	fat,	adequate	PUFA,	low	cholesterol	and	sufficient	quantities	of	fiber.	Vegetables	are	the	major	sources	of	minerals,	vitamins	and	fiber.	Low-carbohydrate	ketogenic	diet	(LCKD)	was	found	to	be	quite	promising	in	controlling	diabetes	mellitus.	LCKD	has	a
significant	beneficial	effect	in	ameliorating	the	diabetic	state	and	helping	to	stabilize	hyperglycemia.	2.	Oral	hypoglycemic	agents:	They	are	mainly	of	two	types;	sulphonyl	urea	and	biguanides.	They	are	mainly	used	in	Type	2	diabetes.	3.	Insulin	injections:	Insulin	is	the	drug	of	choice	in	Type	1	disease.	It	is	also	used	in	Type	2	disease,	where	oral	drugs
are	not	sufficient.	4.	Prevention	of	complications.	Hypoglycemia	Hyperglycemia	causes	harm;	but	hypoglycemia	is	fatal.	A	fall	in	plasma	glucose	less	than	50	mg/dl	is	life-threatening.	Causes	of	hypoglycemia	are:	1.	Overdose	of	insulin:	This	is	the	most	common	cause.	The	differentiation	of	hypoglycemic	coma	from	hyperglycemic	coma	(ketosis)	is
important,	since	treatment	is	exactly	opposite.	The	diagnosis	is	mainly	based	on	blood	glucose	estimation.	2.	Post-prandial	hypoglycemia:	2-3	hours	after	a	meal,	transient	hypoglycemia	is	seen	in	some	persons.	This	is	due	to	over-secretion	of	insulin.	3.	Insulinoma:	Insulin	secreting	tumors	are	rare.	4.	Von	Gierke's	disease	(Chapter	9).	292		Textbook	of
Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	CHAPTER	Cardiovascular	Diseases	and	Hyperlipidemias	25	CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Hypolipoproteinemias	2.	Hyperlipidemias	3.	Atherosclerosis	and	coronary	artery	disease	4.	Risk	factors	for	coronary	artery	disease	5.
Prevention	of	atherosclerosis	Clinical	Significance	of	Cholesterol	Students	should	be	familiar	with	cholesterol	and	lipoproteins	described	in	detail	in	Chapter	12.	A	summary	of	lipoproteins	is	given	in	Table	25.	1	and	their	metabolic	relationships	are	shown	in	Fig.	25.1.	LDL	is	said	to	be	"bad"	cholesterol	and	HDL	is	"good"	cholesterol	(Fig.	25.2).	The
level	of	cholesterol	in	blood	is	related	to	the	development	of	atherosclerosis.	Abnormality	of	cholesterol	metabolism	may	lead	to	cardiovascular	accidents	and	heart	attacks.	Fig.	25.1.	Summary	of	lipoprotein	metabolism	estimated	that	by	the	year	2020,	it	will	account	for	33%	of	all	deaths.	Atherosclerosis	and	LDL	Stage	I	:	Formation	of	foam	cells:
Increased	levels	of	cholesterol	for	prolonged	periods	will	favor	deposits	in	the	subintimal	region	of	arteries.	Aorta,	coronary	arteries	and	cerebral	vessels	are	predominantly	affected	by	the	atherosclerotic	process.	The	LDL	cholesterol,	especially	oxidized	ATHEROSCLEROSIS	Greek	word,	sclerosis	means	hardening.	Coronary	artery	obstruction	and
myocardial	infarction	are	the	number	one	killers	in	the	world.	In	India,	20%	deaths	are	due	to	coronary	artery	disease	(CAD).	It	is	Table	25.1.	Characteristics	of	different	classes	of	lipoproteins	Chylomicron	Density	g/L	Diameter	(nm)	Electrophoretic	mobility	Percent	composition	Protein	TAG	Phospholipids	Cholesterol	Apoproteins	Transport	function
VLDL	LDL	HDL	1.1,	it	is	diagnostic	of	portal	hypertension	as	the	cause.	Box	26.2	explains	the	pathogenesis	of	ascites.	Box	26.3	gives	the	indications	of	liver	function	tests.	A	detailed	classification	of	the	liver	function	tests	(LFT)	is	shown	in	Table	26.1.	Important	liver	function	tests	are	described	below:	I.	Markers	of	Hepatic	Dysfunction	1.
Measurement	of	Bilirubin	(Test	of	excretory	function	of	liver)	Bilirubin	is	the	excretory	product	formed	by	the	catabolism	of	heme.	It	is	conjugated	by	the	liver	to	Table	26.1.	Classification	of	liver	function	tests	A.	Classification	based	on	laboratory	findings	Group	I	(Tests	of	hepatic	excretory	function)	i.	Serum	–	Bilirubin;	total,	conjugated,	and
unconjugated.	ii.	Urine	–	Bile	pigments,	bile	salts	and	urobilinogen.	Group	II:	Liver	enzyme	panel	(see	Chapter	23)	(These	are	markers	of	liver	injury/cholestasis)	i.	Alanine	amino	transferase	(ALT)	ii.	Aspartate	amino	transferase	(AST)	iii.	Alkaline	phosphatase	(ALP)	iv.	Gamma	glutamyl	transferase	(GGT)	Group	III:	Plasma	proteins	(see	Chapter	28)
(Tests	for	synthetic	function	of	liver)	i.	Total	proteins	ii.	Serum	albumin,	globulins,	A/G	ratio	iii.	Prothrombin	time	Group	IV:	Special	tests	i.	Ceruloplasmin	(see	Chapters	28	and	35)	ii.	Ferritin	(see	Chapter	35)	iii.	Alpha-1-antitrypsin	(AAT)	(see	Chapter	28)	iv.	Alpha-fetoprotein	(AFP)	(see	Chapter	51)	B.	Classification	based	on	Clinical	aspects	Group	I:
Markers	of	liver	dysfunction	i.	Serum	bilirubin,	total,	conjugated	ii.	Urine:	Bile	pigments,	bile	salts	and	UBG	iii.	Total	protein,	serum	albumin	and	A/G	ratio	iv.	Prothrombin	time	v.	Blood	ammonia,	when	indicated	Group	II:	Markers	of	hepatocellular	injury	i.	Alanine	amino	transferase	(ALT)	ii.	Aspartate	amino	transferase	(AST)	Group	III:	Markers	of
cholestasis	i.	Alkaline	phosphatase	ii.	Gamma	glutamyl	transferase	form	bilirubin	diglucuronide	and	excreted	through	bile	(see	Chapter	21).	Measurements	of	bilirubin	as	well	as	detection	of	bilirubin	and	urobilinogen	in	urine	are	important	tests	of	liver	function.	i.	Normal	serum	bilirubin	level	varies	from	0.2	to	0.8	mg/dl.	The	unconjugated	bilirubin
(bilirubinalbumin	complex)	(free	bilirubin)	(indirect	bilirubin)	varies	from	0.2–0.7	mg/dl	and	conjugated	bilirubin	(direct	bilirubin)	0.1–0.4	mg/dl.	A	rise	in	serum	bilirubin	above	1	mg/dl	is	abnormal	(latent	jaundice);	but	jaundice	appears	only	if	the	level	goes	above	2	mg/dl.	304		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	ii.
The	bilirubin	is	estimated	by	van	den	Bergh	reaction,	where	diazotised	sulfanilic	acid	(sulfanilic	acid	in	HCl	and	sodium	nitrite)	reacts	with	bilirubin	to	form	a	purple-colored	complex,	azobilirubin.	Normal	serum	does	not	give	a	positive	van	den	Bergh	reaction.	iii.	When	bilirubin	is	conjugated,	the	purple	color	is	produced	immediately	on	mixing	with
the	reagent,	the	response	is	said	to	be	van	den	Bergh	direct	positive.	iv.	When	the	bilirubin	is	unconjugated,	the	color	is	obtained	only	when	alcohol	is	added,	and	this	response	is	known	as	indirect	positive.	v.	If	both	conjugated	and	unconjugated	bilirubins	are	present	in	increased	amounts,	a	purple	color	is	produced	immediately	and	the	color	is
intensified	on	adding	alcohol.	Then	the	reaction	is	called	biphasic.	vi.	In	hemolytic	jaundice,	unconjugated	bilirubin	is	increased.	Hence	van	den	Bergh	test	is	indirect	positive.	In	obstructive	jaundice,	conjugated	bilirubin	is	elevated,	and	van	den	Bergh	test	is	direct	positive.	In	hepatocellular	jaundice,	a	biphasic	reaction	is	observed,	because	both
conjugated	and	unconjugated	bilirubins	are	increased	(see	Chapter	21).	2.	Urinary	Bilirubin	i.	In	all	cases	of	jaundice,	urine	should	be	examined	for	the	presence	of	bile	pigments	(bilirubin),	bile	salts	and	urobilinogen.	ii.	Only	conjugated	bilirubin	is	soluble	in	water	and	is	excreted	in	urine.	Hence	in	prehepatic	jaundice,	when	the	unconjugated
bilirubin	is	increased	in	blood,	it	does	not	appear	in	urine;	hence	called	acholuric	jaundice.	iii.	But	in	obstructive	jaundice,	conjugation	of	bilirubin	is	taking	place,	which	cannot	be	excreted	through	the	normal	passage,	and	so	it	is	regurgitated	back	into	bloodstream;	this	is	Table	26.2.	Urinary	findings	in	jaundice	Type	of	jaundice	Bile	pigment	Bile	salt
Urobilinogen	Prehepatic	(hemolytic)	Nil	Nil	++	Hepatocellular	++	+	Normal	or	↓	Posthepatic	(obstructive)	+++	++	Nil	or	↓	then	excreted	through	urine.	So	in	obstructive	jaundice,	urine	contains	bilirubin;	hence	in	old	literature,	it	is	called	choluric	jaundice.	3.	Urinary	Urobilinogen	i.	In	cases	of	obstruction,	bile	is	not	reaching	the	intestine	and	so
urobilinogen	may	be	decreased	or	absent	in	urine.	ii.	In	hepatocellular	jaundice,	urobilinogen	is	initially	elevated,	then	decreases	or	disappears	when	the	obstructive	stage	sets	in	and	reappears	when	obstruction	is	cleared.	iii.	Urobilinogen	is	absent	in	urine,	when	there	is	obstruction	to	bile	flow.	The	first	indication	of	the	recovery	is	the	reappearance
of	urobilinogen	in	urine.	iv.	In	hemolytic	anemias,	urobilinogen	is	increased.	v.	Bilirubin	is	detected	by	Fouchet's	test	and	urobilinogen	by	Ehrlich's	test.	The	findings	in	urine	in	different	types	of	jaundice	are	shown	in	Table	26.2.	Table	26.3	shows	the	classification	and	causes	for	jaundice.	Table	26.4	gives	the	tests	to	distinguish	different	types	of
jaundice.	Bilirubin	synthesis,	excretion	and	jaundice	are	described	in	detail	in	Chapter	21.	4.	Urine	Bile	Salts	Normally	bile	salts	(sodium	salts	of	taurocholic	acid	and	glycocholic	acid)	are	present	in	the	bile;	but	are	not	seen	in	urine.	Bile	salts	in	urine	are	detected	by	Hay’s	test.	Positive	Hay’s	test	indicates	the	obstruction	in	the	biliary	passages	Table
26.3.	Classification	of	jaundice	Type	of	bilirubin	Class	of	jaundice	Unconjugated	Prehepatic	or	hemolytic	Causes	Abnormal	red	cells;	antibodies;	drugs	and	toxins;	thalassemia;	hemoglobinopathies	Gilbert's	syndrome;	Crigler-Najjar	syndrome.	Unconjugated	Hepatic	or	Viral	hepatitis;	toxic	and	hepatocellular	hepatitis;	intrahepatic	conjugated
cholestasis.	Conjugated	Posthepatic	or	obstructive	Extrahepatic	cholestasis;	gallstones;	tumors	of	bile	duct;	carcinoma	of	pancreas;	lymph	node	enlargement	in	porta	hepatis	Chapter	26;	Liver	and	Gastric	Function	Tests		305	diseases	affecting	parenchymal	cells	like	cirrhosis,	acute	and	chronic	hepatitis	and	neoplasia.	causing	regurgitation	of	bile
salts	into	the	systemic	circulation	leading	to	its	excretion	in	urine.	Obstruction	can	occur	in	obstructive	jaundice	and	also	in	hepatic	jaundice	due	to	obstruction	of	micro	biliary	channels	caused	by	inflammation.	5.	Aminopyrine	Excretion	Test	Aminopyrine	is	metabolized	by	the	liver	by	N-demethylation	to	give	CO2.	When	14C-labeled	aminopyrine	is
given,	the	evolution	of	CO2	corresponds	to	functioning	liver	cell	mass.	After	an	overnight	fast,	2	μCi	of	amino	(14	C)	pyrine	and	2	mg	unlabelled	amino	pyrine	are	administered	orally.	The	breath	is	allowed	to	pass	through	calcium	sulfate	for	drying	and	then	bubbled	through	a	solution	of	2	ml	ethanol	and	1	ml	(1M)	hyamine	hydroxide	containing	2
drops	of	phenolphthalein.	The	change	in	color	of	the	indicator	indicates	absorption	of	CO	2.	Then	the	activity	of	14CO2	is	measured	in	a	scintillation	counter.	The	14CO2	excretion	during	the	test	period	is	reduced	in	liver	Causes	of	Jaundice	i.	Causes	of	jaundice	are	enumerated	in	Boxes	26.4	and	26.5.	The	most	common	cause	for	hepatocellular
jaundice	is	infection	with	hepatitis	viruses	(viral	hepatitis).	It	may	be	due	to	hepatitis	A	virus	(HAV),	which	is	transmitted	by	the	intake	of	contaminated	food	and	water.	Type	A	disease	is	usually	self-limiting.	ii.	Infection	by	hepatitis	B	virus	(HBV)	is	transmitted	mainly	through	parenteral	contamination	by	infected	blood	or	blood	products.	The	virus	is
highly	contagious	and	can	be	destroyed	only	by	boiling	for	20	minutes.	It	is	a	DNA	virus,	which	destroys	the	hepatic	cells.	The	surface	antigen	(HBs)	(also	called	Australia	antigen,	because	it	was	first	demonstrated	in	an	Australian	aborigine	settled	in	USA)	is	seen	in	the	circulation	of	patients.	For	his	contributions	in	the	hepatitis	prevention,	Baruch
Blumberg	was	awarded	Nobel	prize	in	1976.	About	5%	of	world	populations	are	carriers	of	HBV.	In	most	cases	of	hepatitis	B	infection,	complete	recovery	is	possible,	but	about	1%	cases	progress	to	cirrhosis	and	eventual	Table	26.4.	Tests	useful	to	distinguish	different	types	of	jaundice	Specimen	Test	Prehepatic	or	hemolytic	or	retention	jaundice
Blood	Unconjugated	bilirubin	(van	den	Bergh	indirect	test)	++	Conjugated	bilirubin	(van	den	Bergh	direct	test)	Normal	Excretion	is	rate-limiting.	It	is	the	first	impaired	activity.	In	early	phase,	it	is	increased	++	Alkaline	phosphatase	(40-125	U/L)	Normal	2-3	times	increased	10-12	times	Bile	salt	(Hay's	test)	Absent	Absent	Present	Conjugated	bilirubin
(Fouchet's)	Absent	Present	Present	Urobilinogens	(Ehrlich	test)	+++	Increased	in	early	phases;	Absent	later	decreased	as	production	is	low.	Earliest	manifestation	of	recovery	is	presence	of	bilinogen	in	urine	Urobilins	++	Normal	or	decreased	Urine	Feces	Hepatocellular	jaundice	++	Posthepatic	or	obstructive	or	regurgitation	jaundice	Normal	Clay-
colored	306		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	Box	26.4.	Causes	of	Cholestatic	Liver	Disease	1.	Extrahepatic	cholestasis	Cholelithiasis	(stone	in	gallbladder)	Carcinoma	head	of	pancreas	Portal	lymphadenopathy	Chronic	pancreatitis	Biliary	stricture	Parasites	(liver	flukes)	(rare	in	India)	2.	Intrahepatic	cholestasis
Alcoholic	cirrhosis	Primary	biliary	cirrhosis	Nonalcoholic	steatohepatitis	(NASH)	Viral	hepatitis	(cholestatic	phase)	Protoporphyria	Dubin-Johnson	syndrome	3.	Drugs	Androgens,	Chlorpromazine	Chlorpropamide,	Nitrofurantoin	Erythromycin,	Phenytoin	Cyclosporin,	Captopril	hepatic	failure.	In	another	2-5%	cases,	the	disease	goes	to	a	chronic	carrier
state.	About	1%	cases	go	for	chronic	cirrhosis	and	eventual	hepatic	failure.	In	fact,	the	most	common	cause	for	cirrhosis	in	developing	countries	is	the	hepatitis	B	virus.	In	a	small	fraction	of	such	cases,	development	of	hepatocellular	carcinoma	is	also	noticed.	Thus	HBV	is	an	oncogenic	virus.	Medical	personnel,	including	medical	students,	doctors,
nurses	and	technicians	are	advised	to	take	the	hepatitis	B	vaccination.	iii.	Hepatitis	viruses	type	A,	B,	C,	D,	E	and	G	are	identified.	While	A	and	E	are	transmitted	by	oral	route;	B,C,D	and	G	are	transmitted	through	parenteral	route.	Box	26.6	gives	the	serology	to	define	the	type	of	viral	hepatitis.	Serological	markers	of	hepatitis	B	infection	are	shown	in
Box	26.7.	II.	Tests	based	on	Synthetic	Function	of	Liver	1.	Serum	albumin	level	Almost	all	the	plasma	proteins	except	immunoglobulins	are	synthesised	by	the	liver.	Serum	Box	26.5.	Causes	of	Hepatocellular	Damage	1.	Viruses:	HAV,	HBV,	HCV,	Herpes,	Adeno	2.	Alcohol	3.	Toxins:	Carbon	tetrachloride,	Chloroform,	Mushroom,	Aflatoxin,	Arsenic	4.
Immunological:	Autoimmune	hepatitis,	NASH	5.	General	diseases:	Wilson's	disease,	Hemochromatosis,	AAT	deficiency,	Porphyrias,	Sarcoidosis,	Amyloidosis	6.	Neoplasm:	Hepatocellular	carcinoma,	Metastatic	liver	disease,	Lymphoma	7.	Bacterial	infections:	TB,	Leptospirosis,	Brucella,	Abscesses	8.	Parasites:	Helminths,	Amoebiasis,	Plasmodia,
Leishmania	9.	Drugs:	Salicylate,	Tetracyclines,	Methotrexate,	Isoniazid,	Rifampicin,	Halothane,	Methyldopa,	Valproate	albumin	(see	Chapter	28)	is	quantitatively	the	most	important	protein	synthesized	by	the	liver,	and	reflects	the	extent	of	functioning	liver	cell	mass.	Since	albumin	has	a	fairly	long	half-life	of	20	days,	in	all	chronic	diseases	of	the
liver,	the	albumin	level	is	decreased.	A	reversal	in	A/G	ratio	is	often	the	rule	in	cirrhosis,	due	to	hypoalbuminemia	and	associated	hypergammaglobulinemia	(see	Chapter	28).	Normal	albumin	level	in	blood	is	3.5	to	5	g/dl;	and	globulin	level	is	2.5	to	3.5	g/dl.	The	turn-over	rates	of	haptoglobin	and	transferrin	are	lesser	than	albumin;	hence	they	are
useful	to	identify	the	recent	changes	in	liver	functions.	2.	Serum	globulins	They	constitute	immunoglobulins	produced	by	B	lymphocytes	as	well	as	alpha	and	beta	globulins	synthesized	mainly	by	hepatocytes.	Gamma	globulins	in	the	serum	are	increased	in	chronic	liver	diseases	(chronic	active	hepatitis,	cirrhosis).	In	cirrhosis,	antibodies	against
intestinal	bacteria	are	seen,	since	Box	26.7.	Markers	of	Hepatitis	B	Infection	HBsAg:	Box	26.6.	Serology	to	define	Viral	Hepatitis	Type	Hepatitis	A	Anti	HAV	IgM	Hepatitis	B	(acute)	HBsAg,	anti-HBc	IgM	Hepatitis	B	(chronic)	HBsAg,	HBeAg,	HBV	DNA	Hepatitis	C	Anti-HCV	and	HCV	RNA	Hepatitis	D	(delta)	HBsAg	and	anti-HDV	Hepatitis	E	Anti-HEV
Surface	antigen.	Indicates	acute	infection.	Persistence	for	>6	months	means	chronic	infection.	HBeAg:	Viral	replication.	High	infectivity.	Anti-HBs	antibody:	Indicates	immunity.	Anti-HBe	antibody:	Resolution	of	acute	infection	Anti-HBc	IgM	antibody:	Acute	infection.	HBV	DNA:	Used	to	assess	viral	load.	Chapter	26;	Liver	and	Gastric	Function	Tests	
307	the	cirrhotic	liver	cannot	clear	the	bacteria	reaching	through	circulation.	Reference	limits	of	serum	immunoglobulins	are	shown	in	Appendix	II.	IgG	is	increased	in	autoimmune	hepatitis.	IgM	is	increased	in	primary	biliary	cirrhosis.	IgA	is	increased	in	alcoholic	liver	disease.	Further	details	of	immunoglobulins	are	given	in	Chapter	49.	3.
Prothrombin	time	(PT)	Since	prothrombin	is	synthesised	by	the	liver,	it	is	a	useful	indicator	of	liver	function.	The	half-life	of	prothrombin	is	6	hours	only;	therefore,	PT	indicates	the	present	function	of	the	liver.	PT	is	prolonged	only	when	liver	loses	more	than	80%	of	its	reserve	capacity.	Vitamin	K	deficiency	is	also	a	cause	for	prolonged	prothrombin
time.	In	case	of	liver	disease,	the	PT	remains	prolonged	even	after	parental	administration	of	vitamin	K.	4.	Alpha-fetoprotein	(AFP)	It	is	a	normal	component	of	fetal	blood.	It	disappears	after	birth	within	a	few	weeks.	It	is	a	tumor	marker.	Mild	elevation	is	suggestive	of	chronic	hepatitis	or	cirrhosis;	drastic	increase	is	seen	in	hepatocellular	carcinoma,
germ	cell	tumors	and	teratoma	of	ovary.	Elevated	AFP	in	the	maternal	serum	is	seen	in	cases	of	fetal	open	neural	tube	defects	and	also	in	cases	with	multiple	fetuses	or	fetal	death.	Low	AFP	is	seen	in	maternal	serum	in	cases	of	fetal	Down	syndrome.	Immuno	assay	is	employed	to	test	AFP.	Reference	limits	are,	up	to	1	year	<	30	ng/ml	and	adults
(males	and	nonpregnant	females>	Urine	GF	>>	Urine	iii.	The	glomerular	filtration	rate	(GFR)	is	120-125	ml	per	minute	in	a	person	with	70	kg	body	weight.	iv.	Glomerular	filtrate	formed	is	about	170	to	180	liters	per	day,	out	of	which	only	1.5	liters	are	excreted	as	urine.	This	means	that	most	of	the	water	content	of	glomerular	filtrate	is	reabsorbed.
Functions	of	the	Tubules	i.	When	the	glomerular	filtrate	is	formed,	it	contains	almost	all	the	crystalloids	of	plasma.	In	the	proximal	convoluted	tubules,	about	70%	water,	Na+	and	Cl–	as	well	as	100%	glucose,	amino	acids	and	K+	are	reabsorbed.	ii.	Urea,	phosphate	and	calcium	are	partially	absorbed	(Table	27.1).	iii.	The	major	processes	occurring	in
renal	tubules	are	the	reabsorption	or	secretion	of	solutes	and	reabsorption	of	water.	Table	27.3	shows	the	functions	of	different	parts	of	the	renal	tubules.	Renal	Threshold	and	Tubular	Maximum	i.	Compounds	whose	excretion	in	urine	is	dependent	on	blood	level	are	known	as	threshold	substances.	At	normal	or	low	plasma	levels,	they	are	completely
reabsorbed	and	are	not	excreted	in	urine.	But	when	the	blood	level	is	elevated,	the	tubular	reabsorptive	capacity	is	saturated,	so	that	the	excess	will	be	excreted	in	urine	(Table	27.2).	ii.	The	renal	threshold	of	a	substance	is	the	plasma	level	above	which	the	compound	is	excreted	in	urine.	iii.	The	maximum	reabsorptive	capacity	of	the	substances	is
known	as	the	tubular	maximum	or	Tm.	iv.	For	glucose,	the	renal	threshold	is	180	mg/dl	and	Tm	is	375	mg/min.	In	other	words,	glucose	starts	to	appear	in	urine	when	blood	level	is	more	than	180	mg/dl,	and	all	the	glucose	molecules	above	375	mg	are	excreted	in	the	urine.	Table	27.2	gives	a	list	of	threshold	substances.	v.	In	abnormal	conditions,	the
renal	threshold	may	be	lowered	so	that	even	at	lower	blood	levels,	compounds	are	excreted	in	urine,	e.g.	renal	glycosuria	(glucose);	and	renal	tubular	acidosis	(bicarbonate).	Reabsorption	of	Solutes	in	Tubules	1.	Sodium	i.	In	the	proximal	convoluted	tubules,	the	reabsorption	of	sodium	is	by	co-transport	mechanism,	accompanied	by	glucose,	amino
acids.	These	mechanisms	are	coupled	with	the	activity	of	sodium-potassium-ATPase.	There	is	passive	transport	of	equivalent	amounts	of	chloride	to	maintain	the	electrical	neutrality.	The	net	effect	is	the	reabsorption	of	sodium	chloride	along	with	glucose,	amino	acids,	etc.	ii.	The	co-transport	of	glucose	is	inhibited	by	ouabain	and	phlorhizin.	The
sodium-Pi	co-transport	system	is	inhibited	by	parathyroid	hormone	and	facilitated	by	calcitriol.	iii.	In	addition,	Na+	to	H+	exchange	system	also	exists	in	the	PCT.	This	is	an	antiport	system,	where	sodium	ions	Table	27.3.	Main	functions	of	kidney	tubules	Segment	of	nephron	Reabsorption	of	Secretion	of	Proximal	convoluted	tubule	(PCT)	Sodium
(85%),	Chloride	(85%),	Bicarbonate	(85%),	Glucose	(100%),	Amino	acids	(100%),	Uric	acid,	Water	(obligatory).	H+,	Acids	and	bases,	NH4+	,	Diodrast,	PAH	Loop	of	Henle	Na+,	Cl–,	Ca++,	Mg++	Distal	convoluted	Na+,	Cl–,	tubule	(DCT)	Water	(facultative)	H+,	K+,	NH4+,	uric	acid	316		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied
Biochemistry	are	reabsorbed,	in	exchange	for	hydrogen	ions.	This	also	achieves	a	net	reabsorption	of	bicarbonate	(Chapter	29).	When	hydrogen	ions	are	to	be	conserved,	sodium	to	potassium	exchange	occurs.	effect	of	aldosterone.	However,	when	the	H+	concentration	is	increased,	H+	ions	are	exchanged	for	sodium,	instead	of	K+.	Table	27.4	gives
the	urinary	excretion	of	solutes	under	normal	conditions.	2.	Calcium	90%	of	calcium	is	reabsorbed	from	the	glomerular	filtrate.	However,	the	regulation	of	calcium	balance	is	achieved	at	the	distal	convoluted	tubules.	The	major	factors	regulating	calcium	reabsorption	are	parathyroid	hormone	and	vitamin	D	(Chapter	35).	Reabsorption	of	Water	i.	The
osmolality	of	urine	can	vary	between	60-1200	milliosmol/kg	(specific	gravity	=	1.003	to	1.032),	depending	on	the	water	intake	and	state	of	hydration.	ii.	The	GFR	is	about	125	ml/minute.	In	the	proximal	convoluted	tubules,	most	of	this	is	reabsorbed.	Since	Na+,	Cl–	and	HCO3–	ions	are	absorbed,	water	has	to	move	along	with	the	solutes	to	maintain
the	osmolality.	Hence,	this	is	called	obligatory	reabsorption	of	water.	iii.	By	the	time	it	reaches	the	Loop	of	Henle,	the	filtrate	is	only	25	ml/min.	Here	sodium	is	again	reabsorbed,	but	water	absorption	is	less	so	that,	urine	is	hypotonic	at	this	level.	iv.	By	the	time	urine	reaches	distal	tubules,	the	flow	rate	is	reduced	to	16	ml/min.	Here	again	water	is
reabsorbed,	but	it	is	under	the	influence	of	ADH.	Therefore,	this	is	called	facultative	reabsorption	of	water.	3.	Uric	acid	It	is	almost	completely	reabsorbed	in	the	proximal	convoluted	tubules,	by	both	active	and	passive	carrier	mediated	processes.	The	drug,	probenecid	is	secreted	by	the	tubule,	and	competes	with	the	uric	acid	for	reabsorption.	Since
probenecid	increases	uric	acid	excretion,	it	is	uricosuric.	There	is	also	active	secretion	of	uric	acid	into	the	tubules.	85%	of	the	excreted	uric	acid	is	derived	by	tubular	secretion.	4.	Urea	Urea	is	freely	filtered	by	the	glomerulus,	but	about	40%	is	reabsorbed	actively	by	the	tubules.	Rate	of	reabsorption	of	urea	varies	inversely	with	tubular	flow	and
accounts	for	elevation	of	blood	urea	when	renal	function	is	low.	The	concentration	of	urea	in	urine	is	about	70	times	that	of	plasma.	Urea	forms	80%	of	total	urinary	solutes.	Urine	is	roughly	a	2%	solution	of	urea.	5.	Creatinine	Creatinine	is	neither	reabsorbed	nor	secreted.	The	urinary	concentration	is	about	70%	that	of	plasma.	6.	Potassium	About
70%	of	potassium	in	the	glomerular	filtrate	is	reabsorbed	by	proximal	convoluted	tubules.	Net	secretion	of	K+	occurs	at	the	distal	tubules,	in	exchange	for	Na+	reabsorption,	under	the	Table	27.4.	Normal	daily	excretion	of	solutes	Compound	Sodium	Potassium	Magnesium	Calcium	Phosphate	Chloride	Bicarbonate	Sulfate	(inorganic)	Sulfate	(organic)
Urea	Creatinine	Uric	acid	Ammonia	Amino	acids	Total	daily	excretion	under	normal	dietary	intake	100-200	mmol	(2-4	g)	50-70	mmol	(1.5-2	g)	4-8	mmol	(0.1-0.2	g)	1.2-3.7	mmol	(0.1-0.3	g)	20-50	mmol	(0.7-1.6	g)	100-250	mmol	(10-15	g)	0-50	mmol	40-120	mEq	(0.6-1.8	g)	—	(0.06-0.2	g)	15-30	g	(6-18	gN)	1-2	g	(0.3-0.8	gN)	0.5-0.8	g	(0.08-0.2	gN)	30-75
mEq	(0.04-1	gN)	(0.08-0.15	gN)	Box	27.3.	Clinical	Applications	of	Diuretics	1.	Osmotic	diuretics	act	by	interfering	with	reabsorption	of	solute	so	that	more	water	is	obligatorily	excreted	along	with	the	solute.	Osmotic	diuretics	mainly	act	at	the	proximal	convoluted	tubules,	e.g.	mannitol.	2.	When	carbonic	anhydrase	is	inhibited,	the	dissociation	of
H2CO3	to	H2O	and	CO2	is	not	taking	place.	Net	effect	is	decreased	reabsorption	of	bicarbonate,	sodium	and	water.	Thus	acetazolamide,	a	carbonic	anhydrase	inhibitor,	will	cause	diuresis.	3.	The	thiazide	group	of	diuretics	act	on	distal	convoluted	tubules,	inhibiting	sodium	reabsorption	and	therefore	more	water	is	excreted	obligatorily.	4.	Frusemide
acts	on	the	ascending	limb	of	loop	of	Henle,	inhibiting	chloride	reabsorption	along	with	Na+	and	water.	So,	chances	of	K+	depletion	are	present.	5.	Aldosterone	antagonists	(Spironolactone)	and	potassium	sparing	diuretics	(amiloride	and	triamterene)	are	also	used	as	diuretics	both	inhibiting	sodium	reabsorption.	6.	In	congestive	cardiac	failure,
diuretics	form	an	important	part	of	therapeutics.	When	the	heart	is	not	working	properly,	water	from	extravascular	space	is	not	returning	to	vascular	compartment	causing	edema	(Chapter	28,	under	albumin).	This	extra	water	may	be	removed	by	judicious	use	of	diuretics.	Chapter	27;	Kidney	Function	Tests		317	Table	27.5.	Urine	appearance
Appearance	Significance	1.	Clear	2.	Cloudy/	Opalescent	Normal	urine	is	straw	colored	Urine	turns	cloudy	on	standing	due	to	precipitation	of	phosphates	on	refrigeration.	Presence	of	pus	causes	cloudiness.	3.	High	color	Concentrated	urine,	Oxidation	of	urobilinogen	to	urobilin	4.	Yellow	Bilirubinuria	in	jaundice	B-complex	intake	5.	Smoky	red	Table
27.6.	Abnormalities	detected	in	dipstick	Test	and	Interpretations	normal	range	1.	Specific	gravity	1.005-1.025	Low	SG	in	renal	tubular	dysfunction;	diabetes	insipidus;	Polydypsia.	High	SG	in	inadequate	water	intake;	volume	depletion	2.	pH	5.5-6.5	Low	pH	in	high	protein	diet	and	acidosis.	Recent	meal-alkaline	tide	High	pH	in	low	protein	diet	3.	Blood
Menstruation,	traumatic	catheterization,	Glomerulonephritis,	Stones,	tumor	and	trauma	of	urinary	tract	Hemoglobinuria-hemolysis	Presence	of	blood	6.	Brownish	red	Hemoglobinuria	7.	Orange	High	levels	of	bilirubin;	Rifampicin	8.	Red	Porphyria;	Ingestion	of	red	beet	9.	Black	urine	Alkaptonuria;	Formic	acid	poisoning	10.	Milky	urine	4.	Protein
Fever,	exercise,	orthostatic	GFR	Diodrast,	PAH	Creatinine	Clearance	Test	1.	Importance	of	Creatinine	Clearance	i.	Creatinine	is	a	waste	product,	formed	from	creatine	phosphate	(Fig.	15.5).	This	conversion	is	spontaneous,	non-enzymatic,	and	is	dependent	on	total	muscle	mass	of	the	body.	It	is	not	affected	by	diet,	age	or	exercise.	Women	and
children	excrete	less	creatinine	than	men,	because	of	their	smaller	muscle	mass.	98%	of	creatine	pool	is	in	muscle.	About	1.6%	is	converted	to	creatinine	per	day	which	is	rapidly	excreted	(see	Box	27.4).	ii.	Since	the	production	is	continuous,	the	blood	level	will	not	fluctuate	much,	making	creatinine	an	ideal	substance	for	clearance	test.	iii.	Creatinine
excretion	is	constant	in	a	particular	person.	Hence	the	urine	creatinine	is	sometimes	used	to	check	whether	the	24	hr	urine	sample	does	actually	contain	total	urine	volume	or	not.	This	is	important	when	urine	is	collected	from	children	and	mentally	retarded	persons.	iv.	In	order	to	circumvent	the	difficulty	of	urine	collection,	nowadays	it	is	customary
to	express	urinary	concentration	of	other	substances	per	gram	of	creatinine	rather	than	per	24	hrs	urine.	2.	Reference	Values	of	Creatinine	Adult	males,	0.7-1.4	mg/dl	Adult	females,	0.6-1.3	mg/dl	Children,	0.4-1.2	mg/dl.	The	kidney	reserve	is	such	that	about	50%	kidney	function	must	be	lost	before	creatinine	level	in	blood	is	raised.	Serum	level
usually	parallels	the	severity	of	the	disease.	Chapter	27;	Kidney	Function	Tests		321	Box	27.4.	Advantages	and	Disadvantages	of	using	Creatinine	Clearance	Test	as	a	GFR	Marker	Advantages	1.	Extra-renal	factors	will	rarely	interfere.	2.	Conversion	of	creatine	phosphate	to	creatinine	is	spontaneous,	non-enzymatic.	3.	As	the	production	is	continuous,
the	blood	level	will	not	fluctuate.	Blood	may	be	collected	at	any	time.	4.	It	is	not	affected	by	diet	or	exercise.	Disadvantages	1.	Creatinine	is	filtered	by	glomeruli,	and	actively	excreted	by	the	tubules.	Of	the	total	excretion,	about	10%	is	tubular	component.	When	the	GFR	is	reduced,	the	secretion	component	is	increased,	and	will	viciate	the	results.	The
creatinine	clearance	is	said	to	overestimate	GFR	by	about	10-20	ml/mt	.	2.	When	GFR	is	severely	reduced,	extra-renal	excretion	increases.	Then	the	major	route	becomes	the	degradation	by	intestinal	bacterial	flora.	3.	Very	early	stages	of	decrease	in	GFR	may	not	be	identified	by	creatinine	clearance	(creatinine	blind	area).	4.	Other	pre-renal,	renal
and	post-renal	causes	will	influence	creatinine	clearance	(see	under	urea	clearance).	Creatinine	level	more	than	1.5	mg/dl	indicates	impairment	of	renal	function.	Creatinine	is	quantitated	by	Jaffe's	reaction	where	creatinine	gives	an	orange	color	with	alkaline	picrate.	Test	kit	based	on	specific	enzymatic	reaction	is	also	available.	3.	Procedure	for
Creatinine	Clearance	Test	Give	500	ml	of	water	to	the	patient,	to	promote	good	urine	flow.	After	about	30	minutes,	ask	to	empty	the	bladder	and	discard	the	urine.	Exactly	after	60	Table	27.10.	Normal	reference	values	Adult	male	Serum	creatinine	GFR	0.7	-1.4	mg/dl	95-115	ml/mt	Adult	female	0.6-1.3	mg/dl	Children	0.5	-1.2	mg/dl	85-	110	ml/mt	Table
27.11.	Factors	affecting	serum	creatinine	Factors	reducing	serum	creatinine	Factors	increasing	serum	creatinine	Low	muscle	mass	Females	Malnutrition	Medicines	Thiazide	Vancomycin	Old	age	Males	Renal	diseases	Glomerulonephritis	Pyelonephritis	Renal	failure	Urinary	obstruction	Congestive	cardiac	failure	Dehydration,	Shock	Medicines
Amphotericin	B	Captopril	Cephalosporins	Kanamycin	minutes,	again	void	the	bladder	and	collect	the	urine,	and	note	the	volume.	Take	one	blood	sample.	Creatinine	level	in	blood	and	urine	are	tested	and	calculated.	Uncorrected	clearance	=	(	U/P	)	x	V	where	U	is	the	urine	creatinine	concentration,	P	is	the	plasma	creatinine	concentration	and	V	is	the
urine	flow	in	ml/min	(The	24	hrs	urine	collection	is	not	necessary	for	the	creatinine	clearance	test).	It	is	useful	to	correct	the	clearance	value	with	body	surface	area.	This	is	important,	especially	in	children,	and	persons	with	short	or	tall	frame.	Creatinine	clearance	corrected	for	surface	area	could	be	calculated	as	U	x	V	x	1.73	–––––––––––	PxA
Reference	values	for	creatinine	level	in	blood	and	the	creatinine	clearance	are	shown	in	Table	27.10.	When	corrected	for	surface	area,	the	creatinine	clearance	value	will	become	comparable	between	males,	females	and	children,	which	is	about	100	ml/min/1.73	sq	meter.	4.	Interpretation	of	Creatinine	Clearance	i.	A	decreased	creatinine	clearance	is	a
very	sensitive	indicator	of	reduced	glomerular	filtration	rate.	Factors	which	will	alter	the	creatinine	level	are	indicated	in	Table	27.11.	322		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	Table	27.12.	Grading	of	chronic	kidney	disease	State	Minimal	damage	with	normal	GFR	Mild	damage	with	slightly	low	GFR	Moderately	low
GFR	Severely	low	GFR	Kidney	failure	Grade	1	GFR	ml/mt/1.73	m2	>90	2	60-89	3	4	5	30-59	15-29	3	gm/day.	24	hrs	urine	protein,	creatinine	clearance	and	sodium	should	be	measured	for	planning	appropriate	treatment.	2.	Prognosis	of	progressive	renal	disease:	It	is	a	marker	for	assessing	the	progressive	loss	of	renal	function	in	renal	disease;	diabetic
nephropathy,	chronic	glomerulo-nephritis,	reflux	nephropathy.	Treatments	that	reduce	proteinuria	(like	anti-hypertensive	drugs)	decrease	rate	of	progression.	3.	Diagnosis	of	early	diabetic	nephropathy:	Early	stages	of	diabetic	nephropathy	are	characterized	by	increase	in	GFR,	microalbuminuria	and	hypertension.	With	more	severe	dysfunction	in
glomerular	permeability,	larger	protein	molecules	get	excreted	in	urine.	In	children,	minimal	change	nephropathy	causes	selective	proteinuria;	non-selective	proteinuria	raises	the	possibility	of	other	types	of	renal	diseases.	In	adults,	measurement	of	selectivity	is	of	no	apparent	benefit.	appear	in	urine.	The	smaller	molecules	of	albumin	pass	through
damaged	glomeruli	more	readily	than	the	heavier	globulins.	Albuminuria	is	always	pathological.	Large	quantities	(a	few	grams	per	day)	of	albumin	are	lost	in	urine	in	nephrosis.	Small	quantities	are	seen	in	urine	in	acute	nephritis,	strenuous	exercise	and	pregnancy.	Overnight	first	voided	sample	(early	morning	urine-EMU)	may	be	used	for	the
measurement	of	protein.	An	EMU	is	preferred	since	it	rules	out	the	possibility	of	orthostatic	albuminuria.	Protein	creatinine	ratio	is	calculated	to	decide	whether	the	patient	has	nephrotic	range	proteinuria	(>3.5)	or	not.	The	calculation	of	ratios	is	found	to	give	better	predictability	of	chronic	kidney	disease	(CKD).	Detection	limit	with	Dipstick	is	200-
300	mg/L.	300	mg/day	=	Benign	proteinuria	300	mg	-1000	mg	=	Pathological	proteinuria	>	1000	mg/day	=	Glomerular	proteinuria	Indications	for	quantitation	are	shown	in	Box	27.7.	2.	Micro-albuminuria	It	is	also	called	minimal	albuminuria	or	paucialbuminuria.	It	is	identified,	when	small	quantity	of	albumin	(30-300	mg/day)	is	seen	in	urine.	The	test
is	not	indicated	in	patients	with	overt	proteinuria	(+ve	dipstick).	Early	morning	midstream	sample	is	preferred.	Micro	albuminuria	is	an	early	indication	of	nephropathy	in	patients	with	diabetes	mellitus	and	hypertension.	Hence,	all	patients	who	are	known	Albumin/IgG	clearance	=	{(Urine	[IgG]	×	Serum	[Albumin])/(Serum	[IgG]	×	Urine	[Albumin])}
×	100	Similarly,	Transferrin/IgG	clearance	=	{(Urine	[IgG]	×	Serum	[Transferrin])/(Serum	[IgG]	×	Urine	[Transferrin])}	×	100	A	ratio	of	<	0.16	indicates	highly	specific	proteinuria.	diabetics	and	hypertensive	should	be	screened	for	microalbuminuria.	It	is	an	early	indicator	of	onset	of	nephropathy.	The	test	should	be	done	at	least	once	in	an	year.	It	is
expressed	as	albumin-creatinine	ratio;	normal	ratio	being	Males	<	23	mg/gm	of	creatinine	Females	<	32	mg/gm	of	creatinine	Patients	showing	higher	values	on	more	than	one	occasions	are	considered	to	have	microalbuminuria.	Confirmed	by	overnight	urine	collection	and	calculation	of	albumin	excretion	rate.	A	value	more	than	20	microgram/minute
confirms	microalbuminuria.	Administration	of	ACE	inhibitors	decreases	the	rate	of	microalbuminuria.	The	selectivity	of	the	membrane	provides	an	assessment	of	glomerular	damage.	Protein	selectivity	index	is	the	relative	proportion	of	higher	to	lower	molecular	weight	protein	(see	Box	27.8).	Micro-albuminuria	is	detected	by	radial	immunodiffusion	or
by	enzyme	linked	immunosorbent	methods.	3.	Overflow	Proteinuria	When	small	molecular	weight	proteins	are	increased	in	blood,	they	overflow	into	urine.	For	example,	hemoglobin	having	a	molecular	weight	of	67,000	can	pass	through	normal	glomeruli,	and	therefore,	if	it	exists	in	free	form	(as	in	hemolytic	conditions),	hemoglobin	can	appear	in
urine	(hemoglobinuria).	326		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	Similarly,	myoglobinuria	is	seen	following	muscle	crush	injury.	Yet	another	example	is	the	Bence-Jones	proteinuria.	In	about	20%	cases	of	multiple	myeloma	(plasmacytoma),	the	light	chains	of	immunoglobulins	are	produced	abnormally.	Being	of
smaller	molecular	weight,	they	are	excreted	in	urine.	These	are	called	Bence-Jones	Proteins	(monoclonal	light	chains	produced	by	plasmacytomas)	(Chapter	49).	When	the	urine	is	heated,	at	45°C	they	start	precipitating,	at	60°C	there	is	maximum	precipitation,	at	80°C	these	proteins	start	re-dissolving,	and	will	form	a	clear	solution	at	100°C.	The
precipitate	re-forms	on	cooling.	It	is	also	detected	by	immunoprecipitation.	the	earliest	manifestation	of	renal	disease	may	be	difficulty	in	concentrating	the	urine.	4.	Tubular	Proteinuria	This	occurs	when	functional	nephrons	are	reduced,	GFR	is	decreased	and	remaining	nephrons	are	over-working.	The	tubular	reabsorption	mechanism	is	impaired,	so
low	molecular	weight	proteins	appear	in	urine.	They	are	Retinol	binding	protein	(RBP)	and	alpha-1	microglobulin	(Protein	HC).	Both	are	synthesized	in	liver	and	are	readily	filtered	by	the	glomerulus.	Tubular	damage	results	in	the	release	of	intracellular	components	to	the	urinary	tract	and	may	be	used	as	markers	of	tubular	damage	e.g.	beta-D-
glucosaminidase,	lysozyme.	3.	Concentration	Test	5.	Nephron	Loss	Proteinuria	In	CKD,	there	is	a	decrease	in	the	number	of	functioning	nephrons.	The	compensatory	rise	in	glomerular	filtration	by	other	nephrons	increases	the	filtered	load	of	proteins.	Even	if	there	are	no	glomerular	permeability	changes,	tubular	proteinuria	is	seen.	6.	Urogenic
proteinuria	This	is	due	to	inflammation	of	lower	urinary	tract,	when	proteins	are	secreted	into	the	tract.	Accumulation	of	proteins	in	tubular	lumen	can	trigger	inflammatory	reaction.	TESTS	FOR	TUBULAR	FUNCTION	1.	Specific	Gravity	of	Urine	The	simplest	test	of	tubular	function	is	the	measurement	of	the	specific	gravity	(SG)	of	urine.	This	is	an
indication	of	osmolality.	Specific	gravity	depends	on	the	concentration	of	solutes,	whereas	osmolality	depends	on	the	number	of	osmotically	active	particles.	Hence	in	cases	of	proteinuria,	the	specific	gravity	is	elevated	considerably,	but	osmolality	is	only	mildly	elevated.	In	moderate	forms	of	kidney	damage,	the	blood	level	of	urea	and	creatinine	may
be	within	the	normal	limits.	The	inability	to	excrete	the	waste	products	may	be	counterbalanced	by	large	urine	output.	Thus	2.	Measurement	of	Osmolality	The	osmolality	of	urine	samples	vary	widely	from	(60	milliosmol/	kg	to	1200	milliosmol/kg).	A	random	urine	sample	may	have	an	osmolality	around	600	mosmls/kg	and	it	increases	to	850	after	12
hours	fluid	restriction.	Simultaneous	measurements	of	plasma	and	urine	osmolality	and	calculation	of	the	ratio	of	osmolality	of	urine/plasma	is	more	helpful.	Normally	the	ratio	varies	from	3-4.5.	The	normal	value	of	plasma	osmolality	is	285–	300	mosm/kg.	Osmolality	is	measured	with	an	osmometer	based	on	the	depression	of	the	freezing	point	of	the
sample.	Patients	with	deficiency	of	ADH	(Central	diabetes	insipidus)	or	a	decreased	response	to	ADH	(Nephrogenic	diabetes	insipidus)	will	excrete	urine	with	osmolality	less	than	300	mosmols/kg	(Table	27.13).	i.	The	patient	is	allowed	no	food	or	water	after	a	meal	at	6	pm.	The	next	day	at	7	AM,	the	bladder	is	emptied	and	specimen	is	discarded.	A
second	specimen	is	collected	at	8	am	and	the	specific	gravity	is	measured.	ii.	If	the	specific	gravity	is	more	than	1.022	(osmolality	exceeds	850	milliosmol/kg),	the	patient	has	adequate	renal	function.	iii.	In	normal	persons,	the	SG	may	be	as	high	as	1.032.	During	the	concentration	test	osmolality	should	exceed	750	milliosmol/kg.	iv.	As	the	disease
progresses	the	urine	specific	gravity	is	fixed	at	and	around	1.010	(300	milliosmol/kg)).	It	is	then	called	isosthenuria.	v.	The	measurement	of	the	volume	of	urine	excreted	during	the	day	and	the	night	is	another	simple	index	of	tubular	function.	Normally	night	volume	is	only	half	of	the	day	volume.	But	an	increased	excretion	of	urine	at	night	or	nocturia
is	an	early	indication	of	tubular	dysfunction.	Table	27.13.	Osmolality	in	response	to	ADH	Condition	Urinary	osmolality	Plasma	Response	osmolality	to	ADH	Diabetes	insipidus	Decreased	(central)	Increased	Normal	Diabetes	insipidus	Decreased	(nephrogenic)	Increased	No	response	Compulsive	water	drinking	Decreased	Decreased	Normal	Osmotic
diuresis	Normal	Normal	Normal	Chapter	27;	Kidney	Function	Tests		327	vi.	The	concentrating	capacity	of	the	renal	tubules	can	be	assessed	by	measuring	the	specific	gravity	of	EMU.	A	value	of	1.018	or	more	indicates	normal	renal	concentrating	capacity.	4.	Dilution	Tests	The	patient	is	not	allowed	to	drink	any	water	after	midnight.	Bladder	is
emptied	at	7	am	and	a	water	load	is	given	(1200	ml	over	the	next	30	minutes).	Hourly	urine	samples	are	collected	for	the	next	4	hours	separately.	Volume,	specific	gravity	and	osmolality	of	each	sample	are	measured.	A	normal	person	will	excrete	almost	all	the	water	load	within	4	hours	and	the	specific	gravity	of	at	least	one	sample	should	fall	to	1.003
and	osmolality	to	50	milliosmol/kg.	The	test	is	more	sensitive	and	less	harmful	than	concentration	test.	5.	Urinary	Acidification	i.	It	is	indicated	in	unexplained	hyper	chloremic	metabolic	acidosis.	Acidification	defects	may	occur	due	to	generalized	tubular	defects	or	due	to	genetically	determined	defects	in	ion	pumps.	ii.	Give	ammonium	chloride	at	a
dose	of	0.1	g/kg	body	wt.	It	is	given	as	an	enteric	coated	preparation	to	decrease	gastric	irritation	and	vomiting.	The	ammonium	chloride	(NH4Cl)	is	dissociated	into	NH4+	and	Cl–.	In	the	liver	the	NH4+	is	immediately	converted	into	urea.	Therefore,	Cl–	ions	are	counter	balanced	by	H+	to	produce	HCl,	a	powerful	acid.	It	is	then	excreted	through
urine	so	as	to	produce	acidification.	Urine	is	collected	hourly,	from	2	to	8	hours	after	ingestion.	The	pH	and	acid	excretion	of	each	sample	is	noted.	At	least	one	sample	should	have	a	pH	of	5.3	or	less	and	ammonia	excretion	should	be	30–90	millimole/hour.	iii.	In	chronic	renal	failure	the	pH	may	be	low,	due	to	coexisting	metabolic	acidosis,	but	the
ammonia	excretion	is	less.	In	renal	tubular	acidosis,	the	pH	5.3	is	not	achieved.	Liver	disease	is	a	contra-indication	to	perform	this	test.	blood	sample	drawn	at	the	same	time	is	used	for	sodium	and	creatinine	estimation.	8.	Fractional	Excretion	of	Phosphate	(FEPO4)	It	is	used	in	the	diagnosis	of	hypophosphatemia	(e.g.,	X-linked	hypophosphatemic
rickets).	Fractional	phosphate	excretion	(FEPO4)	=	CP/CCr	=	(Serum	[Creatinine]	×	Urine	[Phosphate])/(Urine	[Creatinine]	×	Serum	[Phosphate])	Fractional	tubular	reabsorption	of	phosphate	(TRP)	is	calculated	as	1	–	FEPO4	Tubular	maximum	for	phosphate	reabsorption	(TmP/	GFR)	can	be	calculated	as	If	TRP	<	0.86,	TmP/GFR	=	TRP	×	Plasma	P	.
If	TRP	>	0.86,	TmP/GFR	=	{0.30	×	TRP/[1-	(0.8	×	TRP)]}	×	Plasma	Phosphate.	Adult	normal	range	for	TmP/GFR	is	0.80-1.35	mmol/L.	Higher	normal	values	are	seen	in	children	and	infants.	Low	values	are	classically	seen	in	X-linked	hypophosphatemic	rickets	and	in	osteogenic	osteomalacia.	Both	disorders	are	due	to	over-production	or	failure	of
inactivation	of	phosphatonin,	a	phosphaturic	hormone.	TmP/GFR	is	increased	in	hypopara-thyroidism.	TmP/GFR	is	decreased	in	hyperpara-thyroidism	Reduced	phosphate	reabsorption	seen	in	hyper	calciuric	stone	formers	as	well	as	in	other	primary	and	secondary	disorders	of	renal	tubular	function.	A	summary	of	renal	function	tests	is	shown	in	Table
27.14.	Immunological	Tests	in	Renal	Diseases	Tests	done	include:	1.	Complement	components	2.	Immunoglobulins	and	serum	electrophoresis	for	paraproteinemias	3.	Cryoglobulins	4.	Anti-neutrophil	cytoplasmic	antibodies	(ANCA)	5.	Anti-GBM	antibody	6.	Free	light	chain	assay	with	kappa:	lambda	ratio	Table	27.14.	Summary	of	renal	function	tests
Glomerular	dysfunction	Tubular	dysfunction	6.	Fractional	excretion	of	bicarbonate	(FEHCO3)	=	{(Urine	[HCO3]	×	Plasma	[Creatinine])/(Plasma	[HCO3]	×	Urine	[Creatinine])}	×	100.	Normal	FEHCO3	is	<	15%.	A	level	of	>	20%	confirms	Type	2	(proximal)	renal	tubular	acidosis.	Serum	urea	↑	Urine	concentration	Serum	creatinine	↑	Dilution	test
abnormal	Inulin	clearance	↓	Uric	acid	excretion	↓	Creatinine	clearance	↓	Blood	uric	acid	↑	7.	Fractional	Excretion	of	Sodium	(FENa)	It	is	the	sodium	clearance	as	a	%	of	creatinine	clearance.	It	is	calculated	as	UNa/PNa/Ucr/Pcr	x	100	When	tubular	conservation	of	Na	is	lost,	FeNa	increases	to	greater	than	3%	of	Ccr.	FeNa	is	50%	in	acute	tubular
necrosis.	During	hypovolemia,	FeNa	decreases	to	less	than	1%	of	Ccr.	A	spot	urine	sample	and	Urea	clearance	↓	PAH	clearance	↓	Acidification	of	urine	↓	Proteinuria	present	↓	Amino	aciduria	present	Urine	volume	↓	Urine	volume	↑	Specific	gravity	↑	Specific	gravity	↓	Serum	phosphate	↑	Serum	phosphate	↓	328		Textbook	of	Biochemistry;	Section
C:	Clinical	and	Applied	Biochemistry	Table	27.15.	Pattern	of	complement	in	diseases	C3	C4	Post-streptococcus	GN	Low	Normal	SLE	Low	Low	Cryoglobulinemia	Low	Very	low	Membranoproliferative	Low	Low	Subacute	endocarditis	Low	Low	C	=	complement;	GN	=	glomerulonephritis;	SLE	=	systemic	lupus	erythematosus.	Findings	of	complement
tests	are	shown	in	Table	27.15.	Indications	of	testing	complement	are:	1.	Acute	nephritis	syndrome	2.	Renal	failure	with	skin/neurological	involvement	3.	Suspected	SLE	4.	Endocarditis	5.	Cryoglobulinemia	Cryoglobulinemia	These	are	immunoglobulins	precipitated	on	cooling,	and	redissolving	on	warming.	Box	27.9	shows	the	conditions	in	which
cryoglobulinemia	are	associated.	Test	for	cryoglobulinemia	is	done	in:	1.	Renal	failure	with	unexplained	hypocomplementemia	or	positive	rheumatoid	factor	2.	Renal	failure	in	association	with	skin	and	neurological	involvement	3.	Unexplained	renal	failure	and	proteinuria	in	patients	4.	Raynaud-like	symptoms	due	to	complexes	blocking	blood	vessels
Anti-Neutrophil	Cytoplasmic	Antibody	(ANCA)	Auto-antibodies	directed	against	enzymes	present	in	cytoplasm	of	human	neutrophils.	They	are	seen	in	all	patients	Box	27.9.	Cryoglobulinemia	are	Seen	in	1.	Chronic	infections	Cytomegalovirus	Hepatitis	C	virus	Leprosy	Post-streptococcal	glomerulonephritis	2.	Malignancies	Chronic	myeloid	leukemia
Hodgkin’s	disease	Lymphoma	Multiple	myeloma	Waldenstrom’s	macroglobulinemia	3.	Autoimmune	disease	Raynaud’s	disease	Rheumatoid	arthritis	Scleroderma	Sjogren’s	syndrome	Systemic	Lupus	Erythomatosus	Tropical	splenomegaly	syndrome	with	small	vessel	vasculitis	like	Wegener’s	granulomatosis,	microscopic	polyangiitis	and	crescentic
glomerulonephritis.	Negative	ANCA	does	not	rule	out	vasculitis,	and	false	positive	may	also	occur.	Immunofluorescence	is	used	to	detect	these	antibodies.	It	is	positive	in	small	vessel	vasculitis.	Non-specific	ANCA	elevation	may	be	seen	in	systemic	infections	and	other	auto-immune	diseases.	Anti-Glomerular	Basement	Membrane	Antibody	Anti-GBM
antibody	is	seen	in	acute	nephritic	syndrome	as	well	as	in	Goodpasture’s	syndrome,	where	autoantibody	against	type	IV	collagen	is	found	in	the	glomerular	basement	membrane	and	lungs.	It	causes	rapidly	progressive	GN	and	lung	hemorrhage.	A	negative	test	does	not	rule	out	disease,	and	renal	biopsy	may	be	needed.	Chapter	28;	Plasma	Proteins	
329	CHAPTER	28	Plasma	Proteins	CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Plasma	proteins	2.	Electrophoresis	3.	Albumin,	functions,	clinical	significance	4.	Hypo-albuminemia	5.	Globulins,	alpha,	beta,	gamma	6.	Transport	proteins	in	blood	7.	Acute	phase	proteins	in	blood	8.	Ceruloplasmin	9.
Alpha-1	anti-trypsin	10.	Clotting	factors	Total	blood	volume	is	about	4.5	to	5	liters	in	adult	human	being.	If	blood	is	mixed	with	an	anticoagulant	and	centrifuged,	the	cell	components	(RBC	and	WBC)	are	precipitated.	The	supernatant	is	called	plasma.	About	55-60%	of	blood	is	made	up	of	plasma.	i.	If	blood	is	withdrawn	without	anticoagulant	and
allowed	to	clot,	after	about	2	hours	liquid	portion	is	separated	from	the	clot.	This	defibrinated	plasma	is	called	serum,	which	lacks	coagulation	factors	including	prothrombin	and	fibrinogen.	ii.	Total	protein	content	of	normal	plasma	is	6	to	8	g/100	ml.	iii.	The	plasma	proteins	consist	of	albumin	(3.5	to	5	g/dl),	globulins	(2.5-3.5	g/dl)	and	fibrinogen	(200-
400	mg/dl).	The	albumin:	globulin	ratio	is	usually	between	1.2:1	to	1.5:1.	iv.	Almost	all	plasma	proteins,	except	immunoglobulins	are	synthesized	in	liver.	Plasma	proteins	are	generally	synthesised	on	membranebound	polyribosomes.	Most	plasma	proteins	are	glycoproteins.	v.	In	laboratory,	separation	can	be	done	by	salts.	Thus,	fibrinogen	is
precipitated	by	10%	and	globulins	by	22%	concentration	of	sodium	sulphate.	Ammonium	sulphate	will	precipitate	globulins	at	half	saturation	and	albumin	at	full	saturation.	vi.	In	clinical	laboratory,	total	proteins	in	serum	or	plasma	of	patients	are	estimated	by	Biuret	method	(Chapter	4).	Albumin	is	quantitated	by	Bromo	cresol	green	(BCG)	method,	in



which	the	dye	is	preferentially	bound	with	albumin,	and	the	color	is	estimated	colorimetrically.	ELECTROPHORESIS	In	clinical	laboratory,	electrophoresis	is	employed	regularly	for	separation	of	serum	proteins.	The	term	electrophoresis	refers	to	the	movement	of	charged	particles	through	an	electrolyte	when	subjected	to	an	electric	field.	The	details
are	given	in	Chapter	54.	Normal	and	abnormal	electrophoretic	patterns	are	shown	in	Figures	28.1	and	28.2.	Normal	Patterns	and	Interpretations	i.	In	agar	gel	electrophoresis,	normal	serum	is	separated	into	5	bands.	Their	relative	concentrations	are	given	below:	Fig.	28.1.	Serum	electrophoretic	patterns	330		Textbook	of	Biochemistry;	Section	C:
Clinical	and	Applied	Biochemistry	Albumin	:	55-65%	Alpha-1-globulin	:	2-	4%	Alpha-2-globulin	:	6-12%	Beta-globulin	:	8-12%	Gamma-globulin	:	12-22%	ii.	Albumin	has	the	maximum	and	gamma	globulin	has	the	minimum	mobility	in	the	electrical	field.	iii.	Gamma	globulins	contain	the	antibodies	(immunoglobulins).	Most	of	the	alpha-1	fraction	is	made
up	of	alpha-1-antitrypsin.	Alpha-2	band	is	mainly	made	up	by	alpha-2-macroglobulin.	Beta	fraction	contains	low	density	lipoproteins.	Abnormal	Patterns	in	Clinical	Diseases	Various	abnormalities	can	be	identified	in	the	electrophoretic	pattern	(Fig.	28.1).	1.	Chronic	infections:	The	gamma	globulins	are	increased,	but	the	increase	is	smooth	and
widebased.	2.	Multiple	myeloma:	In	para-proteinemias,	a	sharp	spike	is	noted	and	is	termed	as	M-band.	This	is	due	to	monoclonal	origin	of	immunoglobulins	in	multiple	myeloma	(Fig.	28.2).	3.	Fibrinogen:	Instead	of	serum,	if	plasma	is	used	for	electrophoresis,	the	fibrinogen	will	form	a	prominent	band	in	the	gamma	region,	which	may	be	confused
with	the	M-band.	4.	Primary	immune	deficiency:	The	gamma	globulin	fraction	is	reduced.	5.	Nephrotic	syndrome:	All	proteins	except	very	big	molecules	are	lost	through	urine,	and	so	alpha-2	fraction	(containing	macroglobulin)	will	be	very	prominent.	6.	Cirrhosis	of	liver:	Albumin	synthesis	by	liver	is	decreased,	with	a	compensatory	excess	synthesis	of
globulins	by	reticulo-endothelial	system.	So	albumin	band	will	be	thin,	with	a	wide	beta	fraction;	sometimes	beta	and	gamma	fractions	are	fused.	7.	Chronic	lymphatic	leukemia,	gamma	globulin	fraction	is	reduced.	8.	Alpha-1-antitrypsin	deficiency:	The	alpha-1	band	is	thin	or	even	missing.	ALBUMIN	i.	The	name	is	derived	from	the	white	precipitate
formed	when	egg	is	boiled	(Latin,	albus	=	white).	Albumin	constitutes	the	major	part	of	plasma	proteins.	ii.	It	has	one	polypeptide	chain	with	585	amino	acids.	It	has	a	molecular	weight	of	69,000	D.	It	is	elliptical	in	shape.	iii.	It	is	synthesized	by	hepatocytes;	therefore	estimation	of	albumin	is	a	liver	function	test	(Chapter	26).	Albumin	is	synthesized	as
a	precursor,	and	the	signal	peptide	is	removed	as	it	passes	through	endoplasmic	reticulum.	iv.	Albumin	can	come	out	of	vascular	compartment.	So	albumin	is	present	in	CSF	and	interstitial	fluid.	v.	Half-life	of	albumin	is	about	20	days.	Liver	produces	about	12	g	of	albumin	per	day,	representing	about	25%	of	total	hepatic	protein	synthesis.	Half-life:
Each	plasma	protein	has	a	characteristic	half-life	in	circulation;	e.g.	half-life	of	albumin	is	20	days,	and	that	of	haptoglobin	is	5	days.	The	half-life	is	studied	by	labeling	the	pure	protein	with	radioactive	chromium	(51Cr).	A	known	quantity	of	the	labeled	protein	is	injected	into	a	normal	person,	and	blood	samples	are	taken	at	different	time	intervals.
Half-life	of	a	protein	in	circulation	may	be	drastically	reduced	when	proteins	Fig.	28.2.	Normal	and	abnormal	electrophoretic	patterns	Chapter	28;	Plasma	Proteins		331	v.	Edema	is	seen	in	conditions	where	albumin	level	in	blood	is	less	than	2g/dl	(see	hypoalbuminemia,	below).	Fig.	28.3.	Starling	hypothesis	are	lost	in	conditions	such	as	Crohn's
disease	(regional	ileitis)	or	protein	losing	enteropathy.	Functions	of	Albumin	1.	Colloid	osmotic	pressure	of	plasma	i.	The	total	osmolality	of	serum	is	278-305	m	osmol/kg	(about	5000	mm	of	Hg).	But	this	is	produced	mainly	by	salts,	which	can	pass	easily	from	intravascular	to	extravascular	space.	Therefore,	the	osmotic	pressure	exerted	by	electrolytes
inside	and	outside	the	vascular	compartments	will	cancel	each	other.	But	proteins	cannot	easily	escape	out	of	blood	vessels,	and	therefore,	proteins	exert	the	‘effective	osmotic	pressure’.	It	is	about	25	mm	Hg,	and	80%	of	it	is	contributed	by	albumin.	The	maintenance	of	blood	volume	is	dependent	on	this	effective	osmotic	pressure.	ii.	According	to
Starling's	hypothesis,	at	the	capillary	end	the	blood	pressure	(BP)	or	hydrostatic	pressure	expels	water	out,	and	effective	osmotic	pressure	(EOP)	takes	water	into	the	vascular	compartment	(Fig.28.3).	iii.	At	arterial	end	of	the	capillary,	BP	is	35	mm	Hg	and	EOP	is	25	mm;	thus	water	is	expelled	by	a	pressure	of	10	mm	Hg.	At	the	venous	end	of	the
capillary,	EOP	is	25	mm	and	BP	is	15	mm,	and	therefore	water	is	imbibed	with	a	pressure	of	10	mm.	Thus	the	number	of	water	molecules	escaping	out	at	arterial	side	will	be	exactly	equal	to	those	returned	at	the	venous	side	and	therefore	blood	volume	remains	the	same.	iv.	If	protein	concentration	in	serum	is	reduced,	the	EOP	is	correspondingly
decreased.	Then	return	of	water	into	blood	vessels	is	diminished,	leading	to	accumulation	of	water	in	tissues.	This	is	called	edema.	2.	Transport	Function	Albumin	is	the	carrier	of	various	hydrophobic	substances	in	the	blood.	Being	a	watery	medium,	blood	cannot	solubilize	lipid	components.	i.	Bilirubin	and	nonesterified	fatty	acids	are	specifically
transported	by	albumin.	ii.	Drugs	(sulpha,	aspirin,	salicylate,	dicoumarol,	phenytoin),	iii.	Hormones:	steroid	hormones,	thyroxine	iv.	Metals:	Albumin	transports	copper.	Calcium	and	heavy	metals	are	non-specifically	carried	by	albumin.	Only	the	unbound	fraction	of	drugs	is	biologically	active.	3.	Buffering	action	All	proteins	have	buffering	capacity.
Because	of	its	high	concentration	in	blood,	albumin	has	maximum	buffering	capacity	(Chapter	29).	Albumin	has	a	total	of	16	histidine	residues	which	contribute	to	this	buffering	action.	4.	Nutritional	function	All	tissue	cells	can	take	up	albumin	by	pinocytosis.	It	is	then	broken	down	to	amino	acid	level.	So	albumin	may	be	considered	as	the	transport
form	of	essential	amino	acids	from	liver	to	extrahepatic	cells.	Human	albumin	is	clinically	useful	in	treatment	of	liver	diseases,	hemorrhage,	shock	and	burns.	Clinical	Applications	1.	Blood	brain	barrier	Albumin–fatty	acid	complex	cannot	cross	blood–	brain	barrier	and	hence	fatty	acids	cannot	be	taken	up	by	brain.	The	bilirubin	from	albumin	may	be
competitively	replaced	by	drugs	like	aspirin.	Being	lipophilic,	unconjugated	bilirubin	can	cross	the	blood	brain	barrier	and	get	deposited	in	brain.	The	brains	of	young	children	are	susceptible;	free	bilirubin	deposited	in	brain	leads	to	kernicterus	and	mental	retardation	(Chapter	21).	2.	Drug	interactions	When	two	drugs	having	high	affinity	to	albumin
are	administered	together,	there	may	be	competition	for	the	available	sites,	with	consequent	displacement	of	one	drug.	Such	an	effect	may	lead	to	clinically	332		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	significant	drug	interactions,	e.g.	phenytoin	–	dicoumarol	interaction.	3.	Protein-bound	calcium	Calcium	level	in	blood
is	lowered	in	hypoalbuminemia.	Thus,	even	though	total	calcium	level	in	blood	is	lowered,	ionized	calcium	level	may	be	normal,	and	so	tetany	may	not	occur	(Chapter	35).	Calcium	is	lowered	by	0.8	mg/dl	for	a	fall	of	1	g/dl	of	Albumin.	4.	Therapeutic	use	Human	albumin	is	therapeutically	useful	to	treat	burns,	hemorrhage	and	shock.	5.	Edema	Hypo-
albuminemia	will	result	in	tissue	edema	(see	Starling's	law).	5a.	Malnutrition,	where	albumin	synthesis	is	depressed	(generalized	edema)	5b.	Nephrotic	syndrome,	where	albumin	is	lost	through	urine	(facial	edema)	5c.	Cirrhosis	of	liver	(mainly	ascites),	where	albumin	synthesis	is	less	and	it	escapes	into	ascitic	fluid.	5d.	Chronic	congestive	cardiac
failure:	Venous	congestion	will	cause	increased	hydrostatic	pressure	and	decreased	return	of	water	into	capillaries	and	so	pitting	edema	of	feet	may	result.	6.	Normal	value	Normal	level	of	Albumin	is	3.5–5	g/dl.	Lowered	level	of	albumin	(hypo-albuminemia)	has	important	clinical	significance.	7.	Hypo-albuminemia	7a.	Cirrhosis	of	liver:	Synthesis	is
decreased.	7b.	Malnutrition:	Availability	of	amino	acids	is	reduced	and	albumin	synthesis	is	affected.	7c.	Nephrotic	syndrome:	Permeability	of	kidney	glomerular	membrane	is	defective,	so	that	albumin	is	excreted	in	large	quantities.	7d.	Albuminuria:	Presence	of	albumin	in	urine	is	called	albuminuria.	It	is	always	pathological.	Large	quantities	(a	few
grams	per	day)	of	albumin	are	lost	in	urine	in	nephrotic	syndrome.	Small	quantities	are	lost	in	urine	in	acute	nephritis,	and	other	inflammatory	conditions	of	urinary	tract.	Detection	of	albumin	in	urine	is	done	by	heat	and	acetic	acid	test	(see	7e.	7f.	Chapter	27).	In	micro-albuminuria	or	minimal	albuminuria	or	pauci-albuminuria,	small	quantity	of
albumin	(30-300	mg/d)	is	seen	in	urine	(Paucity	=	small	in	quantity).	Protein	losing	enteropathy:	Large	quantities	of	albumin	is	lost	from	intestinal	tract.	Analbuminemia	is	a	very	rare	condition,	where	defective	mutation	in	the	gene	is	responsible	for	absence	of	synthesis.	Albumin-Globulin	Ratio	In	hypo-albuminemia,	there	will	be	a	compensatory
increase	in	globulins	which	are	synthesized	by	the	reticulo-endothelial	system.	Albumin-globulin	ratio	(A/G	ratio)	is	thus	altered	or	even	reversed.	This	again	leads	to	edema.	Hypoproteinemia	Since	albumin	is	the	major	protein	present	in	the	blood,	any	condition	causing	lowering	of	albumin	will	lead	to	reduced	total	proteins	in	blood
(hypoproteinemia).	Hyper-gamma-globulinemias	1.	Low	albumin	level	When	albumin	level	is	decreased,	body	tries	to	compensate	by	increasing	the	production	of	globulins	from	reticulo-endothelial	system.	2.	Chronic	infections	Gamma	globulins	are	increased,	but	the	increase	is	smooth	and	wide	based	(Fig.	28.1).	3.	Multiple	myeloma	Drastic	increase
in	globulins	is	seen	in	paraproteinemias,	when	a	sharp	spike	is	noted	in	electrophoresis.	This	is	termed	as	M-band	because	of	the	monoclonal	origin	of	immunoglobulins	(Figs	28.1	and	28.2).	The	monoclonal	origin	of	immunoglobulins	is	seen	in	multiple	myeloma	(Chapter	49).	Monoclonal	gammopathies	are	characterized	by	the	presence	of	a
monoclonal	protein	which	can	be	detected	by	serum	protein	electrophoresis	and	typed	by	immunofixation	electrophoresis.The	light	chains	are	produced	in	excess	which	is	excreted	in	urine	as	Bence	Jones	proteins	(BJP)	when	their	serum	level	increases.	Multiple	myeloma	is	the	most	common	type	of	monoclonal	gammopathy.	Free	light	chain	assay
along	with	kappa	and	lambda	ratio	in	serum	and	urine	is	found	to	be	very	useful	in	early	diagnosis,	monitoring	the	response	to	treatment	and	prediction	of	prognosis.	Chapter	28;	Plasma	Proteins		333	Table	28.1.	Carrier	proteins	or	transport	proteins	of	plasma	Name	Plasma	level	Molecular	wt	(Dalton)	Compound	bound	or	transported	Electrophoretic
mobility	Biological	and	clinical	significance	Albumin	3.5–5	g/dl	69,000	Fatty	acids,	bilirubin,	calcium,	thyroxine,	heavy	metals,	drugs	e.g.	aspirin,	sulpha	Maximum	anodal	migration	Bilirubin	competes	with	aspirin	for	binding	sites	on	albumin	Prealbumin	(Trans-	25–30	mg/dl	54,000	Steroid	hormones,	Thyroxine,	Retinol	Faster	than	Albumin	Rich	in
tryptophan.	Half-life	is	1day.	It	is	a	negative	acute	phase	protein.	thyretin)	Transports	T	3	and	T4	losely.	Retinol	3–6	mg/dl	binding	protein	(RBP)	21,000	Retinol	(Vitamin	A)	α1	Synthesized	by	liver.	RBP	has	a	short	half-life.	Level	indicates	vitamin	A	status.	Useful	to	assess	the	protein	turn	over	rate.	Thyroxine	1–2	mg/dl	binding	globulin(TBG)	58,000
Thyroxine	α1	Assessment	of	the	binding	sites	on	TBG	is	important	in	studying	thyroid	function.	It	is	synthesised	in	liver	Transcortin;	3–3.5	mg/dl	Cortisol	binding	globulin	(CBG)	52,000	Cortisol	and	Corticosterone	α1	Synthesized	by	liver.	Increased	in	pregnancy.	Free	unbound	fraction	of	hormone	is	biologically	active.	Haptoglobin	(Hp)	40-175mg/dl
100,000	to	400,000	Hemoglobin	α2	Synthesized	in	liver.	Low	level	indicates	hemolysis.	Half-life	of	Hp	is	5	days;	but	that	of	Hb-Hp	is	only	90	minutes.	It	is	an	acute	phase	protein	(see	Chapter	35)	Transferrin	200–300	mg/dl	76,500	Iron	33%	saturated	β	Conserves	iron	by	preventing	iron	loss	through	urine	(see	Chapter	35).	Hemopexin	50–100	mg/dl
57,000	Free	heme	β	Helps	in	preventing	loss	of	heme	(and	so	iron	also)	from	body	(see	Chapter	35).	HDL	(High	density	tein)	Cholesterol	Phospholipids	α	The	lipoprotein	contains	apoprotein-A.	Serves	to	transport	cholesterol	from	lipoprotissues	to	liver	for	elimination	through	bile.	It	is	anti-atherogenic	(Chapter	12).	LDL	(Low	density	lipoprotein)
Cholesterol;	Phospholipids;	Triglyceride	β	Contains	apoprotein-B.	Transports	cholesterol	to	tissues.	It	increases	risk	for	myocardial	infarction	(Chapter	12).	TRANSPORT	PROTEINS	Blood	is	a	watery	medium;	so	lipids	and	lipid	soluble	substances	will	not	easily	dissolve	in	the	aqueous	medium	of	blood.	Hence,	such	molecules	are	carried	by	specific
carrier	proteins.	Their	important	features	are	summarized	in	Table	28.1.	1.	Albumin:	It	is	an	important	transport	protein,	which	carries	bilirubin,	free	fatty	acids,	calcium	and	drugs	(see	above).	2.	Pre-albumin	or	Transthyretin:	It	is	so	named	because	of	its	faster	mobility	in	electrophoresis	than	albumin.	It	is	more	appropriately	named	as	Transthyretin
or	Thyroxin	binding	pre-albumin	(TBPA),	because	it	carries	thyroid	hormones,	thyroxin	(T4)	and	tri-iodo	thyronine	(T3).	Its	halflife	in	plasma	is	only	1	day.	3.	Retinol	binding	protein	(RBP):	It	carries	vitamin	A	(Chapter	33).	It	is	a	low	molecular	weight	protein,	and	so	is	liable	to	be	lost	in	urine.	To	prevent	this	loss,	RBP	is	attached	with	prealbumin;	the
complex	is	big	and	will	not	pass	through	kidney	glomeruli.	It	is	a	negative	acute	phase	protein.	4.	Thyroxine	binding	globulin	(TBG):	It	is	the	specific	carrier	molecule	for	thyroxine	and	tri-iodo	thyronine.	TBG	level	is	increased	in	pregnancy;	but	decreased	in	nephrotic	syndrome.	5.	Transcortin:	It	is	also	known	as	Cortisol	binding	globulin	(CBG).	It	is
the	transport	protein	for	cortisol	and	corticosterone.	6.	Haptoglobin:	Haptoglobin	(for	hemoglobin),	Hemopexin	(for	heme)	and	Transferrin	(for	iron)	are	important	to	prevent	loss	of	iron	from	body.	334		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	Polymorphism	The	term	polymorphism	is	applied	when	the	protein	exists	in
different	phenotypes	in	the	population;	but	only	one	form	is	seen	in	a	particular	person.	Haptoglobin,	transferrin,	ceruloplasmin,	alpha-1antitrypsin	and	immunoglobulins	exhibit	polymorphism.	For	example,	haptoglobin	(Hp)	exists	in	three	forms,	Hp1–1,	Hp2–1,	and	Hp2–2.	Two	genes,	designated	Hp1	and	Hp2	are	responsible	for	these	polymorphic
forms.	Their	functional	capabilities	are	the	same.	These	polymorphic	forms	are	recognized	by	electrophoresis	or	by	immunological	analysis.	Study	of	polymorphism	is	useful	for	genetic	and	anthropological	studies.	ACUTE	PHASE	PROTEINS	The	level	of	certain	proteins	in	blood	may	increase	50	to	1000	folds	in	various	inflammatory	and	neoplastic
conditions.	Such	proteins	are	acute	phase	proteins.	Important	acute	phase	proteins	are	described	below:	1.	C-Reactive	Protein	(CRP)	So	named	because	it	reacts	with	C-polysaccharide	of	capsule	of	pneumococci.	CRP	is	a	beta-globulin	and	has	a	molecular	weight	of	115-140	kD.	It	is	synthesized	in	liver.	It	can	stimulate	complement	activity	and
macrophage	phagocytosis.	When	the	inflammation	has	subsided,	CRP	quickly	falls,	followed	later	by	ESR	(erythrocyte	sedimentation	rate).	CRP	level,	especially	high	sensitivity	C-reactive	protein	level	in	blood	has	a	positive	correlation	in	predicting	the	risk	of	coronary	artery	diseases	(Chapter	25).	2.	Ceruloplasmin	i.	Ceruloplasmin	is	blue	in	color
(Latin,	caeruleus	=	blue).	It	is	an	alpha-2	globulin	with	molecular	weight	of	160,000	Daltons.	It	contains	6	to	8	copper	atoms	per	molecule.	ii.	Ceruloplasmin	is	mainly	synthesized	by	the	hepatic	parenchymal	cells	and	a	small	portion	by	lymphocytes	and	macrophages.	After	the	formation	of	peptide	part	(apo-Cp)	copper	is	added	by	an	intracellular
ATPase	and	carbohydrate	side	chains	are	added	to	make	it	a	glycoprotein	(holo-Cp).	The	normal	plasma	half-life	of	holo-Cp	is	4-5	days.	iii.	Ceruloplasmin	is	also	called	Ferroxidase,	an	enzyme	which	helps	in	the	incorporation	of	iron	into	transferrin	(Chapter	35).	It	is	an	important	anti-oxidant	in	plasma.	iv.	Ninety	per	cent	of	copper	content	of	plasma	is
bound	with	ceruloplasmin,	and	10%	with	albumin.	Copper	is	bound	with	albumin	loosely,	and	so	easily	exchanged	with	tissues.	Hence	transport	protein	for	copper	is	Albumin.	v.	Lowered	level	of	ceruloplasmin	is	seen	in	Wilson's	disease,	malnutrition,	nephrosis,	and	cirrhosis.	vi.	Ceruloplasmin	is	an	acute	phase	protein.	Increased	plasma	Cp	levels	are
seen	in	active	hepatitis,	biliary	cirrhosis,	hemochromatosis,	and	obstructive	biliary	disease,	pregnancy,	estrogen	therapy,	inflammatory	conditions,	collagen	disorders	and	in	malignancies.	Drugs	increasing	the	ceruloplasmin	level	are	estrogen	and	contraceptives.	Reference	blood	levels	of	ceruloplasmin	are:	Adults	Males22-40	mg/dl	Females	25-60
mg/dl	Females	on	oral	contraceptives:	27-66	mg/dl	Pregnancy	30-120	mg/dl	Wilson's	Disease	a.	Level	is	reduced	to	less	than	20	mg/dl	in	Wilson's	hepatolenticular	degeneration.	It	is	an	inherited	autosomal	recessive	condition.	Incidence	of	the	disease	is	1	in	50,000.	b.	The	basic	defect	is	a	mutation	in	a	gene	encoding	a	copper	binding	ATPase	in	cells,
which	is	required	for	excretion	of	copper	from	cells.	So,	copper	is	not	excreted	through	bile,	and	hence	copper	toxicity.	Please	also	see	Chapter	35,	under	copper	metabolism.	c.	Increased	copper	content	in	hepatocyte	inhibits	the	incorporation	of	copper	to	apo-ceruloplasmin.	So	ceruloplasmin	level	in	blood	is	decreased.	Clinical	features	a.
Accumulation	in	liver	leads	to	hepatocellular	degeneration	and	cirrhosis.	b.	Deposit	in	brain	basal	ganglia	leads	to	lenticular	degeneration	and	neurological	symptoms.	c.	Copper	deposits	as	green	or	golden	pigmented	ring	around	cornea;	this	is	called	Kayser–	Fleischer	ring.	d.	Treatment	consists	of	a	diet	containing	low	copper	and	injection	of	D-
penicillamine	which	excretes	Chapter	28;	Plasma	Proteins		335	Table	28.2.	Factors	involved	in	coagulation	process	No.	Name	I	Fibrinogen	II	Prothrombin	IV	V	VII	VIII	Molecular	weight	(Daltons)	340,000	69,000	Electrophoretic	mobility	Activated	by	Function	β	and	γ	Thrombin	Forms	the	clot	(fibrin)	α2	Factor	Xa	Activation	of	fibrinogen	and	factors
XIII,	VIII	and	V	—	Activation	of	factor	II,	VII,	IX,	X,XI	and	XII	Thrombin	Binding	of	prothrombin	to	platelet	Thrombin	Activation	of	factor	X	Calcium	Labile	factor	Proconvertin;	serum	prothrombin	convertin	antecedent	(SPCA)	Antihemophilic	globulin	(AHG)	200,000	βγ	45,500	1,200,000	β2	Thrombin	Activation	of	factor	X	IX	Plasma
thromboplastincomponent	(PTC);	Christmas	factor	62,000	α	Factor	Xla	Activation	of	factor	X	X	Stuart	Prower	factor	59,000	α	Factor	IXa	Activation	of	prothrombin	XI	Plasma	thromboplastin	anticedent	(PTA)	βγ	Factor	XIIa	Activation	of	factor	IX	XII	Hageman	factor	80,000	Kallikrein	Activation	of	factor	XI	XIII	Fibrin	stabilizing	factor	(Liki	Lorand
factor)	320,000	Thrombin	Stabilization	of	fibrin	clot	by	forming	cross-links	Prekallikrein	200,000	85,000	γ	copper	through	urine.	Since	zinc	decreases	copper	absorption,	zinc	is	useful	in	therapy.	3.	Alpha-1	Anti-trypsin	(AAT)	It	is	otherwise	called	alpha-anti-proteinase	or	protease	inhibitor.	It	inhibits	all	serine	proteases	(proteolytic	enzymes	having	a
serine	at	their	active	center),	such	as	plasmin,	thrombin,	trypsin,	chymotrypsin,	elastase,	and	cathepsin.	Serine	protease	inhibitors	are	abbreviated	as	Serpins.	AAT	is	synthesized	in	liver.	It	is	a	glycoprotein	with	a	molecular	weight	of	50	KD.	It	forms	the	bulk	of	molecules	in	serum	having	alpha-1	mobility.	Normal	serum	level	is	75-200	mg/dl.	AAT
deficiency	causes	the	following	conditions:	Emphysema:	The	incidence	of	AAT	deficiency	is	1	in	1000,	and	is	one	of	the	commonest	inborn	errors.	The	total	activity	of	alpha1-AT	is	reduced	in	these	individuals.	Bacterial	infections	in	lung	attract	macrophages	which	release	elastase.	In	the	alpha	1-AT	deficiency,	unopposed	action	of	elastase	will	cause
damage	to	lung	tissue,	leading	to	Activation	of	factor	XII	emphysema.	About	5%	of	emphysema	cases	are	due	to	alpha1-AT	deficiency.	Nephrotic	syndrome:	AAT	molecules	are	lost	in	urine,	and	so	AAT	deficiency	is	produced.	4.	Alpha-2-Macroglobulin	(AMG)	AMG	is	a	tetrameric	protein	with	molecular	weight	of	725	kD.	It	is	the	major	component	of
alpha-2	globulins.	It	is	synthesized	by	hepatocytes	and	macrophages.	AMG	inactivates	all	proteases,	and	is	an	important	in	vivo	anti-coagulant.	AMG	is	the	carrier	of	many	growth	factors	such	as	platelet	derived	growth	factor	(PDGF).	Normal	serum	level	is	130-300	mg/dl.	Its	concentration	is	markedly	increased	(up	to	2-3	g/dl)	in	Nephrotic	syndrome,
where	other	proteins	are	lost	through	urine.	Negative	Acute	Phase	Proteins	During	an	inflammatory	response,	some	proteins	are	seen	to	be	decreased	in	blood;	those	are	called	negative	acute	phase	proteins.	Examples	are	albumin,	transthyretin	(pre-albumin),	retinol	binding	protein	and	transferrin.	Transferrin	is	a	specific	iron	binding	protein	(see
Chapter	35).	It	has	a	half-life	of	7-10	days	and	is	used	as	a	better	index	of	protein	turnover	than	albumin.	336		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	Fig.	28.4.	Cascade	pathway	of	coagulation	Plasma	contains	many	enzymes	(Chapter	23),	protein	hormones	(Chapter	45)	and	immunoglobulins	(Chapter	49).	A
comprehensive	list	of	reference	values	for	the	substances	present	in	blood	is	given	in	the	Appendix	II.	CLOTTING	FACTORS	The	word	coagulation	is	derived	from	the	Greek	term,	"coagulare"	=	to	curdle.	The	biochemical	mechanism	of	clotting	is	a	typical	example	of	cascade	activation.	The	coagulation	factors	are	present	in	circulation	as	inactive
zymogen	forms.	They	are	converted	to	their	active	forms	only	when	the	clotting	process	is	initiated.	This	would	prevent	unnecessary	intravascular	coagulation.	Activation	process	leads	to	a	cascade	amplification	effect,	in	which	one	molecule	of	preceding	factor	activates	1000	molecules	of	the	next	factor.	Thus	within	seconds,	a	large	number	of
molecules	of	final	factors	are	activated.	The	clotting	process	is	schematically	represented	in	Fig.	28.4	and	the	characteristics	of	coagulation	factors	are	shown	in	Table	28.2.	Several	of	these	factors	require	calcium	for	their	activation.	The	calcium	ions	are	chelated	by	the	gamma	carboxyl	group	of	glutamic	acid	residues	of	the	factors,	prothrombin,	VII,
IX,	X,	XI	and	XII	The	gamma	carboxylation	of	glutamic	acid	residues	is	dependent	on	vitamin	K	(Chapter	33),	and	occurs	after	synthesis	of	the	protein	(post-translational	modification).	Prothrombin	It	is	a	single	chain	zymogen	with	a	molecular	weight	of	69,000	D.	The	plasma	concentration	is	10-15	Chapter	28;	Plasma	Proteins		337	Fig.	28.5.
Inheritance	pattern	of	hemophilia	mg/dl.	The	prothrombin	is	converted	to	thrombin	by	Factor	Xa,	by	the	removal	of	N-terminal	fragment.	Thrombin	It	is	a	serine	protease	with	molecular	weight	of	34,000	D.	The	Ca++	binding	of	prothrombin	is	essential	for	anchoring	the	prothrombin	on	the	surface	of	platelets.	When	the	terminal	fragment	is	cleaved
off,	the	calcium	binding	sites	are	removed	and	so,	thrombin	is	released	from	the	platelet	surface.	Fibrinogen	The	conversion	of	fibrinogen	to	fibrin	occurs	by	cleaving	of	Arg-Gly	peptide	bonds	of	fibrinogen.	Fibrinogen	has	a	molecular	weight	of	3,40,000	D	and	is	synthesized	by	the	liver.	Normal	fibrinogen	level	in	blood	is	200-400	mg/dl.	The	fibrin
monomers	formed	are	insoluble.	They	align	themselves	lengthwise,	aggregate	and	precipitate	to	form	the	clot.	Fibrinogen	is	an	acute	phase	protein.	Prothrombin	Time	(PT)	PT	evaluates	the	extrinsic	coagulation	pathway,	so	that	if	any	of	the	factors	synthesized	by	the	liver	(factors	I,	II,	V,	VII,IX	and	X)	is	deficient	prothrombin	time	will	be	prolonged.	It
is	the	time	required	for	the	clotting	of	whole	blood	(citrated	or	oxalated)	after	addition	of	calcium	and	tissue	thromboplastin.	So,	fibrinogen	is	polymerized	to	fibrin	by	thrombin.	PT	is	commonly	assessed	by	the	"one	stage"	prothrombin	time	of	Quick	(named	after	the	inventor).	The	results	are	expressed	either	in	seconds	or	as	a	ratio	of	the	plasma
prothrombin	time	to	a	control	plasma	time.	The	normal	control	PT	is	9-11	seconds.	A	prolongation	of	2	seconds	is	considered	as	abnormal.	Values	more	than	14	seconds	indicate	impending	hemorrhage.	The	PT	is	prolonged	if	any	of	the	concerned	factors	are	deficient.	The	present	techniques	express	the	prothrombin	level	as	a	ratio	as	INR
(Internationalized	ratio).	Liver	dysfunction	of	acute	onset	will	be	reflected	as	prolonged	prothrombin	time.	Out	of	13	clotting	factors,	11	are	synthesized	by	the	liver.	Their	synthesis	is	dependent	on	availability	of	vitamin	K	and	normal	hepatocellular	function.	Prolonged	PT	may	be	the	initial	supportive	laboratory	parameter	to	diagnose	an	acute	liver
disease.	Persistent	and	progressing	prolonged	PT	is	suggestive	of	fulminant	liver	failure.	PT	measurements	are	useful	to	differentiate	cholestasis	and	severe	hepatocellular	disease.	When	prolonged	PT	result	is	obtained;	give	vitamin	K	by	intramuscular	injection	and	after	4	hours	recheck	PT.	If	the	PT	becomes	normal	after	vitamin	K	injection	(which	is
needed	for	post-translational	modification	of	prothrombin)	the	diagnosis	of	cholestasis	can	be	made.	If	the	PT	is	prolonged,	the	possibility	is	severe	hepatocellular	disease.	Fibrinolysis	Unwanted	fibrin	clots	are	continuously	dissolved	in	vivo	by	plasmin,	a	serine	protease.	Its	inactive	precursor	is	plasminogen	(90	kD).	It	is	cleaved	into	two	parts	to
produce	the	active	plasmin.	Plasmin,	in	turn,	is	inactivated	by	alpha-2antiplasmin.	Tissue	plasminogen	activator	(TPA)	is	a	serine	protease	present	in	vascular	endothelium.	TPA	is	released	during	injury	and	then	binds	to	fibrin	clots.	Then	TPA	cleaves	plasminogen	to	generate	plasmin,	which	dissolves	the	clots.	Urokinase	is	another	activator	of
plasminogen.	Urokinase	is	so	named	because	it	was	first	isolated	from	urine.	Urokinase	is	produced	by	macrophages,	monocytes	and	fibroblasts.	Streptokinase,	isolated	from	streptococci	is	another	fibrinolytic	agent.	Clinical	significance	Thrombosis	in	coronary	artery	is	the	major	cause	of	myocardial	infarction	(heart	attack).	If	TPA,	urokinase	or
streptokinase	is	injected	intravenously	in	the	early	phase	of	thrombosis,	the	clot	may	be	dissolved	and	recovery	of	patient	is	possible.	ABNORMALITIES	IN	COAGULATION	Hemophilia	A	(Classical	Hemophilia)	This	is	an	inherited	X-linked	recessive	disease	affecting	males	and	transmitted	by	females.	Male	children	of	hemophilia	patients	are	not
affected;	but	female	children	will	be	carriers,	who	transmit	the	disease	to	their	male	offspring	(Fig.	28.5).	This	is	due	to	the	deficiency	of	factor	VIII	(anti-hemophilic	globulin)	(AHG).	It	is	the	commonest	of	the	inherited	coagulation	defects.	338		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	There	will	be	prolongation	of
clotting	time.	Hence,	even	trivial	wounds	such	as	tooth	extraction	will	cause	excessive	loss	of	blood.	Patients	are	prone	to	internal	bleeding	into	joints	and	intestinal	tract.	Until	recently	the	treatment	consisted	of	administration	of	AHG,	prepared	from	pooled	sera	every	three	months.	Since	this	was	not	generally	available,	the	usual	treatment	was	to
transfuse	blood	periodically,	which	may	lead	to	eventual	iron	overload,	hemochromatosis	(Chapter	35).	Several	hemophilia	patients,	receiving	repeated	transfusions	became	innocent	victims	of	AIDS.	Pure	AHG	is	now	being	produced	by	recombinant	technology	and	is	the	treatment	of	choice.	Hemophilia	B	or	Christmas	Disease	It	is	due	to	factor	IX
deficiency.	The	Christmas	disease	is	named	after	the	first	patient	reported	with	this	disease.	Similar	deficiencies	of	factors	X	and	XI	are	also	reported.	In	these	diseases,	the	manifestations	will	be	similar	to	classical	hemophilia.	Other	Disorders	Acquired	hypofibrinogenemia	or	afibrinogenemia	may	occur	as	a	complication	of	prematuare	separation	of
placenta	or	abruptio	placenta.	Proteolytic	thromboplastic	substances	may	enter	from	placenta	to	maternal	circulation	which	sets	off	the	clotting	cascade	(disseminated	intravascular	coagulation	or	DIC).	But	the	clots	are	usually	degraded	immediately	by	plasminolysis.	Continuation	of	this	process	leads	to	removal	of	all	available	prothrombin	and
fibrinogen	molecules	leading	to	profuse	postpartum	hemorrhage.	In	some	cases	of	carcinoma	of	pancreas,	trypsin	is	released	into	circulation	leading	to	intravascular	coagulation.	This	may	be	manifested	as	fleeting	thrombophlebitis.	Trousseau	diagnosed	his	own	fatal	disease	as	cancer	of	pancreas	when	he	developed	thrombophlebitis.	The
combination	of	carcinoma	of	pancreas,	migratory	thrombophlebitis	and	consumption	coagulopathy	is	termed	as	Trousseau's	triad.	Anticoagulants	They	are	mainly	two	types:	1.	Acting	in	vitro	to	prevent	coagulation	of	collected	blood,	and	2.	Acting	in	vivo	to	prevent	and	regulate	coagulation.	The	first	group	of	anticoagulant	removes	calcium	which	is
essential	for	several	steps	on	clotting.	Oxalates,	citrate	and	EDTA	belong	to	this	group.	Heparin	and	antithrombin	III	are	the	major	in	vivo	anticoagulants.	The	heparin-antithrombin	complex	exerts	an	inhibitory	effect	on	the	serine	protease	which	activates	the	clotting	factors.	Alpha-2	macroglobulin	has	anticoagulant	activity.	Heparin	is	also	used	as	an
anticoagulant	for	in	vitro	system,	e.g.	in	dialysis	and	in	thrombo-embolic	diseases.	It	is	also	used	in	the	treatment	of	intravascular	thrombosis.	Since	vitamin	K	is	essential	for	coagulation,	antagonists	to	vitamin	K	are	used	as	anticoagulants,	especially	for	therapeutic	purposes,	e.g.	Dicoumarol	and	Warfarin	(see	Chapter	33,	under	Vitamin	K).	Chapter
29;	Acid-Base	Balance	and	pH		339	CHAPTER	29	Acid-Base	Balance	and	pH	CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Acids	and	bases	2.	pH	3.	Buffers	4.	Acid-base	balance	in	the	body	5.	Bicarbonate	buffer	system	6.	Respiratory	regulation	of	pH	7.	Renal	regulation	of	pH	8.	Relation	of	pH	and
potassium	9.	Respiratory	acidosis	10.	Metabolic	acidosis	11.	Respiratory	alkalosis	12.	Metabolic	alkalosis	Hydrogen	ions	(H	+)	are	present	in	all	body	compartments.	Maintenance	of	appropriate	concentration	of	hydrogen	ion	(H+)	is	critical	to	normal	cellular	function.	The	acid-base	balance	or	pH	of	the	body	fluids	is	maintained	by	a	closely	regulated
mechanism.	This	involves	the	body	buffers,	the	respiratory	system	and	the	kidney.	Some	common	definitions	are	given	in	Box	29.1.	Functions	of	hydrogen	ions	include:	1.	The	gradient	of	H+	concentration	between	inner	and	outer	mitochondrial	membrane	acts	as	the	driving	force	for	oxidative	phosphorylation.	2.	The	surface	charge	and	physical
configuration	of	proteins	are	affected	by	changes	in	hydrogen	ion	concentration.	3.	Hydrogen	ion	concentration	decides	the	ionization	of	weak	acids	and	thus	affects	their	physiological	functions.	ACIDS	AND	BASES	Definition	The	electrolyte	theory	of	dissociation	was	proposed	by	Arrhenius	(Nobel	Prize,	1903).	According	to	the	definition	proposed	by
Bronsted,	acids	are	substances	that	are	capable	of	donating	protons	and	bases	are	those	that	accept	protons.	Acids	are	proton	donors	and	bases	are	proton	acceptors.	A	few	examples	are	shown	below.	Acids	Bases	HA	H+	+	A–	NH3	+	H+	NH+4	HCl	H+	+	Cl	–	HCO3–	+H+	H2CO3	H2CO3	H+	+	HCO3–	Weak	and	Strong	Acids	i.	The	extent	of
dissociation	decides	whether	they	are	strong	acids	or	weak	acids.	Strong	acids	dissociate	completely	in	solution,	while	weak	acids	ionize	incompletely,	for	example,	H+	+	Cl–	H+	+	HCO3–	HCl	H2CO3	(Complete)	(Partial)	Table	29.1.	Relation	between	hydrogen	ions,	hydroxyl	ions	and	pH	of	aqueous	solutions.	Ionic	product	of	water	=	[H+][OH–]	=	10–
14	[OH–]	mol/liter	[H+]	log	–log[H+]	mol/liter	[H+]	=pH	pOH	Inference	1	x	10¯13	1	x	10¯1	–1	13	1	x	10¯10	1	x	10¯4	–4	4	10	Acid	1	x	10¯	7	1	x	10¯7	–7	7	7	Neutral	1	x	10¯	4	1	x	10¯10	–10	10	4	Alkali	1	x10¯1	1	x	10¯13	–13	13	1	Strong	alkali	1	Strong	acid	340		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	Box	29.1.	Terms
Explained	Term	Definition	and	explanations	pH	Negative	logarithm	of	hydrogen	ion	concentration.	Normal	value	7.4	(range	7.38	-7.42)	Acids	Proton	donors;	pH	7	Strong	acids	Acids	which	ionize	completely;	e.g.	HCl	Weak	acids	Acids	which	ionize	incompletely	e.g.	H2CO3	pK	value	pH	at	which	the	acid	is	half	ionized;	Salt	:	Acid	=	1	:	1	Alkali	reserve
Bicarbonate	available	to	neutralize	acids;	Normal	24	mmol/L	(range	22-26	mmol/L)	Buffers	Solutions	minimise	changes	in	pH	ii.	In	a	solution	of	HCl,	almost	all	the	molecules	dissociate	and	exist	as	H+	and	Cl–	ions.	Hence	the	concentration	of	H+	is	very	high	and	it	is	a	strong	acid.	iii.	But	in	the	case	of	a	weak	acid	(e.g.	acetic	acid),	it	will	ionize	only
partially.	So,	the	number	of	acid	molecules	existing	in	the	ionized	state	is	much	less,	may	be	only	50%.	Dissociation	Constant	i.	Since	the	dissociation	of	an	acid	is	a	freely	reversible	reaction,	at	equilibrium	the	ratio	between	dissociated	and	undissociated	particle	is	a	constant.	The	dissociation	constant	(Ka)	of	an	acid	is	given	by	the	formula	[H+]	[A–]
Ka	=	––––––––,	[HA]	where	[H+]	is	the	concentration	of	hydrogen	ions,	[A–]	=	the	concentration	of	anions	or	conjugate	base,	and	[HA]	is	the	concentration	of	undissociated	molecules.	ii.	The	pH	at	which	the	acid	is	half	ionized	is	called	pKa	of	an	acid	which	is	constant	at	a	particular	temperature	and	pressure.	iii.	Strong	acids	will	have	a	low	pKa	and
weak	acids	have	a	higher	pKa.	Acidity	of	a	Solution	and	pH	i.	The	acidity	of	a	solution	is	measured	by	noting	the	hydrogen	ion	concentration	in	the	solution	and	obtained	by	the	equation.	[acid]	[H+]	=	Ka	[base]	[HA]	––––	or	––––	[A–]	where	Ka	is	the	dissociation	constant.	ii.	To	make	it	easier,	Sorensen	expressed	the	H	+	concentration	as	the	negative
of	the	logarithm	(logarithm	to	the	base	10)	of	hydrogen	ion	concentration,	and	is	designated	as	the	pH.	Therefore,	1	pH	=	–log	[H+]	=	log	[H+]	iii.	Thus	the	pH	value	is	inversely	proportional	to	the	acidity.	Lower	the	pH,	higher	the	acidity	or	hydrogen	ion	concentration	while	higher	the	pH,	the	acidity	is	lower	(Table	29.1).	iv.	At	a	pH	of	1,	the
hydrogen	ion	concentration	is	10	times	that	of	a	solution	with	a	pH	2	and	100	times	that	of	a	solution	with	a	pH	of	3	and	so	on.	The	pH	7	indicates	the	neutral	pH,	when	the	hydrogen	ion	concentration	is	100	nanomoles/liter.	The	pH	meter	is	described	in	Chapter	48.	The	Effect	of	Salt	upon	the	Dissociation	i.	The	relationship	between	pH,	pKa,
concentration	of	acid	and	conjugate	base	(or	salt)	is	expressed	by	the	Henderson-Hasselbalch	equation,	[base]	[salt]	pH	=	pKa	+	log	–––––	or	pH	=	pKa	+	log	–––––	[acid]	[acid]	When	[base]	=	[acid];	then	pH	=	pKa	ii.	Therefore,	when	the	concentrations	of	base	and	acid	are	the	same,	then	pH	is	equal	to	pKa.	Thus,	when	the	acid	is	half	ionized,	pH	and
pKa	have	the	same	values.	BUFFERS	1.	Definition	Buffers	are	solutions	which	can	resist	changes	in	pH	when	acid	or	alkali	is	added.	Chapter	29;	Acid-Base	Balance	and	pH		341	2.	Composition	of	a	Buffer	Buffers	are	of	two	types:	a.	Mixtures	of	weak	acids	with	their	salt	with	a	strong	base	or	b.	Mixtures	of	weak	bases	with	their	salt	with	a	strong	acid.
A	few	examples	are	given	below:	i.	H2CO3/NaHCO3	(Bicarbonate	buffer)	(carbonic	acid	and	sodium	bicarbonate)	ii.	CH3COOH/CH3COO	Na	(Acetate	buffer)	(acetic	acid	and	sodium	acetate)	iii.	Na2HPO4/NaH2PO4	(Phosphate	buffer)	3.	Factors	Affecting	pH	of	a	Buffer	The	pH	of	a	buffer	solution	is	determined	by	two	factors:	a.	The	value	of	pK:	The
lower	the	value	of	pK,	the	lower	is	the	pH	of	the	solution.	b.	The	ratio	of	salt	to	acid	concentrations:	Actual	concentrations	of	salt	and	acid	in	a	buffer	solution	may	be	varying	widely,	with	no	change	in	pH,	so	long	as	the	ratio	of	the	concentrations	remains	the	same.	4.	Factors	Affecting	Buffer	Capacity	i.	On	the	other	hand,	the	buffer	capacity	is
determined	by	the	actual	concentrations	of	salt	and	acid	present,	as	well	as	by	their	ratio.	ii.	Buffering	capacity	is	the	number	of	grams	of	strong	acid	or	alkali	which	is	necessary	for	a	change	in	pH	of	one	unit	of	one	liter	of	buffer	solution.	iii.	The	buffering	capacity	of	a	buffer	is	defined	as	the	ability	of	the	buffer	to	resist	changes	in	pH	when	an	acid
or	base	is	added.	5.	How	do	Buffers	Act?	i.	Buffer	solutions	consist	of	mixtures	of	a	weak	acid	or	base	and	its	salt.	ii.	To	take	an	example,	when	hydrochloric	acid	is	added	to	the	acetate	buffer,	the	salt	reacts	with	the	acid	forming	the	weak	acid,	acetic	acid	and	its	salt.	Similarly	when	a	base	is	added,	the	acid	reacts	with	it	forming	salt	and	water.	Thus
changes	in	the	pH	are	minimized.	CH3–COOH	+	NaOH	→	CH3–COONa	+	H2O	CH3–COONa	+	HCl	→	CH3–COOH	+	NaCl	iii.	The	buffer	capacity	is	determined	by	the	absolute	concentration	of	the	salt	and	acid.	But	the	pH	of	the	buffer	is	dependent	on	the	relative	proportion	of	the	salt	and	acid	(see	the	Henderson-Hasselbalch's	equation).	iv.	When	the
ratio	between	salt	and	acid	is	10:1,	the	pH	will	be	1	unit	higher	than	the	pKa.	When	the	ratio	between	salt	and	acid	is	1:10,	the	pH	will	be	1	unit	lower	than	the	pKa.	6.	Application	of	the	Equation	i.	The	pH	of	a	buffer	on	addition	of	a	known	quantity	of	acid	and	alkali	can,	therefore,	be	predicted	by	the	equation.	ii.	Moreover,	the	concentration	of	salt	or
acid	can	be	found	out	by	measuring	the	pH.	iii.	The	Henderson-Hasselbalch's	equation,	therefore,	has	great	practical	application	in	clinical	practice	in	assessing	the	acid-base	status,	and	predicting	the	limits	of	the	compensation	of	body	buffers.	7.	Effective	Range	of	a	Buffer	A	buffer	is	most	effective	when	the	concentrations	of	salt	and	acid	are	equal
or	when	pH	=	pKa.	The	effective	range	of	a	buffer	is	1	pH	unit	higher	or	lower	than	pKa.	Since	the	pKa	values	of	most	of	the	acids	produced	in	the	body	are	well	below	the	physiological	pH,	they	immediately	ionize	and	add	H+	to	the	medium.	This	would	necessitate	effective	buffering.	Phosphate	buffer	is	effective	at	a	wide	range,	because	it	has	3	pKa
values.	ACID-BASE	BALANCE	Normal	pH	The	pH	of	plasma	is	7.4	(average	hydrogen	ion	concentration	of	40	nanomoles/liter).	In	normal	life,	the	variation	of	plasma	pH	is	very	small.	The	pH	of	plasma	is	maintained	within	a	narrow	range	of	7.38	to	7.42.	The	pH	of	the	interstitial	fluid	is	generally	0.5	units	below	that	of	the	plasma.	Acidosis	If	the	pH	is
below	7.38,	it	is	called	acidosis.	Life	is	threatened	when	the	pH	is	lowered	below	7.25.	Acidosis	leads	to	CNS	depression	and	coma.	Death	occurs	when	pH	is	below	7.0.	Alkalosis	When	the	pH	is	more	than	7.42,	it	is	alkalosis.	It	is	very	dangerous	if	pH	is	increased	above	7.55.	342		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry
Box.	29.2.	Mechanisms	of	Regulation	of	pH	First	line	of	defense	:	Blood	buffers	Second	line	of	defense	:	Respiratory	regulation	Third	line	of	defense	:	Renal	regulation	Alkalosis	induces	neuromuscular	hyperexcitability	and	tetany.	Death	occurs	when	the	pH	is	above	7.6.	Volatile	and	Fixed	Acids	i.	During	the	normal	metabolism,	the	acids	produced	may
be	volatile	acids	like	carbonic	acid	or	nonvolatile	(fixed)	acids	like	lactate,	keto	acids,	sulfuric	acid	and	phosphoric	acid.	ii.	The	metabolism	produces	nearly	20,000	milli	equivalents	(mEq)	of	carbonic	acid	and	60-80	mEq	of	fixed	acids	per	day.	iii.	The	lactate	and	keto	acids	are	produced	in	relatively	fixed	amounts	by	normal	metabolic	activity,	e.g.	1	mol
of	glucose	produces	2	mols	of	lactic	acid.	iv.	The	dietary	protein	content	decides	the	amount	of	sulfuric	and	phosphoric	acids.	The	sulfoproteins	yield	sulfuric	acid	and	phosphoproteins	and	nucleoproteins	produce	phosphoric	acid.	On	an	average	about	3	g	of	phosphoric	acid	and	about	3	g	sulfuric	acid	are	produced	per	day.	v.	The	carbonic	acid,	being
volatile,	is	eliminated	as	CO2	by	the	lungs.	The	fixed	acids	are	buffered	and	later	on	the	H+	are	excreted	by	the	kidney.	The	mechanisms	of	regulation	of	pH	are	inter-related	(Box	29.2).	Table	29.2.	Buffer	systems	of	the	body	Extracellular	fluid	Intracellular	fluid	Erythrocyte	fluid	(bicarbonate)	(phosphate)	(hemoglobin)	(protein	buffer)	(phosphate)
Na2HPO4	NaH2PO	4	(phosphate)	1.	BUFFERS	OF	THE	BODY	FLUIDS	Buffers	are	the	first	line	of	defense	against	acid	load.	These	buffer	systems	are	enumerated	in	Table	29.2.	The	buffers	are	effective	as	long	as	the	acid	load	is	not	excessive,	and	the	alkali	reserve	is	not	exhausted.	Once	the	base	is	utilized	in	this	reaction,	it	is	to	be	replenished	to
meet	further	challenge.	1-A.	Bicarbonate	Buffer	System	i.	The	most	important	buffer	system	in	the	plasma	is	the	bicarbonate-carbonic	acid	system	(NaHCO3/H2CO3).	It	accounts	for	65%	of	buffering	capacity	in	plasma	and	40%	of	buffering	action	in	the	whole	body.	ii.	The	base	constituent,	bicarbonate	(HCO3–),	is	regulated	by	the	kidney	(metabolic
component).	iii.	While	the	acid	part,	carbonic	acid	(H2CO3),	is	under	respiratory	regulation	(respiratory	component).	iv.	The	normal	bicarbonate	level	of	plasma	is	24	mmol/liter.	The	normal	pCO2	of	arterial	blood	is	40	mm	of	Hg.	The	normal	carbonic	acid	concentration	in	blood	is	1.2	mmol/L.	The	pKa	for	carbonic	acid	is	6.1.	Substituting	these	values
in	the	HendersonHasselbalch's	equation,	[HCO3–]	pH	=	pKa	+	log	–––––––	[H2CO3]	24	7.4	=	6.1	+	log	–––	1.2	=	6.1	+	log	20	=	6.1	+	1.3	v.	Hence,	the	ratio	of	HCO3–	to	H2CO3	at	pH	7.4	is	20	under	normal	conditions.	This	is	much	higher	than	the	theoretical	value	of	1	which	ensures	maximum	effectiveness.	vi.	The	bicarbonate	carbonic	acid	buffer
system	is	the	most	important	for	the	following	reasons:	a.	Presence	of	bicarbonate	in	relatively	high	concentrations.	b.	The	components	are	under	physiological	control,	CO2	by	lungs	and	bicarbonate	by	kidneys.	Chapter	29;	Acid-Base	Balance	and	pH		343	1-B.	Alkali	Reserve	Bicarbonate	represents	the	alkali	reserve	and	it	has	to	be	sufficiently	high	to
meet	the	acid	load.	If	it	was	too	low	to	give	a	ratio	of	1,	all	the	HCO3–	would	have	been	exhausted	within	a	very	short	time;	and	buffering	will	not	be	effective.	So,	under	physiological	circumstances,	the	ratio	of	20	(a	high	alkali	reserve)	ensures	high	buffering	efficiency	against	acids.	1-C.	Phosphate	Buffer	System	It	is	mainly	an	intracellular	buffer.	Its
concentration	in	plasma	is	very	low.	The	pKa	value	is	6.8.	So	applying	the	equation,	[salt]	pH	(7.4)=	pKa	(6.8)	+	log	–––––	[acid]	[salt]	or	0.6	=	log	–––––	[acid]	Antilog	of	0.6	=	4;	hence	the	ratio	is	4.	This	is	found	to	be	true	under	physiological	condition.	The	phosphate	buffer	system	is	found	to	be	effective	at	a	wide	pH	range,	because	it	has	more	than
one	ionizable	group	and	the	pKa	values	are	different	for	both.	pKa	=	1.96	→	H+	+	H2PO4–	H3PO4	–––––	pKa	=	6.8	–	→	H++	HPO4=	(Na2HPO4	/NaH2PO4)	H2PO4	–––––	pKa	=	12.4	+	→	H	+	PO4≡	HPO4=	–––––––––	In	the	body,	Na2HPO4/NaH2PO4	is	an	effective	buffer	system,	because	its	pKa	value	is	nearest	to	physiological	pH.	Fig.	29.1.
Intracellular	buffers	play	a	significant	role	to	combat	acid	load	of	the	body	1-D.	Protein	Buffer	System	Buffering	capacity	of	protein	depends	on	the	pKa	value	of	ionizable	side	chains.	The	most	effective	group	is	histidine	imidazole	group	with	a	pKa	value	of	6.1.The	role	of	the	hemoglobin	buffer	is	considered	along	with	the	respiratory	regulation	of	pH.
1-E.	Relative	Capacity	of	Buffer	Systems	In	the	body,	52%	buffer	activity	is	in	tissue	cells	and	6%	in	RBCs.	Rest	43%	is	by	extracellular	buffers.	In	plasma	and	extracellular	space,	about	40%	buffering	action	is	by	bicarbonate	system;	1%	by	proteins	and	1%	by	phosphate	buffer	system	(Fig.	29.1).	1-F.	Buffers	Act	Quickly,	But	Not	Permanently	Buffers
can	respond	immediately	to	addition	of	acid	or	base,	but	they	do	not	serve	to	eliminate	the	acid	from	the	body.	They	are	also	unable	to	replenish	the	alkali	reserve	of	the	body.	For	the	final	elimination	of	acids,	the	respiratory	and	renal	regulations	are	very	essential.	2.	RESPIRATORY	REGULATION	OF	pH	2-A.	The	Second	Line	of	Defense	i.	This	is
achieved	by	changing	the	pCO	2	(or	carbonic	acid,	the	denominator	in	the	equation).	The	CO2	diffuses	from	the	cells	into	the	extracellular	fluid	and	reaches	the	lungs	through	the	blood.	ii.	The	rate	of	respiration	(rate	of	elimination	of	CO2)	is	controlled	by	the	chemoreceptors	in	the	respiratory	center	which	are	sensitive	to	changes	in	the	pH	of	blood.
iii.	When	there	is	a	fall	in	pH	of	plasma	(acidosis),	the	respiratory	rate	is	stimulated	resulting	in	hyperventilation.	This	would	eliminate	more	CO2,	thus	lowering	the	H2CO3	level	(Box	29.3).	iv.	However,	this	cannot	continue	for	long.	The	respiratory	system	responds	to	any	change	in	pH	immediately,	but	it	cannot	proceed	to	completion.	2-B.	Action	of
Hemoglobin	i.	The	hemoglobin	serves	to	transport	the	CO2	formed	in	the	tissues,	with	minimum	change	in	pH.	(See	isohydric	transport,	Chapter	22).	ii.	Side	by	side,	it	serves	to	generate	bicarbonate	or	alkali	reserve	by	the	activity	of	the	carbonic	anhydrase	system	(Chapter	22).	344		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied
Biochemistry	Fig.	29.2.	Excretion	of	hydrogen	ions	in	the	proximal	tubules;	CA	=	Carbonic	anhydrase	Carbonic	anhydrase	CO2	+	H2O	–––––––––	→	H2CO3	→	HCO3–	+	H+	H2CO3	–––––––––	H+	+	Hb–	→	HHb	–––––––––	iii.	The	reverse	occurs	in	the	lungs	during	oxygenation	and	elimination	of	CO2.	When	the	blood	reaches	the	lungs,	the	Bicarbonate
reenters	the	erythrocytes	by	reversal	of	chloride	shift.	It	combines	with	H+	liberated	on	oxygenation	of	hemoglobin	to	form	carbonic	acid	which	dissociates	into	CO2	and	H2O.	CO2	is	thus	eliminated	by	the	lungs.	→	HbO2	+	H+	HHb	+	O2	–––––––––	→	H2CO3	HCO3--	+	H+	–––––––––	→	H2O	+	CO2	H2CO3	–––––––––	Fig.	29.4.	Phosphate	mechanism	in
tubules	Fig.	29.3.	Reabsorption	of	bicarbonate	from	the	tubular	fluid;	CA	=	Carbonic	anhydrase	iv.	The	activity	of	the	carbonic	anhydrase	(also	called	carbonate	dehydratase)	increases	in	acidosis	and	decreases	with	decrease	in	H+	concentration.	3.	RENAL	REGULATION	OF	pH	An	important	function	of	the	kidney	is	to	regulate	the	pH	of	the
extracellular	fluid.	Normal	urine	has	a	pH	around	6;	this	pH	is	lower	than	that	of	extracellular	fluid	(pH	=	7.4).	This	is	called	acidification	of	urine.	The	pH	of	the	urine	may	vary	from	as	low	as	4.5	to	as	high	as	9.8,	depending	on	the	amount	of	acid	excreted.	The	major	renal	mechanisms	for	regulation	of	pH	are:	A.	Excretion	of	H+	(Fig.	29.2)	B.
Reabsorption	of	bicarbonate	(recovery	of	bicarbonate)	(Fig.	29.3)	C.	Excretion	of	titratable	acid	(net	acid	excretion)	(Fig.	29.4)	D.	Excretion	of	NH4+	(ammonium	ions)	(Fig.	29.5).	3-A.	Excretion	of	H+;	Generation	of	Bicarbonate	i.	This	process	occurs	in	the	proximal	convoluted	tubules	(Fig.	29.2).	ii.	The	CO2	combines	with	water	to	form	carbonic
acid,	with	the	help	of	carbonic	anhydrase.	The	H2CO3	then	ionizes	to	H+	and	bicarbonate.	iii.	The	hydrogen	ions	are	secreted	into	the	tubular	lumen;	in	exchange	for	Na	+	reabsorbed.	These	Na+	ions	along	with	HCO3–	will	be	reabsorbed	into	the	blood.	iv.	There	is	net	excretion	of	hydrogen	ions,	and	net	generation	of	bicarbonate.	So	this	mechanism
serves	to	increase	the	alkali	reserve.	Chapter	29;	Acid-Base	Balance	and	pH		345	3-B.	Reabsorption	of	Bicarbonate	i.	This	is	mainly	a	mechanism	to	conserve	base.	There	is	no	net	excretion	of	H+	(Fig.	29.3).	ii.	The	cells	of	the	PCT	have	a	sodium	hydrogen	exchanger.	When	Na+	enters	the	cell,	hydrogen	ions	from	the	cell	are	secreted	into	the	luminal
fluid.	The	hydrogen	ions	are	generated	within	the	cell	by	the	action	of	carbonic	anhydrase.	iii.	The	hydrogen	ions	secreted	into	the	luminal	fluid	is	required	for	the	reabsorption	of	filtered	bicarbonate.	iv.	Bicarbonate	is	filtered	by	the	glomerulus.	This	is	completely	reabsorbed	by	the	proximal	convoluted	tubule,	so	that	the	urine	is	normally	bicarbonate
free.	v.	The	bicarbonate	combines	with	H+	in	tubular	fluid	to	form	carbonic	acid.	It	dissociates	into	water	and	CO2.	The	CO2	diffuses	into	the	cell,	which	again	combines	with	water	to	form	carbonic	acid.	vi.	In	the	cell,	it	again	ionizes	to	H+	that	is	secreted	into	lumen	in	exchange	for	Na+.	The	HCO3–	is	reabsorbed	into	plasma	along	with	Na+.	vii.
Here,	there	is	no	net	excretion	of	H+	or	generation	of	new	bicarbonate.	The	net	effect	of	these	processes	is	the	reabsorption	of	filtered	bicarbonate	which	is	mediated	by	the	Sodium-Hydrogen	exchanger.	But	this	mechanism	prevents	the	loss	of	bicarbonate	through	urine.	3-C.	Excretion	of	H+	as	Titratable	Acid	i.	In	the	distal	convoluted	tubules	net
acid	excretion	occurs.	Hydrogen	ions	are	secreted	by	the	distal	tubules	and	collecting	ducts	by	hydrogen	ion-ATPase	located	in	the	apical	cell	membrane.	The	hydrogen	ions	are	generated	in	the	tubular	cell	by	a	reaction	catalyzed	by	carbonic	anhydrase.	The	bicarbonate	generated	within	the	cell	passes	into	plasma.	ii.	The	term	titratable	acidity	of
urine	refers	to	the	number	of	milliliters	of	N/10	NaOH	required	to	titrate	1	liter	of	urine	to	pH	7.4.	This	is	a	measure	of	net	acid	excretion	by	the	kidney.	iii.	The	major	titratable	acid	present	in	the	urine	is	sodium	acid	phosphate.	As	the	tubular	fluid	passes	down	the	renal	tubules	more	and	more	H+	are	secreted	into	the	luminal	fluid	so	that	its	pH
steadily	falls.	The	process	starts	in	the	proximal	tubules,	but	continues	upto	the	distal	tubules.	Fig.	29.5.	Ammonia	mechanism	iv.	Due	to	the	Na+	to	H+	exchange	occurring	at	the	renal	tubular	cell	border,	the	Na2HPO4	(basic	phosphate)	is	converted	to	NaH2PO4	(acid	phosphate)	(Fig.	29.4).	As	a	result,	the	pH	of	tubular	fluid	falls.	v.	The	acid	and
basic	phosphate	pair	is	considered	as	the	urinary	buffer.	The	maximum	limit	of	acidification	is	pH	4.5.	This	process	is	inhibited	by	carbonic	anhydrase	inhibitors	like	acetazolamide.	3-D.	Excretion	of	Ammonium	Ions	i.	Predominantly	occurs	at	the	distal	convoluted	tubules.	This	would	help	to	excrete	H+	and	reabsorb	HCO3–	(Fig.	29.5).	ii.	This
mechanism	also	helps	to	trap	hydrogen	ions	in	the	urine,	so	that	large	quantity	of	acid	may	be	excreted	with	minor	changes	in	pH.	The	excretion	of	ammonia	helps	in	the	elimination	of	hydrogen	ions	without	appreciable	change	in	the	pH	of	the	urine.	iii.	The	Glutaminase	present	in	the	tubular	cells	can	hydrolyze	glutamine	to	ammonia	and	glutamic
acid.	The	NH3	(ammonia)	diffuses	into	the	luminal	fluid	and	combines	with	H+	to	form	NH4+(ammonium	ion).	The	glutaminase	activity	is	increased	in	acidosis.	So	large	quantity	of	H+	ions	are	excreted	as	NH4+	in	acidosis.	iv.	Since	it	is	a	positively	charged	ion,	it	can	accompany	negatively	charged	acid	anions;	so	Na+	and	K+	are	conserved
(Fig.29.5).	v.	Normally,	about	70	mEq/L	of	acid	is	excreted	daily;	but	in	condition	of	acidosis,	this	can	rise	to	400	mEq/day.	346		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	Box	29.3.	Summary	of	Buffering	against	Acid	Load	Box	29.5.	Steps	to	the	Clinical	Assessment	of	Acid-Base	Disturbances	1.	Assess	pH	(normal	7.4);	pH
7.42	is	alkalemia	2.	Serum	bicarbonate	level:	See	Box	29.6.	3.	Assess	arterial	pCO2:	See	Box	29.6.	4.	Check	compensatory	response:	Compensation	never	overcorrects	the	pH.	If	pH	is	7.4,	alkalosis	is	primary.	5.	Assess	anion	gap.	6.	Assess	the	change	in	serum	anion	gap/	change	in	bicarbonate.	7.	Assess	if	there	is	any	underlying	cause.	Box	29.4.	Acid-
Base	Parameters	are	to	be	Checked	in	Patients	with	1.	2.	3.	4.	5.	6.	Any	serious	illness	Multi-organ	failure	Respiratory	failure	Cardiac	failure	Uncontrolled	diabetes	mellitus	Poisoning	(barbiturates,	ethylene	glycol)	vi.	The	enhanced	activity	of	glutaminase	and	increased	excretion	of	NH4+	takes	about	3-4	days	to	set	in	under	conditions	of	acidosis.	But
once	established,	it	has	high	capacity	to	eliminate	acid.	vii.	Ammonia	is	estimated	in	urine,	after	addition	of	formaldehyde.	The	titratable	acidity	plus	the	ammonia	content	will	be	a	measure	of	acid	excreted	from	the	body.	Maximum	urine	acidity	reached	is	4.4.	A	summary	of	buffering	of	acid	load	in	the	body	is	shown	in	Table	29.3.	CELLULAR
BUFFERS	Cytoplasmic	pH	varies	from	6.8	to	7.3.	Intracellular	pH	modulates	a	variety	of	cell	functions:	1.	The	activity	of	several	enzymes	is	sensitive	to	changes	in	pH.	2.	Reduction	in	pH	reduces	the	contractility	of	actin	and	myosin	in	muscles.	3.	The	electrical	properties	of	excitable	cells	are	also	affected	by	changes	in	pH.	Intracellular	buffers	are
depicted	in	Figure	29.2.	The	major	tissues	involved	in	cellular	buffering	are	bone	and	skeletal	muscle.	The	buffering	of	acid	is	achieved	by	the	exchange	of	H+	that	enters	into	the	cells	for	Na+	or	K+	ions.	Relationship	of	pH	with	K+	Ion	Balance	i.	When	there	is	increase	in	H+	in	extracellular	fluid	(ECF),	there	may	be	exchange	of	H+	with	K	+	from
within	the	cells.	Net	effect	is	an	apparent	increase	in	ECF	potassium	level	(hyperkalemia).	ii.	In	general,	metabolic	acidosis	is	associated	with	hyperkalemia	and	metabolic	alkalosis	with	hypokalemia.	iii.	However,	in	renal	tubular	acidosis,	due	to	failure	to	excrete	hydrogen	ions,	potassium	is	lost	in	urine;	then	hypokalemia	results.	iv.	Sudden
hypokalemia	may	develop	during	the	correction	of	acidosis.	K+	may	go	back	into	the	cells,	suddenly	lowering	the	plasma	K+.	Hence,	it	is	important	to	maintain	the	K+	balance	during	correction	of	acidosis.	Factors	Affecting	Renal	Acid	Excretion	1.	Increased	filtered	load	of	bicarbonate	2.	Decrease	in	ECF	volume	3.	Decrease	in	plasma	pH	4.	Increase
in	pCO2	of	blood	5.	Hypokalemia	6.	Aldosterone	secretion	Chapter	29;	Acid-Base	Balance	and	pH		347	Box	29.6.	Acid-base	Disturbances	pCO2	pCO2	>	45	mm	Hg	=	Respiratory	acidosis	<	35	mm	Hg	=	Respiratory	alkalosis	HCO3	HCO3	>	33	mmol/L	=	Metabolic	alkalosis	<	22	mmol/L	=	Metabolic	acidosis	+	H	H+	Box	29.7.	Acid-base	Disturbances.
Expected	Renal	and	Respiratory	Compensations	Metabolic	acidosis:	Expect	pCO2	to	be	reduced	by	1	mm	Hg	for	every	1	mmol/L	drop	in	bicarbonate.	Metabolic	alkalosis:	Expect	pCO2	to	be	increased	by	0.6	mm	Hg	for	every	1	mmol/L	rise	in	bicarbonate.	>	42	nmol/L	=	Acidosis	<	38	nmol/L	=	Alkalosis	Acute	respiratory	acidosis:	Expect	1	mmol/L
increase	in	bicarbonate	per	10	mm	Hg	rise	in	pCO2.	DISTURBANCES	IN	ACID-BASE	BALANCE	Acidosis	is	the	clinical	state,	where	acids	accumulate	or	bases	are	lost.	A	loss	of	acid	or	accumulation	of	base	leads	to	alkalosis.	The	body	cells	can	tolerate	only	a	narrow	range	of	pH.	The	extreme	ranges	of	pH	are	between	7.0	and	7.6,	beyond	which	life	is
not	possible.	Box	29.4	shows	the	conditions	in	which	acid-base	parameters	are	to	be	checked.	Box	29.5	shows	the	steps	to	the	clinical	assessment	of	acid	base	status.	Box	29.6	summarizes	the	abnormal	findings.	Classification	of	Acid-Base	Disturbances	1.	Acidosis	(fall	in	pH)	a.	Respiratory	acidosis:	Primary	excess	of	carbonic	acid.	b.	Metabolic
acidosis:	Primary	deficit	of	bicarbonate	(See	Box	29.6)	2.	Alkalosis	(Rise	in	pH)	a.	Respiratory	alkalosis:	Primary	deficit	of	carbonic	acid.	b.	Metabolic	alkalosis:	Primary	excess	of	bicarbonate	(See	Box	29.6).	3.	Compensatory	responses	Each	of	the	above	disturbances	will	be	followed	by	a	secondary	compensatory	change	in	the	counteracting	variable,
e.g.	a	primary	change	in	bicarbonate	involves	an	alteration	in	pCO2.	Depending	on	the	extent	of	the	compensatory	change	there	are	different	stages	(see	Table	29.3).	In	actual	clinical	Chronic	respiratory	acidosis:	Expect	3.5	mmol/L	increase	in	bicarbonate	per	10	mm	Hg	rise	in	pCO2.	Acute	respiratory	alkalosis:	Expect	2	mmol/L	decrease	in
bicarbonate	per	10	mm	Hg	fall	in	pCO2.	Chronic	respiratory	alkalosis:	Expect	4	mmol/L	decrease	in	bicarbonate	per	10	mm	Hg	fall	in	pCO2.	states,	patients	will	have	different	states	of	compensation	(Box	29.7).	The	compensatory	(adaptive)	responses	are:	a.	A	primary	change	in	bicarbonate	involves	an	alteration	in	pCO2.	The	direction	of	the	change
is	the	same	as	the	primary	change	and	there	is	an	attempt	at	restoring	the	ratio	to	20	and	pH	to	7.4.	b.	Adaptive	response	is	always	in	the	same	direction	as	the	primary	disturbance.	Primary	decrease	in	arterial	bicarbonate	involves	a	reduction	in	arterial	blood	pCO2	by	alveolar	hyperventilation.	c.	Similarly,	a	primary	increase	in	arterial	pCO2
involves	an	increase	in	arterial	bicarbonate	by	an	increase	in	bicarbonate	reabsorption	by	the	kidney.	d.	The	compensatory	change	will	try	to	restore	the	pH	to	normal.	However,	the	compensatory	change	cannot	fully	correct	a	disturbance.	e.	Clinically,	acid-base	disturbance	states	may	be	divided	into:	i.	Uncompensated	ii.	Partially	compensated	iii.
Fully	compensated	(Table	29.4).	Table	29.3.	Types	of	acid-base	disturbances	Disturbance	pH	Primary	change	Ratio	Secondary	change	Metabolic	Acidosis	Decreased	Deficit	of	bicarbonate	20	Increase	in	PaCO2	Respiratory	acidosis	Decreased	Excess	of	carbonic	acid	20	348		Textbook	of	Biochemistry;	Section	C:	Clinical	and	Applied	Biochemistry	4.
Mixed	Responses	i.	If	the	disturbance	is	pure,	it	is	not	difficult	to	accurately	assess	the	nature	of	the	disturbance	(Box	29.7).	In	mixed	disturbances,	both	HCO3–	and	H2CO3	levels	are	altered	(Fig.	29.6).	ii.	The	adaptive	response	always	involves	a	change	in	the	counteracting	variable;	e.g.	a	primary	change	in	bicarbonate	involves	an	alteration	in
pCO2.	iii.	Adaptive	response	is	always	in	the	same	direction	as	the	primary	disturbance.	iv.	Depending	on	the	extent	of	the	compensatory	change	there	are	different	stages.	Looking	at	the	parameters,	the	stage	of	the	compensation	can	be	identified	(Table	29.4).	Chemical	Pathology	of	Acid-Base	Disturbances	Metabolic	Acidosis	i.	It	is	due	to	a	primary
deficit	in	the	bicarbonate,	resulting	from	an	accumulation	of	acid	or	depletion	of	bicarbonate.	ii.	When	there	is	excess	acid	production,	the	bicarbonate	is	used	up	for	buffering.	Depending	on	the	cause,	the	anion	gap	is	altered.	1.	Anion	Gap	i.	The	sum	of	cations	and	anions	in	ECF	is	always	equal,	so	as	to	maintain	the	electrical	Fig.	29.6.	Bicarbonate
diagram	Table	29.4.	Stages	of	compensation	Stage	pH	HCO3PaCO2	Ratio	Metabolic	acidosis	Uncompensated	Partially	compensated	Fully	compensated	Low	Low	Low	N	Low	Low	Low	Low	N	N	Low	Low	20	20	Respiratory	acidosis	Uncompensated	Partially	compensated	Fully	compensated	Low	Low	Low	N	N	N	High	High	High	High	High	High	20	20
neutrality.	Sodium	and	potassium	together	account	for	95%	of	the	cations	whereas	chloride	and	bicarbonate	account	for	only	86%	of	the	anions	(Fig.	29.7).	Only	these	electrolytes	are	commonly	measured.	ii.	Hence	there	is	always	a	difference	between	the	measured	cations	and	the	anions.	The	Fig.	29.7.	Gamblegram	showing	cations	on	the	left	and
anions	on	the	right	side.	Such	bar	diagrams	were	first	depicted	by	Gamble,	hence	these	are	called	Gamble	grams	Chapter	29;	Acid-Base	Balance	and	pH		349	Table	29.5.	High	anion	gap	metabolic	acidosis	(HAGMA)	(Organic	acidosis)	Cause	Remarks	Renal	failure	Sulfuric,	phosphoric,	organic	anions.	Decreased	ammonium	ion	formation.	Na+/H+
exchange	results	in	decreased	acid	excretion.	Ketosis	Acetoacetate;	beta	hydroxy	butyrate	anions.	Seen	in	diabetes	mellitus	or	starvation.	Lactic	acidosis	Lactate	anion	accumulates	when	the	rate	of	production	exceeds	the	rate	of	consumption.	Salicylate	Aspirin	poisoning	Amino	acidurias	Acidic	metabolic	intermediates.	Accumulation	due	to	block	in
the	normal	metabolic	pathway.	Organic	acidurias	Organic	acids	(methyl	malonic	acid,	propionic	acid,	etc.)	excreted.	Methanol	Formate,	glycolate,	oxalate	ions.	Acids	formed	leads	to	increase	in	AG.	Increase	in	plasma	osmolality.	Osmolal	gap	is	also	seen.	Drugs	Corticosteroids,	Dimercaprol,	Ethacrynic	acid,	Furosemide,	Nitrates,	Salicylates,	Thiazides
unmeasured	anions	constitute	the	anion	gap.	This	is	due	to	the	presence	of	protein	anions,	sulphate,	phosphate	and	organic	acids.	iii.	The	anion	gap	is	calculated	as	the	difference	between	(Na	+	+	K	+)	and	(HCO	3	–	+	Cl	–).	Normally	this	is	about	12	mmol/liter.	2-A.	High	Anion	Gap	Metabolic	Acidosis	(HAGMA)	i.	A	value	between	15	and	20	is
accepted	as	reliable	index	of	accumulation	of	acid	anions	in	metabolic	acidosis	(HAGMA)	(Table	29.5).	However,	the	gap	is	artificially	increased	when	the	cations	are	decreased	(hypokalemia,	hypocalcemia,	hypomagnesemia).	It	is	artificially	altered	when	there	is	hypoalbuminemia	(decrease	in	negatively	charged	protein),	hypergammaglobulinemia
(increase	in	positively	charged	protein)	and	rarely	when	Box	29.8.	Types	of	Lactic	Acidosis	Type	A	:	Impaired	lactic	acid	production	with	hypoxia.	Type	A	is	seen	in	tissue	hypoxia	(anaerobic	metabolism);	Shock	(anaphylactic,	septic,	cardiac);	Lung	hypoxia,	Carbon	monoxide	poisoning,	seizures	Type	B:	Impaired	lactic	acid	metabolism	without	hypoxia.
Type	B	is	seen	in	liver	dysfunctions	(toxins,	alcohol,	inborn	errors);	Mitochondrial	disorders	(less	oxidative	phosphorylation	and	more	anaerobic	glycolysis)	Thiamine	deficiency	(defective	pyruvate	dehydrogenase)	other	cations	are	increased	(hyperkalemia,	hypercalcemia,	hypermagnesemia).	ii.	Renal	failure:	The	excretion	of	H+	as	well	as	generation
of	bicarbonate	are	both	deficient.	The	anion	gap	increases	due	to	accumulation	of	other	buffer	anions.	iii.	Diabetic	ketoacidosis	(Chapter	11).	iv.	Lactic	acidosis:	Normal	lactic	acid	content	in	plasma	is	less	than	2	mmol/L.	It	is	increased	in	tissue	hypoxia,	circulatory	failure,	and	intake	of	biguanides	(Box	29.8).	Lactic	acidosis	causes	a	raised	anion	gap
(Box	29.8),	whereas	diarrhea	causes	a	normal	anion	gap	acidosis	(Table	29.6).	Suppose	5	mmol/L	lactic	acid	has	entered	in	blood;	this	is	buffered	by	bicarbonate,	resulting	in	5	mmol/L	of	sodium	lactate	and	5	mmol/L	of	carbonic	acid.	The	carbonic	acid	is	dissociated	into	water	and	carbon	dioxide,	which	is	removed	by	lung	ventillation.	The	result	is
lowering	of	bicarbonate	by	5	mmol	and	presence	of	5	mmol	of	unmeasured	anion	(lactate),	with	no	changes	in	sodium	or	chloride.	So,	anion	gap	is	increased.	In	contrast,	diarrhea	results	in	the	loss	of	bicarbonate.	NaCl	is	reabsorbed	more	from	kidney	tubules	to	maintain	the	extracellular	volume,	resulting	in	the	increase	in	serum	chloride.	This
chloride	compensates	for	the	fall	in	bicarbonate.	So,	diarrhea	results	in	hyperchloremic,	normal	anion	gap,	metabolic	acidosis.	2-B.	Normal	Anion	Gap	Metabolic	Acidosis	(NAGMA)	When	there	is	a	loss	of	both	anions	and	cations,	the	anion	gap	is	normal,	but	acidosis	may	prevail.	Causes	are	described	in	Table	29.6	350		Textbook	of	Biochemistry;
Section	C:	Clinical	and	Applied	Biochemistry	Table	29.6.	Normal	anion	gap	metabolic	acidosis	(NAGMA)	(Inorganic	acidosis)	Cause	Remarks	Diarrhea,	intestinal	fistula	Loss	of	bicarbonate	and	cations.	Sodium	or	Potassium	or	both.	RTA	Type	I	Defective	acidification	of	urine.	I	or	distal	RTA,	urine	pH	is	>5.5	with	hypokalemia.	Due	to	inability	to
reabsorb	bicarbonate.	Compensatory	increase	in	chloride	(hyperchloremic	acidosis).	Type	II	II	or	proximal	RTA,	urine	pH	is	Aminoacyl	tRNA	+	tRNA	+	ATP	+	AMP	TRANSLATION	PROCESS	Translation	is	a	cytoplasmic	process.	The	mRNA	is	translated	from	5'	to	3'	end.	In	the	polypeptide	chain	synthesized,	the	first	amino	acid	is	the	amino	terminal
one	(Fig.	41.13).	The	chain	growth	is	from	amino	terminal	to	carboxyl	terminal.	The	process	of	translation	can	be	conveniently	divided	into	the	phases	of:	A.	activation	of	amino	acid	B.	initiation	C.	elongation	D.	termination	and	E.	post-translational	processing.	A.	Activation	of	Amino	Acid	(Charging	reaction)	i.	The	enzymes	aminoacyl	tRNA	synthetases
activate	the	amino	acids.	The	enzyme	is	highly	selective	in	the	recognition	of	both	the	amino	acid	and	the	transfer	RNA	acceptor.	There	is	atleast	one	tRNA	for	each	of	the	20	amino	acids.	ii.	The	D	arm	of	tRNA	is	very	important	for	the	recognition	by	the	enzyme.	The	CCA	3'	terminus	of	the	acceptor	arm	carries	amino	acid	(Figs	41.14A	and	B).	iii.
Amino	acid	is	first	activated	with	the	help	of	ATP.	Then	the	carboxyl	group	of	the	amino	acid	is	esterified	with	3'	hydroxyl	group	of	tRNA.	Fig.	41.15.	Initiation	steps;	UAC=	anticodon	on	met-tRNA;	AUG=	start	signal;	P=	peptidyl	site;	A=	aminoacyl	site	Chapter	41;	Transcription	and	Translation		491	Fig.	41.16.	Elongation	phase.	P=	peptidyl	site;	A=
aminoacyl	site	This	is	a	two-step	reaction.	First	reaction	is	the	formation	of	AMP-amino	acid-enzyme	complex.	In	the	second	reaction,	this	activated	amino	acid	is	transferred	to	the	corresponding	tRNA	molecule.	The	AMP	and	enzyme	are	released.	iv.	In	this	reaction,	ATP	is	hydrolysed	to	AMP	level,	and	so	two	high	energy	phosphate	bonds	are
consumed.	B.	Initiation	of	Protein	Synthesis	Initiation	can	be	studied	as	4	steps:	1.	Recognition	steps.	2.	Formation	of	pre-initiation	complex,	i.e.	binding	of	ternary	complex	of	met-tRNA,	GTP	and	eIF-2	to	40S	ribosome.	3.	Binding	of	mRNA	to	the	pre-initiation	complex	to	form	43S	initiation	complex.	4.	The	43S	initiation	complex	is	combined	with	the
60S	ribosomal	subunit	to	form	80S	initiation	complex.	B-1.	Recognition	Steps	In	eukaryotes,	the	first	amino	acid	incorporated	is	methionine	(AUG	codon).	But	in	prokaryotes,	the	same	codon	stands	for	N-formyl	methionine,	which	is	the	first	amino	acid.	The	first	AUG	triplet	after	the	marker	sequence	is	identified	by	the	ribosome	as	the	start	codon.	In
mammalian	cells,	the	marker	is	the	“Kozak”	sequence;	in	bacteria,	it	is	the	“ShineDalgarno”	sequence.	For	the	process,	initiation	factors	(eIF)	are	required;	their	properties	are	summarized	in	Table	41.4.	The	letter	“e”	is	shown	to	differentiate	eukaryotic	initiation	factors	from	those	of	bacterial	factors.	Poly-A	tail	of	the	mRNA	and	its	binding	protein,
PAB1	are	also	important	for	the	recruitment	of	40S	ribosomal	subunit	to	the	mRNA.	PAB1	attaches	to	the	poly-A	tail,	then	interacts	with	eIF-4F	that	is	bound	to	the	cap	of	mRNA.	This	helps	in	the	attachment	of	40S	ribosomal	subunit	to	the	5'	end	of	mRNA.	Table	41.4.	Eukaryotic	protein	factors	Name	Approx.	No.	of	Function	mol.wt.xl03	subunits	elF-
1	15	1	mRNA	binding	to	40S	elF-2	150	3	met-tRNA	binding	to	40S	elF-3	700	9	prevents	reassociation	of	ribosomal	subunits	elF-4A	50	1	mRNA	binding	elF-4B	80	1	mRNA	binding	1	mRNA	binding	elF-4G	elF-4F	363	4	mRNA	binding	elF-4E	24	1	recognition	of	mRNA	cap	elF-5	150	1	association	of	40S	and	60S	subunits	of	mRNA	EF-1	85	3	binding	of
aminoacyl	tRNA	EF-2	100	1	translocation	RF	105	2	release	of	polypeptide	B-2.	Formation	of	43S	Pre-initiation	Complex	GTP,	IF-2,	met-tRNA	(tRNA	carrying	methionine)	and	40S	ribosomal	subunit	are	complexed	to	form	pre-initiation	complex	(Fig.	41.15).	This	is	the	43S	pre-initiation	complex.	This	is	stabilized	by	eIF-3	and	eIF-1A.	Met-tRNA	has	the
anticodon	UAC.	There	are	2	tRNAs	for	methionine;	one	for	methionine	for	the	initiator	codon;	the	second	one	for	methionine	in	the	internal	part	of	proteins.	IF-2	is	a	control	point	for	protein	synthesis.	It	has	4	subunits;	the	alpha	unit	is	phosphorylated	by	different	protein	kinases,	HCR,	PKR,	PERK	and	GCN2.	During	virus	infection,	these	kinases	are
activated,	and	protein	synthesis	as	a	whole	(including	virus	proteins)	is	inhibited.	492		Textbook	of	Biochemistry;	Section	E:	Molecular	Biology	B-3.	Formation	of	43S	Initiation	Complex	This	pre-initiation	complex	binds	with	mRNA;	the	5'	methylated	cap	of	mRNA	facilitates	this	binding.	Initiation	factors	4A,	4B,	4E,	4F	and	4G	are	necessary	for	this
binding.	It	also	requires	energy	from	hydrolysis	of	ATP.	This	forms	initiation	complex	(Fig.	41.15).	IF-3	binds	with	4F	and	links	the	complex	with	40S	subunit	of	ribosome.	The	4E	is	important	in	controlling	the	rate	of	protein	translation.	The	4E	is	responsible	for	recognition	of	the	mRNA	cap,	and	this	is	the	rate	limiting	step	in	the	whole	of	translation
process.	Insulin	and	growth	factors	phosphorylate	one	serine	residue	of	the	4E.	Phosphorylated	4E	avidity	binds	the	cap	of	mRNA,	so	that	translation	is	enhanced.	Another	set	of	proteins	(BP1,	PHAS1,	BP2,	BP3,	etc.)	will	bind	and	inhibit	4E.	Insulin	phosphorylates	BP1,	which	results	in	dissociation	of	4E	and	BP1,	and	the	inhibition	of	BP1	is	removed.
Thus	insulin	increases	translation	process.	Insulin	is	anabolic.	B-4.	Formation	of	80S	Ribosomal	Assembly	The	48S	initiation	complex	now	binds	with	60S	ribosomal	unit	to	form	the	full	assembly	of	80S	ribosome.	This	needs	hydrolysis	of	GTP;	this	hydrolysis	is	effected	by	IF-2	and	IF-5.	Then	all	initiation	factors	are	released	from	48S	initiation	complex
(Fig.	41.15).	P	and	A	Sites	of	Ribosomal	Assembly:	The	whole	ribosome	contains	two	receptor	sites	for	tRNA	molecules.	The	“P”	site	or	peptidyl	site	carries	the	peptidyl-tRNA.	It	carries	the	growing	peptide	chain.	The	“A”	site	or	aminoacyl	site	carries	the	new	incoming	tRNA	with	the	amino	acid	to	be	added	next.	When	the	80S	ribosome	is	assembled,
the	tRNA-Met	is	now	at	the	P	site.	The	anti-codon	of	met-tRNA	is	correctly	base	pairing	with	the	AUG	codon	on	mRNA	(Figs	41.15	and	41.16).	A	third	site	(E	site)	or	exit	site	is	occupied	by	the	deacylated	tRNA.	C.	Elongation	Process	of	Translation	Elongation	has	3	steps:	1.	Binding	of	aminoacyl	tRNA	to	the	A	site.	2.	Peptide	bond	formation	and	3.
Translocation	of	the	ribosome	on	the	mRNA.	C-1.	Binding	of	New	Aminoacyl	tRNA	A	new	aminoacyl	tRNA	comes	to	the	"A"	site.	The	next	codon	in	mRNA	determines	the	incoming	amino	acid.	Elongation	factor-1	(EF-1)	(Table	41.4)	and	GTP	are	complexed	with	the	incoming	aminoacyl	tRNA.	The	GTP	is	hydrolysed	to	GDP,	the	tRNA	binds	to	the	"A"	site
and	EF-1	is	released	(Fig.	41.16).	C-2.	Peptide	Bond	Formation	i.	The	alpha	amino	group	at	the	incoming	amino	acid	in	the	"A"	site	forms	a	peptide	bond	(CONH)	with	carboxyl	group	of	the	peptidyl	tRNA	occupying	the	"P"	site.	This	reaction	is	catalyzed	by	the	enzyme	peptidyl	transferase	(28S	rRNA,	a	component	of	60S	subunit).	This	is	an	example	of
ribozyme;	RNA	acts	as	the	enzyme.	ii.	Since	the	amino	acid	brought	in	by	the	tRNA	is	already	activated,	there	is	no	need	for	further	energy	supply	for	the	purpose	of	peptide	bond	formation.	Now	the	growing	peptide	chain	is	occupying	the	"A"	site	(Fig.	41.16).	C-3.	Translocation	Process	i.	At	this	time,	the	tRNA	fixed	at	the	"P"	site	does	not	carry	any
amino	acid	and	is	therefore	released	from	the	ribosome.	Then	the	whole	ribosome	moves	over	the	mRNA	through	the	distance	of	one	codon	(3	bases).	The	peptidyl	tRNA	is	translocated	to	the	"P"	site;	this	is	done	with	the	help	of	elongation	factor	2	(EF2).	ii.	The	"A"	site	is	ready	to	receive	another	aminoacyl	tRNA	bearing	the	appropriate	anticodon.
The	new	aminoacyl	tRNA	is	fixed	to	the	"A"	site,	by	base	pairing	with	the	mRNA	codon.	Translocation	requires	hydrolysis	of	GTP	to	GDP	(Fig.	41.16).	iii.	The	elongation	reactions	(steps	C-1,	C-2	and	C-3	above)	are	repeated	till	the	polypeptide	chain	synthesis	is	completed.	D.	Energy	Requirements	For	each	peptide	bond	formation,	4	high	energy
phosphate	bonds	are	used;	two	for	the	initial	activation	and	one	for	EF-1	step	(GTP	to	GDP)	and	one	for	EF-2	step	(GTP	to	GDP).	Actual	peptide	bond	formation	(peptidyl	transferase	step)	does	not	require	any	energy,	because	the	amino	acids	are	already	activated.	Further,	1	ATP	is	used	for	initiation	complex	formation;	1	GTP	for	80S	ribosome
formation	and	1	GTP	for	termination.	E.	Termination	Process	of	Translation	i.	After	successive	addition	of	amino	acids,	ribosome	reaches	the	terminator	codon	sequence	(UAA,	UAG	or	UGA)	on	the	mRNA.	Since	there	is	no	tRNA	bearing	the	corresponding	anticodon	sequence,	the	"A"	site	remains	free.	Chapter	41;	Transcription	and	Translation		493
Fig.	41.17.	Termination	of	translation	ii.	The	releasing	factor	1	(RF1)	enters	this	site	The	RF1	binds	with	RF3	and	GTP.	This	complex	hydrolyses	the	peptide	chain	from	the	tRNA	at	the	P	site,	with	hydrolysis	of	GTP	to	GDP.	The	completed	peptide	chain	is	released.	iii.	Finally	80S	ribosome	dissociates	into	its	component	units	of	60S	and	40S	(Fig.
41.17).	Polyribosomes	One	eukaryotic	ribosome	can	synthesise	5	to	6	peptide	bonds	per	second.	Many	ribosomes	can	work	on	the	same	mRNA	molecule	simultaneously	and	these	aggregates	are	called	polyribosomes	or	polysomes	(Fig.	41.18).	In	such	cases	each	ribosome	will	be	about	80	to	100	nucleotides	apart	on	the	mRNA.	Polyribosomes	may	be
attached	on	the	walls	of	the	endoplasmic	reticulum	to	form	the	rough	ER	(Chapter	2).	The	proteins	are	then	transported	through	cisternal	space	to	Golgi	apparatus,	where	they	are	temporarily	stored.	Cytoplasmic	proteins	are	synthesized	by	ribosomes	that	exist	free	in	cytoplasm.	Protein	Targetting	i.	Proteins	for	external	secretion	The	process	is	also
called	as	"protein	sorting"	or	"protein	localization".	The	secreted	proteins,	plasma	membrane	Fig.	41.18.	Polyribosomes	integral	proteins,	lysosomal	enzymes	and	membrane	proteins	of	ER	are	synthesized	on	rough	endoplasmic	reticulum	by	membrane	bound	polyribosomes.	The	newly	synthesized	protein	is	then	delivered	to	the	destined	compartment.
Blobel	and	Sabatini	proposed	the	signal	hypothesis	to	explain	the	different	destination	of	proteins.	Guenter	Blobel	was	awarded	Nobel	prize	in	1999.	The	secretory	proteins	contain	a	signal	peptide	(SP)	region	of	about	12	to	35	amino	acids,	located	in	the	amino	terminal	region	(Fig.	41.20).	This	signal	peptide	will	cause	anchoring	of	ribosomes	on	ER.
Initially	one	free	ribosome	in	the	cytoplasm	attaches	on	the	mRNA	and	a	small	part	about	70	amino	acids	in	length,	including	the	SP	region,	is	synthesized.	Another	signal	recognition	particle	(SRP)	is	now	attached	to	the	SP	region,	that	blocks	further	protein	synthesis.	SRP-SP	ribosome	complex	then	binds	to	a	docking	protein	or	receptor	(SRPR)
available	on	ER.	Only	then	the	block	is	removed	and	remaining	portion	of	the	protein	is	synthesized.	By	this	mechanism,	the	signal	peptide	directs	the	ribosome	to	be	attached	on	the	ER	(Fig.	41.20).	The	arrangement	of	the	docking	protein	on	ER	is	such	that,	the	nascent	protein	is	passed	through	the	membrane	into	the	channels	of	ER.	Later,	the
signal	region	is	cleaved	off	by	signal	peptidase.	Then	protein	synthesis	is	completed,	and	the	protein	molecule	is	now	inside	the	endoplasmic	membrane	(Fig.	41.20).	As	the	nascent	protein	is	traversing	the	inner	membrane	of	ER,	carbohydrate	moieties	are	added	at	particular	regions	by	specific	enzymes;	this	is	called	co-translational	glycosylation.	ii.



Proteins	for	internal	parts	of	the	cell	Proteins	destined	to	become	proteins	of	cytosol,	mitochondria	and	peroxisomes	are	lacking	this	signal	sequence.	Hence	they	are	synthesized	on	free	ribosomes.	After	completion	of	synthesis,	they	do	not	enter	the	lumen	of	ER,	but	are	available	in	the	cytoplasm.	iii.	Correct	address	of	destination	is	labelled	The
signal	peptide	is	on	the	amino	terminal	region	of	protein.	Apart	from	that,	the	proteins	carry	an	"address"	that	is	specific	for	its	correct	destination	inside	the	cell.	This	is	present	in	the	carboxy	terminal	end	of	proteins.	For	example,	proteins	possessing	the	amino	acid	sequence	KDEL	(Lys-asp-glu-leu)	near	the	C-terminal	end	are	destined	to	reach	the
luminal	surface	of	ER.	Integral	membrane	proteins	of	ER	have	amino	acid	sequences	acting	as	a	stop	signal,	which	prevents	escape	of	proteins	from	ER.	Proteins	destined	to	reach	peroxisomes	contain	peroxisome	target	sequence	(PTS)	with	26-36	amino	acids.	Nuclear	proteins	and	ribosomal	proteins,	which	are	imported	into	the	nucleus,	contain
certain	nuclear	import	signal	sequences.	The	nuclear	transport	is	energy	requiring	and	is	aided	by	the	two	cytoplasmic	proteins,	alpha-importin	(60	kD)	and	betaimportin	(90kD).	Diseases	due	to	defective	protein	targetting	are	shown	in	Box	41.2.	494		Textbook	of	Biochemistry;	Section	E:	Molecular	Biology	Box	41.2.	Protein	Targetting	Zellweger
syndrome	is	due	to	defective	oxidation	of	very	long	chain	fatty	acids	(VLCFA).	Here	the	correct	"address"	is	not	printed	on	the	protein	packet;	so	that	it	could	not	be	delivered	to	the	correct	locality.	Peroxisomal	enzymes	are	produced;	but	their	entry	into	peroxisome	is	denied.	This	leads	to	insufficient	oxidation	of	VLCFA.	Accumulation	of	VLCFA	in
CNS	causes	neurological	impairment	and	death	in	childhood.	Another	example	is	the	primary	hyperoxaluria,	which	causes	kidney	stones	at	an	early	age.	The	defect	is	due	to	protein	targetting	defect	and	the	enzyme	alanine	glyoxylate	amino	transferase	(Fig.15.7)	is	seen	in	mitochondria,	instead	of	its	normal	peroxisomal	location.	Some	forms	of
familial	hypercholesterolemia	are	due	to	deficient	transport	signals.	Cause	of	cystic	fibrosis	include	improper	localization	of	proteins.	Inclusion	cell	disease	is	due	to	non-entry	of	normal	enzymes	into	lysosomes.	Mannose-6-phosphate	is	the	marker	to	target	enzymes	to	lysosomes;	this	is	absent.	Post-translational	Processing	A.	Proteolytic	cleavage
Modification	of	polypeptides	by	partial	proteolysis,	e.g.	conversion	of	pro-insulin	to	insulin	(Fig.	41.19).	See	also	Chapter	4.	B.	Modifications	of	amino	acids	i.	Gamma	carboxylation	of	glutamic	acid	residues	of	prothrombin,	under	the	influence	of	vitamin	K	(Chapter	33).	ii.	Hydroxylation	of	proline	and	lysine	in	collagen	with	the	help	of	vitamin	C
(Chapter	52).	iii.	Phosphorylation	of	hydroxyl	groups	of	serine,	threonine	or	tyrosine	by	kinases,	e.g.	glycogen	phosphorylase.	iv.	Cotranslational	glycosylation:	Carbohydrates	are	attached	to	serine	or	threonine	residues	through	O-glycosidic	linkages	and	to	asparagine	or	glutamine	residues	through	N-glycosidic	linkages	(Box	41.3).	C.	Subunit
aggregation	Examples	are	immunoglobulin,	hemoglobin	and	maturation	of	collagen.	Failure	of	post-translational	modification	affects	the	normal	function	of	many	Box	41.3.	Post-translational	Modifications	Fig.	41.19.	Post-translational	processing	of	insulin	by	proteolytic	cleavage	Fig.	41.20.	Synthesis	of	secretory	proteins.	Left	side,	protein	synthesis
initiated.	Right	side,	protein	is	directed	into	the	endoplasmic	reticulum.	ER	=	endoplasmic	reticulum.	1=	40S	ribosome;	2=	mRNA	attached	to	the	ribosome;	3=	80S	ribosome;	4=	SP	(signal	peptide)	new	protein	synthesis	started;	5=	SRP	or	signal	peptide	recognition	particle;	6=	SRPR	or	SRP-receptor;	7	(left	side)	=	the	SR	protein	is	correctly	aligned
through	the	pore	of	endoplasmic	reticulum.	7	(right	side)=	peptide	is	passing	into	the	lumen	of	endoplasmic	reticulum	Reversible	Irreversible	Disulfide	bridge	Proteolysis	Glycosylation	Ubiquitination	Phosphorylation	Lysine	hydroxylation	Acylation	Proline	hydroxylation	N-acetylation	Methylation	ADP-ribosylation	Chapter	41;	Transcription	and
Translation		495	proteins.	For	example,	poor	cross-linking	of	collagen	in	scurvy,	since	ascorbic	acid	is	required	for	the	hydroxylation	of	proline	and	lysine	(Chapters	34	and	52).	D.	Protein	folding	and	chaperones	When	a	protein	is	being	synthesized,	it	may	assume	different	three-dimensional	structures,	out	of	which	only	one	will	have	the	biological
activity.	Abnormal	folding	of	proteins	may	lead	to	prion	diseases.	Protein	misfolding	diseases	are	described	in	Chapter	52.	Chaperones	help	to	produce	the	correct	spatial	arrangement.	The	word	"chaperone"	literally	means	elderly	lady	in	charge	of	unmarried	girls	on	social	occasions.	Chaperones	attach	to	nascent	polypeptide	chains	and	prevent
wrong	foldings;	so	that	folding	is	allowed	only	in	the	correct	direction.	They	help	in	the	assembly	of	tertiary	and	quaternary	structure	of	proteins.	Examples	of	chaperones	are	a	large	family	of	proteins	called	heat	shock	proteins	(HSPs).	Any	stress	to	the	cell	including	heat,	toxins,	heavy	metals,	free	radicals,	radiation,	bacteria,	etc.	will	cause	increased
production	of	HSPs,	and	hence	they	are	more	correctly	termed	as	stress	proteins.	Chaperonopathies	are	disorders	resulting	from	"sick	chaperones".	These	diseases	progress	with	age.	Inhibitors	of	Protein	Synthesis	The	modern	medical	practice	is	heavily	dependent	on	the	use	of	antibiotics.	They	generally	act	only	on	bacteria	and	are	nontoxic	to
human	beings.	This	is	because	mammalian	cells	have	80S	ribosomes,	while	bacteria	have	70S	ribosomes.	i.	Reversible	Inhibitors	in	Bacteria	These	antibiotics	are	bacteriostatic.	Tetracyclins	bind	to	the	30S	subunit	of	bacterial	ribosome	and	so	inhibit	attachment	of	aminoacyl	tRNA	to	the	A	site	of	ribosomes.	Chloramphenicol	inhibits	the	peptidyl
transferase	activity	of	bacterial	ribosomes.	Erythromycin	(macrolides)	and	clindamycin	prevent	the	translocation	process.	ii.	Irreversible	Inhibitors	in	Bacteria	These	antibiotics	are	bactericidal.	Streptomycin	and	all	other	aminoglycoside	antibiotics	bind	to	30S	subunit	of	bacterial	ribosomes.	They	cause	misreading	of	mRNA	and	at	high	concentrations,
they	completely	inhibit	the	initiation	complex	formation	and	totally	inhibit	protein	synthesis.	iii.	Inhibitors	of	Protein	Synthesis	in	Mammals	They	are	not	suitable	for	clinical	use;	but	they	are	used	as	research	tools.	Puromycin	is	structurally	similar	to	tyrosine-tRNA	and	gets	attached	to	the	"A"	site	of	the	ribosome.	So,	the	incomplete	peptide	is
released.	It	acts	both	in	bacterial	and	mammalian	cells.	Cycloheximide	inhibits	peptidyl	transferase	in	60S	subunit.	It	acts	only	on	eukaryotic	cells.	Diphtheria	toxin,	liberated	by	the	bacteria,	Corynebacterium	diphtheria,	causes	inactivation	of	EF-2	by	attachment	of	ADP	to	EF-2	and	consequent	inhibition	of	protein	biosynthesis	in	mammalian	systems.
Inhibitors	of	transcription	(described	elsewhere	in	this	Chapter)	will	also	in	turn	inhibit	translation	process.	Mitochondrial	DNA	and	RNA	1.	There	is	a	dichotomy	on	the	mitochondrial	metabolism.	Some	of	the	mitochondrial	protein	synthesis	is	under	the	control	of	mitochondrial	DNA;	but	important	proteins	of	the	outer	membrane	of	the	mitochondria
are	synthesized	under	the	influence	of	nuclear	DNA.	Table	41.5	shows	that	mitochondria	are	similar	to	bacteria	than	mammalian	cells.	This	fact	supports	the	theory	that	mitochondria	are	derived	from	prokaryotes	symbiotically	adapted	to	multicellular	organisms.	2.	The	mitochondrial	DNA	(mtDNA)	is	circular,	has	about	16,500	nucleotides.	The
mtDNA	has	information	for	synthesis	of	2	ribosomal	RNAs,	22	tRNAs	and	13	proteins.	All	of	them	are	components	of	electron	transport	chain.	However,	most	of	mitochondrial	proteins	are	encoded	by	nuclear	DNA	and	synthesized	in	the	cytoplasm.	3.	Mitochondria	require	only	22	tRNAs.	Mitochondrial	DNA	(mtDNA)	replication	takes	about	1	hour.
Other	features	of	mitochondrial	genes	are:	4.	Maternal	inheritance:	Since	the	mitochondria	are	inherited	cytoplasmically,	the	mtDNA	is	inherited	from	the	mother.	Mother	transmits	mtDNA	through	oocyte.	5.	There	are	hundreds	of	copies	of	mtDNA	in	each	cell	(nuclear	DNA	has	only	2	copies).	During	cell	division,	mtDNA	replicates	and	they	segregate
to	the	daughter	cells.	If	a	mutation	occurs	in	mtDNA,	the	daughter	cells	may	inherit	the	mutant	or	normal	mtDNA.	Heteroplasmy	is	defined	as	the	presence	of	normal	and	mutant	mtDNA	in	different	proportions	in	different	cells.	6.	High	mutation	rate.	7.	Age	related	accumulation	of	mutations	in	mtDNA	may	be	responsible	for	age	related	decrease	in
cellular	OXPHOS	function,	and	progression	of	other	degenerative	diseases.	496		Textbook	of	Biochemistry;	Section	E:	Molecular	Biology	Table	41.6.	OXPHOS	diseases	Syndrome	Features	Leber's	hereditary	neuropathy	(LHON)	Complex	I	defect;	Blindness,	cardiac	conduction	defects	Myoclonic	epilepsy	ragged	red	fiber	disease	(MERRF)	Myoclonic
epilepsy,	myopathy,	dementia	Box	41.4.	Emerging	Concepts	Mitochondrial	encepha-	Complex	I	defect;	Lactic	lopathy	lactic	acidosis	acidosis,	strokes,myopathy,	stroke	like	episodes	seizures,	dementia	(MELAS)	Leigh's	syndrome	Complex	I	defect;	NDUFS	gene	defect;	Movement	disorders	8.	Defects	in	mitochondrial	genome	will	lead	to	mitochondrial
myopathies.	Leber's	hereditary	optic	neuropathy	is	caused	by	a	single	base	mutation	which	alters	one	arginine	to	histidine	in	the	NADH	Coenzyme	Q	reductase.	OXPHOS	(oxidative	phosphorylation)	diseases	are	shown	in	Table	41.6.	Generally,	there	will	be	manifestations	in	nervous	system	(seizures,	deafness,	dementia),	eyes	(retinitis	pigmentosa,
optic	atrophy,	blindness,	ptosis),	heart	(cardiomyopathy),	kidneys	(Fanconi's	syndrome,	with	loss	of	metabolites	in	urine)	and	skeletal	muscles	(myoglobinuria).	Treatment	is	limited	to	management	of	major	symptoms.	Genomics	and	Proteomics	i.	Genome	means	all	the	DNA	contained	in	an	organism	or	a	cell,	which	includes	both	the	chromosomes
within	the	nucleus	and	the	DNA	in	mitochondria.	Thus	the	genome	of	an	organism	is	the	totality	of	genes	making	up	its	hereditary	constitution	(Box	41.4).	ii.	Genomics	is	the	study	of	the	genome	and	its	actions.	Genomics	thus	involves	the	analysis	of	the	full	DNA	sequence	of	the	organism.	Genetics	scrutinizes	the	functioning	and	composition	of	the
single	gene	where	as	genomics	addresses	working	of	all	genes	and	their	inter-relationships	in	order	to	identify	their	combined	influence	on	the	growth	and	development	of	the	organism	(Box	41.4).	iii.	Proteome	is	the	sum	of	all	proteins	expressed	by	the	genome	of	an	organism,	thus	involving	the	identification	of	the	proteins	in	the	body	and
determination	of	their	role	in	physiological	and	pathological	functions.	While	the	genome	remains	largely	unchanged,	the	proteins	of	a	particular	cell	change	dramatically	as	genes	are	turned	on	and	off	in	response	to	the	environment	(Box	41.4).	iv.	Proteomics:	Directly	addresses	the	protein	complement	of	the	genome.	It	has	been	defined	as	the	study
of	protein	properties	(expression	level,	post-translational	modification,	interactions,	etc.)	on	a	large	scale	to	obtain	a	global,	integrated	view	of	disease	processes,	cellular	processes,	and	networks	at	the	protein	level.	The	study	of	all	proteins	by	a	cell	type	or	an	organism	is	called	‘proteomics’.	Micro-RNA	Some	genes	produce	tiny	RNAs,	known	as
micro-RNAs	or	miRNA,	which	are	about	21	to	25	bases	in	length.	Micro-RNAs	are	derived	from	large	primary	transcripts	through	specific	nucleolytic	processing.	Primary	transcripts	are	produced,	inside	the	nucleus,	certain	exonucleases	reduce	their	length.	They	have	RNA	hairpin	structure	(showing	internal	hybridization	to	make	it	two	strands),	and
are	called	short	hairpin	RNA	(shRNA).	These	are	transported	through	nuclear	pore	into	cytoplasm,	where	out	of	the	two	strands,	one	is	broken	by	dicer	nuclease.	The	selected	strand	is	called	the	guide	strand,	which	is	incorporated	into	the	RISC	(RNA	induced	silencing	complex	(RISC)	to	form	functional	silencer	of	mRNA.	The	guide	strand	provides
specificity	to	RISC,	which	binds	and	then	degrades	complementary	target	mRNA	in	the	cytoplasm.	The	micro-RNAs	bind	to	matching	pieces	of	messenger	RNA,	turn	it	into	a	double	strand	and	keep	it	from	doing	its	job.	The	process	effectively	blocks	the	production	of	the	corresponding	protein,	causing	translation	arrest.	Interfering	RNA	or	RNAi	or
siRNA	Andrew	Fire	and	Craig	Mello	found	that	when	double-stranded	RNA	was	introduced	into	roundworms,	it	would	silence	the	gene	corresponding	to	that	RNA.	They	were	awarded	Nobel	prize	in	2006.	RNA	interference	is	a	protective	mechanism	against	viruses,	which	sometimes	create	double-stranded	RNA	when	they	replicate.	Short	double-
strand	RNA,	again	about	21	to	25	bases,	would	silence	the	corresponding	gene.	RNAi	is	a	faster	way	to	turn	off	genes.	Both	RNAi	and	microRNA	result	in	decreased	levels	of	functional	proteins	in	the	cells.	RNAi	degrades	the	mRNA	through	specific	cytoplasmic	organelles	called	P	bodies.	(Micro-RNA	reduces	the	translation	of	mRNA	into	protein).
Scientists	are	aiming	to	use	RNA	interference	to	treat	diseases,	especially	HIV	infection.	Antisense	Therapy	The	mRNA	contains	a	message	or	“sense”	to	be	translated	into	protein.	If	an	oligonucleotide	chain	having	complementary	sequence	to	an	mRNA	is	made,	it	is	said	to	be	“antisense”.	When	antisense	oligonucleotide	(either	RNA	or	DNA)	is	added,
it	will	trap	the	normal	mRNA	and	so	protein	biosynthesis	can	be	stopped.	This	is	called	antisense	strategy	(Fig.	41.21).	Small	oligonucleotides	(about	7	to	10	nucleotides	length)	can	act	as	antisense	molecules.	The	antisense	Chapter	41;	Transcription	and	Translation		497	Fig.	41.21.	Principle	of	anti-sense	therapy	nucleotides	are	delivered	into	the	cells
by	liposome	encapsulation.	Clinical	trials	on	HIV	and	cancer	are	being	conducted	using	antisense	molecules.	Fusion	Proteins	A	fusion	protein	is	the	product	of	a	fused	gene.	A	fusion	gene	is	produced	by	removing	a	stop	codon	from	the	DNA	sequence	coding	for	a	particular	polypeptide	and	appending	the	DNA	sequence	coding	for	another	protein.	The
product	is	a	fusion	protein.	Sometimes	a	part	of	a	chromosome	is	detached	and	fused	with	another	region	in	the	same	or	on	another	chromosome.	Such	chromosome	translocations	will	also	lead	to	formation	of	fusion	genes	and	fusion	proteins.	498		Textbook	of	Biochemistry;	Section	E:	Molecular	Biology	CHAPTER	42	Inheritance,	Mutations	and
Control	of	Gene	Expression	CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Principles	of	heredity	2.	Dominant	and	recessive	inheritance	3.	Mutations	4.	Operon	concept	5.	Repression	and	de-repression	6.	Prenatal	diagnosis	7.	Newborn	screening	It	is	estimated	that	more	than	6%	of	all	infants	born	alive
suffer	from	genetic	diseases	and	1%	from	chromosomal	aberrations.	The	former	conditions	involve	minor	alterations	in	DNA	make	up,	e.g.	phenylketonuria.	The	latter	ones	are	due	to	major	changes	in	chromosomes;	e.g.	Down's	syndrome,	Turner's	syndrome.	Gregor	Johann	Mendel	(1822-84),	who	was	Abbot	of	Brun,	described	the	principles	of
heredity	in	1866.	As	it	was	printed	in	an	obscure	journal,	it	remained	unnoticed	for	many	years.	In	1900,	Hugo	de	Vries	and	C.	Correns,	rediscovered	and	confirmed	Mendel's	theory.	Walter	Flemming	demonstrated	chromosomes	in	1882.	In	1902,	Walter	Sutton	showed	that	chromosomes	are	in	pairs	and	are	the	carriers	of	Mendel's	Unit	of	heredity.
The	word	‘Gene'	was	coined	by	Wilhelm	Johannsen	in	1909.	According	to	Mendel's	law,	if	“A”	represents	a	dominant	character	and	“b”	recessive	or	latent	character	in	parents,	then	(A+b)2	=	A2+2	Ab	+b2,	i.e.	one-half	of	progeny	will	have	mixed	parental	characters	(2Ab);	one-fourth	will	have	dominant	(A2)	and	one-fourth	will	have	recessive	(b2)
characters.	All	genes	are	not	equal	in	the	eyes	of	evolution.	Evolutionarily	relevant	mutations	tend	to	accumulate	in	‘hotspot	genes’	and	at	specific	positions	within	genes.	Genetic	evolution	is	constrained	by	gene	function,	the	structure	of	genetic	networks,	and	population	biology.	Basic	Principles	of	Heredity	1.	Heredity	is	transmitted	from	parent	to
offspring	as	individual	characters.	2.	The	genes	are	linearly	distributed	on	chromosomes	at	fixed	positions	(loci).	3.	Genes	that	may	replace	one	another	at	the	same	locus	are	called	allelomorphic	genes	or	alleles.	Alleles	are	genes	responsible	for	alternate	or	contrasting	characters.	Usually	one	allele	is	inherited	from	father	and	the	other	from	mother.
4.	When	both	alleles	carry	the	same	defect,	it	is	said	to	be	homozygous.	5.	When	one	allele	is	normal,	and	the	counterpart	is	defective;	it	is	called	heterozygous.	6.	Genes	on	the	same	chromosome	are	linked;	and	the	linkages	are	more	pronounced	in	the	nearby	genes.	7.	The	observed	character	expressed	by	the	gene	is	called	phenotype.	8.	The
genotype	represents	the	set	pattern	of	genes	present	in	the	cell.	1.	Dominant	Inheritance	i.	It	is	characterized	by	the	phenotypic	expression	of	the	disease,	even	if	one	allele	is	abnormal	or	in	heterozygous	state.	In	the	example	shown	in	Figure	42.1,	the	father	has	the	defective	gene,	marked	as	D.	The	possible	permutations	of	gametes	are	shown	in	the
figure.	ii.	Affected	men	and	women	transmit	the	abnormality	to	their	children.	When	an	affected	heterozygote	(Dd)	marries	a	normal	spouse	(dd),	half	of	the	progeny	can	have	the	disease.	iii.	Examples	of	diseases	with	autosomal	dominant	inheritance	are	chondrodystrophy	(dwarfism)	and	some	types	of	porphyrias.	Chapter	42;	Inheritance,	Mutations
and	Control	of	Gene	Expression		499	Fig.	42.1.	Autosomal	dominant	inheritance	Fig.	42.2.	Autosomal	recessive	inheritance	2.	Autosomal	Recessive	Inheritance	i.	Phenotype	or	a	particular	character	is	controlled	by	a	pair	of	alleles	located	on	a	specified	area	on	the	chromosomes.	ii.	If	the	disease	is	manifested	only	in	homozygous	state	(not	expressed
in	heterozygous	condition),	it	is	known	as	recessive	transmission.	iii.	For	example,	in	a	person	suffering	from	sickle	cell	anemia,	both	the	alleles	for	beta	globin	gene	have	mutated.	Hence	all	beta	globin	chains	will	be	abnormal.	He	is	homozygous	for	sickle	cell	disease.	iv.	In	certain	cases,	the	carrier	state	may	be	identified	biochemically,	then	it	is
referred	to	as	the	trait	of	the	disease.	For	example,	in	sickle	cell	trait,	one	beta	globin	gene	(allele)	is	normal;	while	the	other	one	is	abnormal	(carrier	state).	Such	individual	is	heterozygous	to	that	character.	Therefore,	normal	gene	produces	normal	Hb	and	abnormal	gene	produces	HbS.	Thus	inside	the	RBC,	50%	of	hemoglobin	molecules	are
abnormal.	This	can	be	identified	by	electrophoresis.	v.	When	both	father	and	mother	are	carriers,	onequarter	of	siblings	express	the	disease	(both	alleles	abnormal),	another	one-quarter	of	siblings	are	normal,	and	half	of	the	children	are	carriers	(Fig.	42.2).	This	chance	factor	is	acting	on	each	progeny.	vi.	If	only	one	parent	is	carrier	and	the	other	is
normal;	then	there	will	be	no	affected	child,	but	50%	children	are	carriers.	vii.	Most	of	the	inborn	errors	of	metabolism	are	recessively	transmitted.	A	few	examples	are	phenylketonuria,	albinism,	galactosemia	and	sickle	cell	anemia.	3.	Sex-linked	(X-linked)	Recessive	Inheritance	i.	In	the	autosomal	conditions,	the	disease	occurs	in	both	sexes	with
equal	frequency.	But	in	sexlinked	conditions,	X-chromosome	carries	the	abnormal	gene.	See	Figure	42.3.	ii.	In	a	wedding	between	a	normal	male	and	a	carrier	female,	the	probabilities	are	that	onequarter	is	male	with	disease;	one-quarter	is	female	carrier;	one-quarter	normal	male	and	one-quarter	normal	female.	iii.	If	an	affected	male	marries	a
normal	female,	male	children	will	be	normal,	but	all	female	children	will	be	carriers,	because	they	all	inherit	the	abnormal	X	from	their	father	(Fig.	42.3).	iv.	In	X-linked	recessive	condition,	normal	X	dominates	over	abnormal	X;	but	abnormal	X	is	expressed	when	present	with	Y.	v.	Hemophilia,	glucose-6-phosphate	dehydrogenase	deficiency,	pseudo-
hypertrophic	muscular	dystrophy	(Duchenne	type),	and	red	green	color	blindness	are	examples	of	sexlinked	recessive	inheritance.	Population	Genetics	A	law	stating	the	frequency	of	abnormal	genes	in	population	was	discovered	in	1908	independently	by	Hardy	(mathematician)	and	Weinberg	(physician).	The	Hardy-Weinberg	law	states	that,	if	there
are	"p"	gametes	of	‘A'	type	and	"q"	gametes	of	‘a'	type	and	when	p	+	q	=	1	in	one	generation,	the	genotypes	and	their	frequency	will	be:	500		Textbook	of	Biochemistry;	Section	E:	Molecular	Biology	Fig.	42.3.	Sex-linked	recessive	inheritance	Genotype	relative	frequency	AA	p2	Aa	2pq	aa	q2	The	law	states	that	(p2	+	2pq	+	q2)	=	1	and	the	genotypes	in
the	population	from	one	generation	to	another	generation	will	be	in	equilibrium.	Or,	p2	:	2pq	:	q2	ratio	is	maintained	in	all	generations	(the	ratio	of	normal	and	abnormal	gene	is	maintained	in	all	generations).This	law	is	useful	to	calculate	the	frequency	of	a	harmful	gene	in	a	population.	It	is	known	that	1	in	20,000	live	births	is	an	albino,	which	is
inherited	recessively.	Let	us	say,	they	are	‘aa'	genotypes.	Thus	the	remaining	19,999	are	‘AA'	or	‘Aa'	genotypes.	The	frequency	of	q	of	the	recessive	albino	gene	can	be	calculated	as	follows:	q2	=	1/20,000.	Therefore	q	=	1/141.	Since	p	+	q	=	1,	in	this	particular	example,	p	=	140/141.	Therefore	the	‘Aa'	genotype,	or	2pq	=	1/70.	Thus	1	out	of	70
individuals,	carries	the	abnormal	gene	for	albinism.	In	other	words,	1.4%	of	all	persons	are	heterozygous	for	albino	allele.	So,	there	are	280	carriers	for	each	albino	patient.	Spontaneous	Mutations	The	abnormal	genes	are	produced	by	natural	mutations	and	deleted	by	Darwin's	natural	selection	mechanism,	e.g.	phenylketonuria	patient	is	mentally
retarded	and	therefore	lesser	chances	to	procure	a	child.	The	law	essentially	states	that	the	rate	of	new	mutation	equals	the	elimination.	That	means,	spontaneous	mutation	is	taking	place	on	that	gene	in	successive	generations.	Law	of	Selection	Applied	to	Genes	However,	an	abnormal	gene	need	not	always	be	eliminated	from	a	population,	if	there	is
a	selective	advantage	for	heterozygous	state.	The	best	example	is	the	sickle-cell	anemia	trait.	The	geographical	distribution	of	sickle-cell	anemia	fairly	well	overlaps	with	malaria	endemicity.	Sickle-cell	anemia	is	a	lethal	disease;	patient	dies	before	the	reproductive	age,	and	therefore	the	gene	must	have	been	eliminated.	But	the	heterozygous	persons
carry	RBCs	having	50%	normal	Hb	and	50%	abnormal	hemoglobin.	So,	the	oxygen	pressure	inside	the	RBC	is	lesser	than	normal	individuals.	Hence,	malarial	parasites	do	not	multiply	easily	in	heterozygous	individuals	(Chapter	22).	Therefore,	in	the	malarial	endemic	areas,	the	lethal	nature	of	the	gene	in	the	homozygous	state	is	counterbalanced	by
the	advantage	in	heterozygous	state.	This	is	called	balanced	polymorphism.	Genes	for	thalassemia,	GPD	deficiency,	etc.	are	also	maintained	in	the	population	by	such	a	mechanism.	Marriages	with	Close-cousins	are	Inadvisable	The	probability	of	two	carriers	getting	married	is	increased	in	consanguinous	marriages.	(Latin,	con	=	with;	sanguis	=
blood).	So,	there	is	increased	frequency	of	genetic	diseases	in	their	children.	For	example,	phenylketonuria	has	an	incidence	of	1	in	25,000	in	general	population;	but	it	is	13	/	25,000	in	children	of	first	cousin	marriages.	Cytoplasmic	Inheritance	This	follows	a	maternal	line	of	transmission,	e.g.	mitochondrial	inheritance.	Transmission	of	mitochondrial
genes	ends	with	each	son,	because	son	does	not	pass	the	mitochondrial	genes	to	his	offspring.	Mothers	are	heteroplasmic	and	are	therefore	unaffected,	e.g.	Leber's	optic	neuropathy	(Table	41.6),	myoclonic	epilepsy,	etc.	Chromosomal	Recombination	During	meiosis	(reduction	division),	exchange	of	genetic	information	between	homologous
chromosomes	is	taking	place.	Homologous	chromosomes	are	exactly	aligned	so	that	respective	genes	oppose.	Then	a	process	of	crossover	occurs,	so	that	reciprocal	exchange	of	genetic	information	is	obtained.	Such	a	recombination	can	explain	the	fact	that	the	Chapter	42;	Inheritance,	Mutations	and	Control	of	Gene	Expression		501	Table	42.1.	Genes
in	human	chromosomes	Chromosome	No.	Gene	1	:	Alkaline	phosphatase	(liver,	bone,	kidney);	Salivary	amylase;	Apoprotein	A-II	2	:	Alkaline	phosphatase	(placental),	ApolipoproteinB;Immunoglobulin	Kappa	chain	3	:	Transferrin	4	:	Alcohol	dehydrogenase;	Fibrinogen;	Interleukin2;	Huntington's	chorea	(disease)	5:	HMG	CoA	reductase;	Acute
myelogenous	leukemia	6	:	MHC	(Major	histocompatibility)	locus	7	:	Urea	cycle	enzymes;	Cystic	fibrosis	(disease)	8	:	Carbonic	anhydrase	9	:	Interferon	11:	Hemoglobin	β,	γ	and	δ	chains;	Proinsulin;	Pepsinogen;	Parathyroid	hormone	12	:	Alpha-2-macroglobulin;	Glyceraldehyde-3-Pdehydrogenase	13	:	Adenosine	deaminase	14	:	Immunoglobulin	heavy
chains;	α1-antitrypsin	15	:	Cytochrome	P-450	16	:	Hemoglobin	α-chain;	polycystic	kidney	disease;	Breast	cancer,	Prostate	cancer	17	:	Growth	hormone	18	:	Prealbumin	19	:	Carcinoembryonic	antigen;	β	chain	of	hCG;	Creatine	kinase	M	chain;	LDL	receptor	20	:	Adenosine	deaminase	21	:	Superoxide	dismutase	22	:	Immunoglobulin,	lambda	chain	X	:
Glucose-6-P-dehydrogenase;	Antihemophilic	globulin;	HGPRTase;	Duchenne	type	muscular	dystrophy	characteristics	of	offspring	are	not	exactly	like	those	of	their	parents.	Often	a	genius	is	born	to	ordinary	parents.	The	pattern	of	fingerprints	will	be	different	even	in	siblings.	Rarely,	the	alignment	of	chromosomes	may	not	be	exact;	then
recombination	results	in	unequal	exchange	of	genes.	There	may	be	deletion	in	one	chromosome,	while	the	other	one	receives	an	insertion.	A	good	example	of	unequal	recombination	is	the	Lepore	hemoglobin,	where	instead	of	normal	delta	and	beta	hemoglobins	a	chimeric	delta-beta	hemoglobin	is	produced	(Chimera	is	a	Greek	demon,	similar	to
Narasimha,	with	lion's	head	and	body	of	other	animals).	Transposon	It	is	a	DNA	sequence	able	to	insert	itself	at	a	new	location	in	the	genome;	these	are	jumping	genes	or	movable	genes.	Retroposon	is	a	transposon	that	mobilizes	via	an	RNA	form;	the	DNA	element	is	transcribed	into	RNA,	and	then	reversetranscribed	into	DNA,	which	is	inserted	at	a
new	site	in	the	genome.	Genetic	Disorders	The	locations	of	many	genes	have	been	identified	on	specific	chromosomes.	A	small	selected	list	is	given	in	Table	42.1.	Genetic	disorders	are	of	different	types:	A.	Chromosomal	disorders.	These	are	identified	by	karyotyping,	e.g.	21	trisomy.	B.	Single	gene	defect,	sometimes	identified	by	biochemical	methods,
e.g.	phenylketonuria.	C.	Mitochondrial	abnormalities.	D.	Multifactorial	disorders.	Treatment	Policies	of	Genetic	Diseases	1.	Replace	the	end-product	of	the	missing	enzyme,	e.g.	administer	thyroxine	in	familial	goitre.	2.	Limit	the	substrate	of	the	missing	enzyme.	In	phenylketonuria,	reduce	phenyl	alanine	in	diet.	In	galactosemia	remove	lactose	from
diet.	3.	Replace	missing	protein,	e.g.	administer	AHG	(anti-hemophilic	globulin)	in	hemophilia.	4.	Activity	of	abnormal	enzyme	is	enhanced,	e.g.	large	quantities	of	vitamin	B12	is	useful	in	methyl	malonic	aciduria.	5.	Induction	of	enzyme;	in	Crigler-Najjar	syndrome,	glucuronyl	transferase	enzyme	can	be	induced	by	phenobarbitone.	6.	Gene	therapy	is
still	in	experimental	stages,	but	may	become	common	in	the	next	generation.	MUTATIONS	i.	A	mutation	is	defined	as	a	change	in	nucleotide	sequence	of	DNA.	This	may	be	either	gross,	so	that	large	areas	of	chromosome	are	changed,	or	may	be	subtle	with	a	change	in	one	or	a	few	nucleotides.	ii.	Mutation	may	be	defined	as	an	abrupt	spontaneous
origin	of	new	character.	iii.	Statistically,	out	of	every	106	cell	divisions,	one	mutation	takes	place.	1.	Classification	of	Mutations	A	point	mutation	is	defined	as	change	in	a	single	nucleotide.	This	may	be	subclassified	as	(a)	substitution,	(b)	deletion,	and	(c)	insertion.	All	of	them	may	lead	to	mis-sense,	nonsense	or	frameshift	effects.	1-A.	Substitution
Replacement	of	a	purine	by	another	purine	(	A	to	G	or	G	to	A)	or	pyrimidine	by	pyrimidine	(T	to	C	or	C	to	T)	is	called	Transition	mutation.	If	a	purine	is	changed	to	a	pyrimidine	(e.g.	A	to	C)	or	a	pyrimidine	to	a	purine	(e.g.	T	to	G),	it	is	called	a	transversion.	The	point	mutation	present	in	DNA	is	transcribed	502		Textbook	of	Biochemistry;	Section	E:
Molecular	Biology	and	translated,	so	that	the	defective	gene	produces	an	abnormal	protein.	1-B.	Deletion	Deletions	may	be	subclassified	into–	i.	Large	gene	deletions,	e.g.	alpha	thalassemia	(entire	gene)	or	hemophilia	(partial)	ii.	Deletion	of	a	codon,	e.g.	cystic	fibrosis	(one	amino	acid,	508th	phenyl	alanine	is	missing	in	the	CFTR	protein.	iii.	Deletion
of	a	single	base,	which	will	give	rise	to	frameshift	effect.	1-C.	Insertion	Insertions	or	additions	or	expansions	are	subclassified	into–	i.	Single	base	additions,	leading	to	frameshift	effect.	ii.	Trinucleotide	expansions.	In	Huntington's	chorea,	CAG	trinucleotides	are	repeated	30	to	300	times.	This	leads	to	a	polyglutamine	repeat	in	the	protein.	The	severity
of	the	disease	is	increased	as	the	numbers	of	repeats	are	more.	iii.	Duplications.	In	Duchenne	Muscular	Dystrophy	(DMD)	gene	is	duplicated	in	the	disease.	2.	Effects	of	Mutations	2-A.	Silent	Mutation	A	point	mutation	may	change	the	codon	for	one	amino	acid	to	a	synonym	for	the	same	amino	acid.	Then	the	mutation	is	silent	and	has	no	effect	on	the
phenotype.	For	example,	CUA	is	mutated	to	CUC;	both	code	for	leucine,	and	so	this	mutation	has	no	effect.	2-B.	Mis-sense	but	Acceptable	Mutation	A	change	in	amino	acid	may	be	produced	in	the	protein;	but	with	no	functional	consequences.	For	example,	in	the	normal	hemoglobin	A	molecule,	the	67th	amino	acid	in	beta	chain	(HbA	β-67)	is	valine.
The	codon	in	mRNA	is	GUU.	If	a	point	mutation	changes	it	to	GCU,	the	amino	acid	becomes	alanine;	this	is	called	Hb	Sydney.	This	variant	is	functionally	normal.	A	conserved	mutation	occurs	when	the	altered	amino	acid	has	the	same	properties	of	the	original	one;	e.g.	Glutamic	acid	to	Aspartic	acid.	2-C.	Mis-sense;	Partially	Acceptable	Mutation	In
this	type,	the	amino	acid	substitution	affects	the	functional	properties	of	the	protein.	HbS	or	sicklecell	hemoglobin	is	produced	by	a	mutation	of	the	beta	chain	in	which	the	6th	position	is	changed	to	valine,	instead	of	the	normal	glutamate.	Here,	the	normal	codon	GAG	is	changed	to	GUG	(transversion).	HbS	has	abnormal	electrophoretic	mobility	and
subnormal	function,	leading	to	sickle-cell	anemia.	Details	are	given	in	Chapter	22.	2-D.	Mis-sense;	Unacceptable	Mutation	The	single	amino	acid	substitution	alters	the	properties	of	the	protein	to	such	an	extent	that	it	becomes	nonfunctional	and	the	condition	is	incompatible	with	normal	life.	For	example,	HbM	results	from	histidine	to	tyrosine
substitution	(CAU	to	UAU)	of	the	distal	histidine	residue	of	alpha	chain.	There	is	met-hemoglobinemia.	2-E.	Nonsense;	Terminator	Codon	Mutation	A	tyrosine	(codon,	UAC)	may	be	mutated	to	a	termination	codon	(UAA	or	UAG).	This	leads	to	premature	termination	of	the	protein,	and	so	functional	activity	may	be	destroyed,	e.g.	betathalassemia.	Or,	a
terminator	codon	is	altered	into	a	coding	codon	(UAA	to	CAA).	This	results	in	elongation	of	the	protein	to	produce	"run	on	polypeptide"	(Hb	Constant	spring)	(Chapter	22).	2-F.	Frameshift	Mutation	This	is	due	to	addition	or	deletion	of	bases.	From	that	point	onwards,	the	reading	frame	shifts.	A	"garbled"	(completely	irrelevant)	protein,	with	altered
amino	acid	sequence	is	produced.	An	example:	Normal	Normal	mRNA	protein	AUG	UCU	UGC	AAA......	Met	Ser	Cys	Lys.......	DeletedU	mRNA	Garbled	protein	AUG	CUU	GCA	AA.........	Met	Leu	Ala	.............	In	this	hypothetical	example,	deletion	of	one	uracil	changes	all	the	triplet	codons	thereafter.	Therefore,	a	useless	protein	or	no	protein	is	produced.
Frame	shift	mutation	can	lead	to	thalassemia	due	to	premature	chain	termination	and	run-on-polypeptide	that	are	non-functional.	2-G.	Conditional	Mutations	Most	of	the	spontaneous	mutations	are	conditional;	they	are	manifested	only	when	circumstances	are	appropriate.	Bacteria	acquire	resistance,	if	treated	with	antibiotics	for	a	long	time.	This	is
explained	by	spontaneous	conditional	mutations.	In	the	normal	Chapter	42;	Inheritance,	Mutations	and	Control	of	Gene	Expression		503	circumstances,	wild	bacilli	will	grow.	In	the	medium	containing	antibiotic,	the	resistant	bacilli	are	selected.	In	a	tuberculous	patient,	a	lung	cavity	may	harbor	about	1012	bacilli.	This	may	contain	about	10	6
mutations,	out	of	which	a	few	could	be	streptomycin	resistant.	Therefore	if	only	one	drug	is	given,	there	will	be	overgrowth	of	drug	resistant	bacilli.	To	avoid	this,	a	combination	of	two	antituberculous	drugs	is	given.	So,	drug-1-resistant	mutants	are	killed	by	drug-2	and	drug-2-resistant	mutants	are	removed	by	drug-1.	The	statistical	probability	of	a
single	bacillus	acquiring	resistance	against	both	drugs	is	negligible.	3.	Mutagens	and	Mutagenesis	Any	agent	which	will	increase	DNA	damage	or	cell	proliferation	can	cause	increased	rate	of	mutations	also.	Such	substances	are	called	mutagens.	X-ray,	gamma-ray,	UV	ray,	acridine	orange,	etc.	are	well	known	mutagens.	Muller	(Nobel	Prize,	1946)
showed	that	the	rate	of	mutation	was	proportional	to	the	dose	of	irradiation.	Beadle	(Nobel	Prize,	1958)	showed	that	the	effect	of	X-irradiation	on	metabolism	was	due	to	mutations	of	genes.	Tatum	(Nobel	Prize,	1958)	further	showed	that	a	mutation	of	a	single	gene	resulted	only	in	a	single	chemical	reaction,	which	gave	evidence	to	the	concept	of	"one
gene,	one	enzyme".	4.	Manifestations	of	Mutations	4-A.	Lethal	Mutations	The	alteration	is	incompatible	with	life	of	the	cell	or	the	organism.	For	example,	mutation	producing	alpha-4	Hb	is	lethal,	and	so	the	embryo	dies.	4-B.	Silent	Mutations	Alteration	at	an	insignificant	region	of	a	protein	may	not	have	any	functional	effect.	4-C.	Beneficial	Mutations
Although	rare,	beneficial	spontaneous	mutations	are	the	basis	of	evolution.	Such	beneficial	mutants	are	artificially	selected	in	agriculture.	Normal	maize	is	deficient	in	tryptophan.	Tryptophan-rich	maize	varieties	are	now	available	for	cultivation.	Microorganisms	often	have	antigenic	mutation.	These	are	beneficial	to	micro-organisms	(but	of	course,
bad	to	human	beings).	4-D.	Carcinogenic	Effect	The	mutation	may	not	be	lethal,	but	may	alter	the	regulatory	mechanisms.	Such	a	mutation	in	a	somatic	cell	may	result	in	uncontrolled	cell	division	leading	to	cancer.	Any	substance	causing	increased	rate	of	mutation	can	also	increase	the	probability	of	cancer.	Thus	all	carcinogens	are	mutagens.	Ame's
Test	to	Detect	Mutagenicity	Special	strains	of	Salmonella	typhimurium	(bacteria	causing	typhoid)	are	selected.	They	have	the	mutated	histidine	gene.	They	will	grow	only	when	histidine	is	provided	in	the	culture	medium.	They	are	sensitive	to	mutagens	because	they	are	defective	in	excision	repair	system	for	correcting	DNA	damage.	The	compound	to
be	tested	is	mixed	with	bacteria	and	introduced	into	histidine-deficient	medium.	All	bacteria	will	die,	except	those	who	have	reverted	back	to	wild	type	and	acquire	the	capacity	to	synthesize	histidine.	This	is	called	reverse	mutation.	The	number	of	colonies	will	be	proportional	to	the	quantity	of	mutagen.	Site-directed	Mutagenesis	Michael	Smith
(Nobel	Prize,	1993)	described	this	technique.	An	oligo-deoxy-ribonucleotide	is	synthesized,	whose	sequence	is	complementary	to	a	part	of	a	known	gene.	A	specific	deletion/	insertion	is	produced	in	the	oligonucleotide.	It	is	then	extended	by	DNAP.	After	replication,	one	strand	is	normal	and	the	other	strand	contains	the	mutation	at	the	specific	site.
This	allows	study	on	the	effect	of	that	particular	mutation.	CELL	CYCLE	i.	The	term	cell	cycle	refers	to	the	events	occurring	during	the	period	between	two	mitotic	divisions.	It	is	divided	into	G1	(gap-1),	S	(synthesis),	G2	(gap-2),	and	M	(mitosis)	phases.	ii.	The	cell	division	is	taking	place	in	M	phase.	It	is	the	shortest	phase,	lasting	about	1	hour.	The
daughter	cells	then	either	enter	into	Go	(undividing	or	dormant)	phase	or	re-enter	the	cell	cycle	when	there	is	necessity	for	growth	and	repair.	iii.	In	a	normal	cell	population,	most	of	the	cells	are	in	Go	phase.	General	metabolic	events	are	taking	place	in	Go	phase.	iv.	Interphase	is	the	period	between	the	end	of	M	phase	and	the	beginning	of	the	next
mitosis.	v.	In	G1	phase,	protein	and	RNA	contents	increase.	Duration	of	G1	phase	is	about	12	hours.	504		Textbook	of	Biochemistry;	Section	E:	Molecular	Biology	Fig.	42.4.	Cell	cycle	phases	(total	20-22	hrs)	vi.	In	the	S	phase,	DNA	is	synthesized,	but	only	once.	DNA	content	doubles,	nucleus	becomes	tetraploid	(4n).	The	entire	diploid	genome	is
replicated	into	a	tetraploid	genome.	S	phase	lasts	about	6	to	8	hours.	vii.	In	the	G2	phase,	there	is	cytoplasmic	enlargement.	DNA	repair	is	also	taking	place	in	the	G2	phase.	Proteins,	especially	histones	are	also	produced.	It	lasts	for	about	4	to	5	hours.	The	total	cell	cycle	is	about	20-22	hours	duration	in	mammalian	cells	(Fig.	42.4).	Fig.	42.5.	Cell
cycle	controls	or	check	points.	Retino-blastoma	protein	inhibits	cell	cycle	at	G1	check	point.	Body	circumvents	this	block	by	phosphorylation	of	Rb	protein.	This	is	done	normally	by	cyclin	D-CDK.	Tumor	antigens	will	attach	with	Rb	protein,	so	Rb	inhibition	is	lost;	there	will	be	uncontrolled	cell	division,	leading	to	cancer	Cell	Cycle	Controls	or	Check
Points	Hartwell,	Hunt	and	Nurse	were	awarded	Nobel	Prize	in	2001	for	their	contributions	in	elucidating	the	cell	cycle	regulation.	The	important	checks	occur	in	3	stages;	at	G1-S	transition,	during	S	phase	or	at	G2-M	boundary.	Of	this	G1	phase	check	point	is	more	complex	and	is	under	strict	control.	Four	types	of	cyclins	(A,	B,	D	and	E)	and	5
different	cyclin	dependent	kinases	(CDK	1,	2,	4,	5	and	6)	control	the	cycle.	Cyclins	are	so	named	because	they	are	synthesized	throughout	the	cell	cycle,	and	are	abruptly	destroyed	during	mitosis.	Cyclins	activate	CDKs	which	phosphorylate	specific	substrates	(regulatory	proteins).	Mammalian	cells	in	Go	phase	are	stimulated	by	growth	factors,	which
trigger	them	to	enter	into	G1	phase	(Fig.	42.4).	For	the	discovery	of	growth	factors,	Stanley	Cohen	and	Rita	Levi-Montalcini	were	awarded	Nobel	Prize	in	1986.	ATM	is	a	protein	kinase,	which	is	associated	with	the	DNA.	If	a	break	in	DNA	is	produced	(e.g.	UV	light),	the	ATM	is	dissociated,	activated,	and	then	initiates	a	series	of	cascade	reaction.	A
simplified	version	is	shown	in	Figure	42.4.	CDK2cyclin	E	complex	directs	the	cells	in	G1	phase	to	enter	into	S	phase.	CDK2	complexed	with	cyclin	A	pushes	forward	the	cells	to	complete	the	S	phase.	Then,	CDK2,	cyclin	A	and	B	make	the	cells	complete	the	G2	phase	and	enter	into	the	M	phase	(Fig.	42.4).	The	MPF	(M	phase	promoting	factor)	pushes
the	cell	into	mitosis.	MPF	has	two	subunits;	p34	and	p45;	the	number	indicating	molecular	weight	in	kD.	At	the	end	of	G2,	p34	is	activated	by	dephosphorylation,	which	phosphorylates	many	substrates,	including	histones	(leading	to	chromosome	condensation	in	M	phase)	and	lamins	(causing	nuclear	envelope	breakdown).	By	the	end	of	M	phase	the
MPF	Chapter	42;	Inheritance,	Mutations	and	Control	of	Gene	Expression		505	Fig.	42.6A.	Salient	features	of	apoptosis	Fig.	42.6B.	A	simplified	pathway	of	apoptosis	becomes	inactive	by	cyclin	degradation.	The	action	of	many	oncogenes	(Chapter	51)	and	growth	factors	are	explained	by	cyclin-cyclin	kinase	system.	For	example,	the	bcl	oncogene,
associated	with	B	cell	lymphoma,	is	the	gene	for	cyclin	D.	Cell	cycle	arrest	mediated	by	a	checkpoint	may	fail	for	a	variety	of	reasons.	First,	like	all	cellular	processes,	checkpoints	have	an	intrinsic	error	rate.	Second,	after	a	period	of	arrest,	even	though	damage	remains	unrepaired,	the	cell	may	resume	the	cycle.	Third,	check	points	may	be	mutated,
leading	to	unchecked	growth,	leading	to	cancer.	If	damage	is	not	repaired	and	the	cell	passes	to	the	next	stage,	secondary	lesions	result.	For	example,	if	a	G1	cell	with	single	stranded	breaks	in	DNA	progresses	through	S	phase,	these	are	converted	into	double	stranded	breaks.	Segregation	of	broken	chromosomes	may	lead	to	loss	of	certain	fragments
during	M	phase.	inhibit	cell	cycle,	leading	to	continuous	cell	division	and	cancer	(Fig.	42.5).	Retinoblastoma	(RB)	Oncosuppressor	Protein	Rb	protein	is	the	product	of	an	oncosuppressor	gene	(Chapter	51).	It	is	so	named,	because	it	was	isolated	from	patients	of	retinoblastoma	(cancer	arising	from	retina).	It	is	a	cell	cycle	regulator.	It	binds	and
inactivates	the	E2F,	a	transcription	factor.	Thus	Rb	inhibits	cell	cycle	at	G1	phase.	But	in	controlled	cell	cycles,	cyclin	D	levels	rise	in	the	late	G1	phase.	The	cyclin	D	inactivates	Rb,	which	is	separated	from	E2F.	This	is	the	normal	mechanism	to	overcome	the	G1	arrest	by	Rb.	Certain	tumor	antigens	derived	from	viruses	such	as	SV40,	HSV,	HPV	may
combine	with	Rb.	Then,	Rb	cannot	The	p53	Oncosuppressor	Protein	It	is	so	named	because	it	is	a	protein	with	53	kD	in	size.	It	has	393	amino	acids.	Its	half-life	is	only	5-10	minutes.	It	inhibits	cell	division,	allowing	them	to	repair.	If	damage	is	extensive	and	repair	is	not	possible,	the	p53	directs	the	cell	to	apoptosis.	PCNA	gene	encodes	a	nuclear
protein	that	is	a	cofactor	for	DNA	polymerase.	The	p53	downregulates	PCNA	transcription,	blocks	the	DNA	polymerase	and	causes	arrest	in	G1.	It	is	phosphorylated	in	a	cell	cycle	dependent	manner	by	CDK4.	Maximum	level	of	p53	phosphorylation	is	reached	during	mitosis.	Embryo	Development	Edward	Lewis,	Christiane	Nusslein-Volhard	and	Eric
Wieschaus	have	been	awarded	Nobel	Prize	in	1995	for	their	discoveries	on	genetic	control	of	early	embryonic	development.	They	identified	and	classified	the	genes	determining	the	body	axis	and	separate	organs.	These	genes	are	called	homeotic	genes	in	drosophilia	and	HOX	genes	in	mammals.	Apoptosis	(Programmed	Cell	Death)	Differentiation	and
growth	needs	reshaping	of	organs;	this	could	be	done	only	when	old	cells	are	removed	from	the	area.	Removal	of	superfluous,	aged	or	partially	damaged	cell	is	done	by	apoptosis.	The	term	literally	means	"dropping	off",	similar	to	the	old	leaf	falling	from	the	tree.	Nuclear	shrinkage,	chromatin	condensation,	membrane	blebbing	and	step-ladder	pattern
of	DNA	in	electrophoresis	are	characteristic	features	of	apoptosis	(Fig.	42.6A).	Apoptosismediating	genes	(suicidal	genes)	(oncosuppressor	genes)	are	c-fos,	p53,	Rb.	Apoptosis-protecting	genes	are	bcl-2	and	other	oncogenes.	Stress	and	other	stimuli	activate	certain	cell	surface	receptors,	and	a	cascade	of	activation	takes	place.	The	final	effector
mechanism	of	cell	death	is	through	the	activation	of	caspases.	Brenner,	Horvitz	and	Sulston	were	awarded	Nobel	Prize	in	2002	for	their	contributions	in	apoptosis	mechanisms.	506		Textbook	of	Biochemistry;	Section	E:	Molecular	Biology	Mitochondrial	Permeability	Transition	Pore	(MPTP)	MPTP	is	located	between	the	inner	and	outer	mitochondrial
membrane.	It	is	made	up	of	voltage	dependent	anion	channel	(VDAC)	located	in	the	outer	membrane,	adenine	nucleotide	translocase	(ANT)	located	in	the	inner	membrane	and	cyclophilin-D.	The	pore	is	normally	in	the	closed	state.	It	is	opened	under	oxidative	stress	or	attack	of	free	radicals.	This	causes	increased	matrix	calcium	ions.	Opening	of	the
pore	results	in	an	increase	in	the	permeability	of	the	mitochondrial	membrane	(Chapter	19)	to	molecules	weighing	less	than	1500	Daltons.	This	leads	to	mitochondrial	swelling	and	cell	death.	Opening	of	the	MPT	pore	causes	ATP	depletion	and	release	of	cytochrome	c;	the	latter	acts	as	a	trigger	for	apoptosis.	Reactive	oxygen	species	(Chapter	20)
cause	opening	of	MPTP,	which	leads	to	apoptosis.	Caspase	Activation	Cascade	CASPASE	is	the	acronym	for	"Cysteinyl	aspartate	specific	protease".	They	are	proteases	with	cysteine	in	their	active	center.	Caspases	1	to	10	are	identified;	they	are	named	in	the	order	of	their	discovery.	All	these	enzymes	are	secreted	as	inactive	zymogen	form;	they	are
activated	one	by	one.	The	caspase	8	is	the	first	one	activated,	which	is	otherwise	called	the	initiator.	The	final	one	is	caspase	3,	the	executor	of	death,	which	is	officially	named	as	"Yama",	the	Hindu	God	of	Death.	Caspase	3	will	hydrolyze	certain	target	proteins,	like	those	maintaining	cytoskeleton.	Cytochrome	c,	when	released	from	mitochondria	into
cytosol	activates	procaspase	9	to	caspase	9.	This	causes	activation	of	the	whole	pathway	(Fig.	42.6B).	REGULATION	OF	GENE	EXPRESSION	1.	Induction	and	Repression	i.	Pioneer	in	genetic	studies,	Ochoa	was	awarded	Nobel	Prize	in	1959.	Synthesis	of	proteins	under	the	influence	of	gene	is	called	gene	expression.	All	genes	of	the	cell	are	not
expressed	at	all	the	time.	For	example,	the	insulin	gene	is	expressed	only	in	the	beta	cells	of	pancreas;	but	not	in	other	tissues.	In	other	words,	insulin	gene	is	in	the	state	of	repression	in	all	other	cells.	ii.	Some	genes	are	expressed	almost	always	in	all	cells.	For	example,	enzymes	of	glycolysis	are	synthesized	by	all	cells.	Such	genes	are	called
constitutive	genes	or	housekeeping	genes.	iii.	The	same	gene	may	be	alternatively	opened	and	shut,	as	per	the	need	of	the	metabolism.	Such	regulation	is	done	by	induction	and	repression	mechanisms.	iv.	Induction	is	the	phenomenon	of	increased	synthesis	of	protein	or	enzyme	in	response	to	certain	signal.	Such	enzymes	are	said	to	be	inducible;	and
the	signals	are	called	inducers.	v.	Induction	is	turning	"on"	the	switch	of	the	gene.	Repression	is	turning	"off"	the	gene	expression.	2.	Operon	Concept	of	Gene	Regulation	Francois	Jacob	and	Jacques	Monod	put	forward	the	operon	concept	in	1961,	for	which	they	were	awarded	Nobel	Prize	in	1965.	Andre	Lwoff	who	worked	on	the	derepression	also
received	the	Nobel	Prize	in	1965.	Jacob	and	Monod	theory	was	based	on	the	observations	on	lactose	metabolism	in	Escherichia	coli	(bacteria).	Cells	grown	in	glucose	medium	do	not	contain	beta	galactosidase	(lactase).	But	when	cells	are	transferred	to	a	medium	containing	only	lactose,	then	the	enzyme	level	in	the	cell	increases	several	thousand	fold.
Thus,	lactose	metabolism	is	regulated	by	an	induction	or	derepression	process.	The	Lac	Operon	i.	Operon	is	a	unit	of	gene	expression;	it	includes	structural	genes,	control	elements,	regulator/	inhibitor	gene,	promoter	and	operator	areas.	ii.	In	the	bacterial	cell,	the	Z	gene	encodes	betagalactosidase,	the	enzyme	which	hydrolyzes	lactose	to	galactose
and	glucose.	iii.	The	Y	gene	is	responsible	for	production	of	a	permease	which	transports	lactose	and	galactose	into	the	cell.	The	A	gene	codes	for	thiogalactoside	transacetylase.	iv.	Since	Z,	Y	and	A	code	for	the	structure	of	the	proteins,	they	are	called	structural	genes.	These	3	genes	are	present	as	contiguous	segments	of	DNA	(Fig.	42.7).	v.	The
transcription	of	these	genes	start	from	a	common	promoter	(P),	located	close	to	the	Z	gene.	The	RNA	polymerase	binds	to	the	promoter	and	transcribes	these	3	structural	genes	as	a	single	mRNA.	A.	Transcription	is	Normally	Repressed	i.	Transcription	of	the	structural	gene	is	under	the	control	of	another	regulator	or	the	"i"	(inhibitor)	gene.	It	is	far
away	from	the	structural	genes.	ii.	Regulatory	gene	produces	a	repressor	molecule.	The	lac	repressor	has	a	molecular	weight	of	150	kD.	Chapter	42;	Inheritance,	Mutations	and	Control	of	Gene	Expression		507	Figs	42.7A	and	B.	(A)	(Left)	Repression	of	lac	operon.	When	lactose	is	absent,	repressor	molecules	bind	to	the	operator	site.	So	RNAP	cannot
work,	and	genes	are	in	"off"	position.	(B)	(Right)	Induction	or	derepression	of	lac	operon.	Lactose	attaches	to	repressor;	so	repressor	cannot	bind	to	operator	site	which	is	free;	genes	are	in	"on"	position;	protein	is	synthesized	iii.	The	lac	repressor	has	strong	affinity	to	the	operator	site.	The	operator	region	is	27	bp	long,	to	which	the	repressor	tightly
binds.	The	operator	site	is	between	the	promoter	and	structural	genes	(Fig.	42.7A).	iv.	When	RNAP	identifies	the	promoter	sequence	and	moves	towards	the	structural	genes,	it	is	stopped	by	the	hindrance	produced	by	repressor	molecule.	This	is	like	the	action	of	a	zip.	If	a	thread	is	placed	across	its	way,	the	zip	cannot	move	further.	Similarly,	when
repressor	is	attached	to	the	operator,	RNAP	cannot	move	further.	So	structural	genes	are	not	transcribed.	v.	Thus,	when	lactose	is	not	available,	the	lactose	utilizing	enzymes	are	not	synthesized	(Fig.	42.7A).	B.	Derepression	of	Lac	Operon	i.	When	lactose	is	introduced	into	the	medium,	lactose	binds	to	the	repressor	protein;	one	molecule	on	each
subunit	(Fig.	42.7B).	ii.	Repressor-lactose	complex	is	inactive,	which	does	not	bind	to	the	operator	region.	So	there	is	no	repressor	molecule	at	the	operator	site.	iii.	Now,	RNAP	can	transcribe	the	structural	genes,	which	are	then	translated	(Fig.	42.7B).	iv.	Thus	lactose	switches	the	genes	"on".	Lactose	induces	the	synthesis	of	lactose	utilizing	enzymes.
Hence	lactose	is	an	inducer	of	these	genes	and	the	mechanism	is	said	to	be	derepression	of	the	gene.	Such	regulation,	where	several	proteins	are	regulated	as	one	unit,	is	termed	as	coordinate	gene	regulation.	C.	Fine-regulation	of	Lac	Operon	When	the	culture	medium	contains	both	glucose	and	lactose,	the	bacteria	preferentially	utilize	glucose.	Only
when	glucose	is	exhausted,	lactose	is	metabolized.	Thus	lac	operon	is	induced	by	lactose	only	when	glucose	is	not	available.	It	was	thought	that	the	repression	of	lac	operon	is	by	some	catabolite	of	glucose;	hence	this	was	called	catabolite	repression.	This	is	now	known	to	be	mediated	by	the	catabolite	activator	protein	(CAP).	The	RNA	polymerase	can
attach	to	promoter	site,	only	when	CAP	combined	with	cyclic	AMP	(cAMP)	is	available.	CAPcAMP	regulator	is	acting	as	a	positive	regulator.	It	is	necessary	for	gene	expression.	Bacteria	accumulate	cAMP	only	when	starved.	When	glucose	is	exhausted,	cAMP	is	available	in	plenty	and	so	CAP-cAMP	complex	is	formed.	Then	RNAP	can	identify	the
promoter	site.	Thus	lac	operon	is	controlled	by	two	factors;	one	that	acts	positively	through	CAP-cAMP	complex,	and	the	second	one	acts	negatively	through	Lac	repressor	that	antagonizes	binding	of	RNA	polymerase	to	the	promoter.	In	case	of	mutation	in	lac	operon,	and	the	product	is	not	able	to	bind	the	operator	site,	there	will	be	constitutive
expression	of	lac	gene.	Or,	mutations	in	the	lac	operator	region	will	not	allow	binding	of	normal	repressor	molecule;	leading	again	to	constitutive	expression	of	lac	gene.	D.	Clinical	Applications	Lactase	in	human	intestine	is	an	inducible	enzyme.	Clinical	manifestations	of	lactase	deficiency	and	508		Textbook	of	Biochemistry;	Section	E:	Molecular
Biology	Fig.	42.8.	Repression	by	heme	of	enzymes	responsible	for	heme	synthesis	lactose	intolerance	are	described	in	Chapter	9.	In	humans,	examples	of	derepression	include	induction	of	tryptophan	pyrrolase,	and	transaminases	by	glucocorticoids;	as	well	as	ALA	synthase	by	barbiturates.	Regulation	of	Genes	by	Repression	i.	Repression	is	the
mechanism	by	which	the	presence	of	excess	product	of	a	pathway	shuts	off	the	synthesis	of	the	key	enzyme	of	that	pathway.	ii.	Heme	synthesis	is	an	example.	It	is	regulated	by	repression	of	ALA	synthase,	the	key	enzyme	of	the	pathway	(Chapter	21).	Transcription	of	structural	gene	for	ALA	synthase	is	controlled	by	a	regulatory	gene.	It	produces	Fig.
42.9.	Steroid	hormone	binds	to	the	HRE	(hormone	response	element)	region	of	DNA,	leading	to	gene	activation.	1=	Steroid	hormone	reaches	cytoplasm;	2	=	Hormone	binds	with	cytoplasmic	receptor.	3	=	Hormone	binds	HRE	the	apo-repressor,	which	binds	with	heme	and	becomes	the	active	holo-repressor.	Here,	heme	acts	as	the	co-repressor	(Fig.
42.8).	iii.	The	holo-repressor	binds	to	the	operator	and	stops	transcription	of	the	gene.	Upstream	to	the	structural	genes	lies	the	promoter	site,	where	the	RNA-polymerase	(RNAP)	attaches	and	starts	mRNA	synthesis.	The	operator	site	is	in	between	promoter	and	structural	genes.	So	when	RNAP	reaches	operator	site,	it	cannot	move	further	(Fig.
42.8).	So	enzyme	synthesis	stops,	and	heme	synthesis	slows	down.	iv.	On	the	other	hand,	when	heme	is	not	available,	co-repressor	is	not	available,	therefore,	repression	is	not	effective	and	enzyme	synthesis	starts.	Thus,	the	synthesis	of	heme	is	autoregulated	by	the	repression	mechanism.	v.	Thalassemia	is	a	condition	when	normal	hemoglobins	are
produced	in	abnormal	ratios	(Chapter	22).	When	alpha	chain	synthesis	is	blocked	due	to	a	mutation	on	the	promoter,	there	is	compensatory	increase	in	beta	chain	synthesis.	Instead	of	the	α2	β2	combination	for	normal	hemoglobin,	an	abnormal	β4	combination	results.	Hormone	Response	Elements	(HRE)	In	higher	organisms,	hormones	or	their	second
messengers	function	as	inducers.	Many	hormones,	particularly	steroid	hormones,	elicit	physiological	response	through	controlling	gene	expression	(Fig.	42.9).	Glucocorticoids	attach	to	a	cytoplasmic	receptor;	then	the	receptor-hormone	complex	translocates	to	the	nucleus.	It	finally	attaches	on	the	HRE	in	the	DNA.	The	receptor	binds	at	the	enhancer
region,	which	activates	the	promoter,	so	that	transcription	is	accelerated.	Examples	are	receptors	for	glucocorticoid,	mineralocorticoid,	progesterone,	androgen,	estrogen,	thyroxine,	vitamin	D	and	retinoic	acid.	Chapter	42;	Inheritance,	Mutations	and	Control	of	Gene	Expression		509	epsilon-zeta	to	alpha-gamma	and	later	to	alpha-beta	or	alphadelta.
Another	example	of	gene	switching	is	seen	in	the	immunoglobulin	(Ig)	synthesis.	During	the	primary	immune	response,	IgM	antibodies	are	produced.	In	the	secondary	immune	response,	IgG	antibodies	are	seen.	Thus	switching	of	gene	from	IgM	to	IgG	is	taking	place	(Chapter	49).	Somatic	recombination	is	described	in	Chapter	49.	VIRUSES	Hormone-
receptor	superfamily	includes	receptors	for	glucocorticoid,	mineralocorticoid,	progesterone,	androgen,	estrogen,	thyroxin,	vitamin	D,	retinoic	acid	and	erb	oncogene	protein.	All	these	receptors	have	a	conserved	DNA-binding	region	in	the	middle	and	a	conserved	C-terminal	hormonebinding	site.	When	hormone	binds,	the	receptor	molecule	becomes
dimerized,	which	then	specifically	binds	the	HRE	region	of	the	DNA	(Table	44.2).	Gene	Amplification	This	is	a	mechanism	by	which	gene	expression	is	increased	thousand-fold.	In	Drosophilia	(fruit	fly),	during	oogenesis,	an	amplification	of	a	few	genes	of	egg	shell	protein	occurs.	This	is	generated	by	a	process	of	repeated	initiation	of	DNA	synthesis.	In
electron	microscopy,	it	is	seen	as	a	big	replication	bubble.	Such	a	mechanism	is	operating	in	human	beings	also.	Methotrexate	is	a	widely	used	anticancer	drug,	which	acts	by	inhibiting	dihydrofolate	reductase	(Chapter	39).	In	patients	receiving	methotrexate	for	a	long	time,	the	malignant	cells	are	seen	to	develop	drug	resistance	by	increasing	the
number	of	genes	for	dihydrofolate	reductase	by	gene	amplification.	Oncogenes	are	also	shown	to	be	amplified	in	many	cancer	cells.	Viruses	are	absolute	parasites	on	living	cells.	They	contain	only	the	bare	minimum	of	genetic	information	for	survival	and	replication.	Salvador	Luria	in	1942	showed	that	viruses	are	visible	only	by	electron	microscopy.
Alfred	Hershey	proved	that	nucleic	acids,	but	not	proteins,	are	the	genetic	material	in	viruses.	Both	got	Nobel	Prize	in	1969.	Viruses	generally	bind	to	specific	receptors	on	the	host	cell	surface	(Fig.	42.10).	Binding	of	viruses	involve	specialized	microdomains	on	the	host	cell	membranes,	the	lipid	rafts	and	the	glycans.	For	example,	binding	of	HIV	to
CD4	receptor	occurs	in	lipid	raft	areas	through	GP120	(glycoprotein	of	the	virus).	Influenza	virus	binds	NANA	(N-acetyl	neuraminic	acid)	residues	on	glycoprotein	receptors	on	cell	surface	through	hemagglutinin	(H).	The	neuraminidase	(N)	present	in	the	virus	plays	an	important	role	in	budding	of	new	virions.	There	are	16	types	of	H	and	9	types	of	N
antigens	that	make	the	different	strains	of	influenza	virus.	For	example,	avian	flu	virus	has	H5N1,	and	swine	flue	virus	has	H1N1	antigens.	After	entry	into	the	host	cell,	the	viruses	utilize	the	host	cell	machinery	for	growth	and	replication.	Gene	Switching	Sometimes,	one	gene	is	switched	off	while	a	closely	related	gene	takes	up	its	function.	A	good
example	is	the	hemoglobin	synthesis.	In	embryo,	hemoglobin	is	made	up	of	2	zeta	and	2	epsilon	chains.	By	the	6th	month	of	intrauterine	life,	this	is	changed	to	HbF,	consisting	of	alpha	2-gamma	2	chains.	After	birth,	HbF	is	replaced	by	adult	types	of	Hb,	97%	HbA1	(alpha	2-beta	2	chains)	and	3%	HbA2	(alpha	2-delta	2	composition)	(Chapter	22).	Thus
the	gene	expression	is	switched	from	Fig.	42.10.	Life	cycle	of	viruses	in	general.	The	numbers	show	the	site	of	action	of	antiviral	drugs	mentioned	in	the	text.	1=	virus	entry	through	receptor;	2=	uncoating;	3=	DNA	synthesis;	4=	RNA	synthesis;	5=	late	protein	synthesis;	6=	packaging	or	assembly	of	new	daughter	viruses	510		Textbook	of
Biochemistry;	Section	E:	Molecular	Biology	Identification	of	Virus	Infection	in	Host	Virus	infection	in	patients	is	generally	identified	by	demonstration	of	specific	antibodies	in	the	serum	or	by	detection	of	virus	in	the	host	cells	or	fluids.	Most	viruses	are	grown	in	tissue	culture	cells.	For	example,	Herpes	simplex	virus,	if	introduced	into	a	culture	of
Vero	cell	line	(monkey	kidney	cells),	the	virus	produces	lysis	of	cells.	This	is	called	cytopathic	effect.	Viruses	were	first	grown	in	tissue	culture	by	John	Enders	(Poliomyelitis),	Frederick	Robbins	(Herpes	simplex	virus)	and	Thomas	Weller	(Varicella	virus);	all	the	three	were	awarded	Nobel	Prize	in	1954.	Fig.	42.11.	Upper	part,	repressor	gene	of	phage
lambda	is	"on",	while	Cro	gene	is	"off".	Phage	is	in	the	dormant	stage.	Lower	part,	Cro	gene	is	"on"	and	repressor	gene	is	"off".	RNAP	can	now	transcribe	all	the	genes;	thus	lytic	phase	is	started.	RNAP	=	RNA	polymerase	Antiviral	Agents	Usual	antibiotics	will	not	affect	the	replication	of	viruses.	There	are	only	a	handful	of	antiviral	drugs	available,
when	compared	to	the	vast	array	of	antibacterial	agents.	This	is	because	viruses	are	intracellular	and	secondly	the	virus	utilizes	the	host	cell	machinery	for	its	replication.	They	act	at	different	steps	of	the	virus	cycle	(Fig.	42.10).	Site	1:	Adsorption	and	penetration	of	virus	into	host	cell	is	inhibited	by	antibodies,	either	passive	or	active.	Neuraminidase
inhibitors	can	be	used	in	the	treatment	of	influenza	virus	infections,	e.g.,	Oseltamivir	(Tamiflu)	and	Zanamavir.	Mutations	in	the	virus	at	the	neuraminidase	binding	site	can	lead	to	resistance	to	the	drug.	Site	2:	Uncoating	of	viral	nucleic	acid	is	prevented	by	amantadine.	It	is	used	in	treatment	and	prophylaxis	of	influenza	virus.	Site	3:	Synthesis	of
DNA	is	inhibited	by	purine	or	pyrimidine	analogues.	Acyclovir	is	an	analogue	of	Guanosine.	It	was	developed	by	Gertrude	Elion	and	George	Hitchings,	who	were	awarded	Nobel	Prize	in	1988.	In	the	host	cell,	it	is	first	phosphorylated	by	the	virus-specific	thymidine	kinase;	then	triphosphate	form	is	produced	by	the	cellular	enzymes.	The	resulting
nucleotide	inhibits	the	viral	DNA	polymerase.	This	explains	the	high	selectivity	against	the	virus.	Iododeoxyuridine	is	the	first	antiviral	drug	marketed.	It	is	used	for	topical	application.	Ribavirin	is	a	guanosine	analogue.	It	inhibits	capping	of	viral	mRNA.	It	is	useful	against	respiratory	syncytial	virus	and	viral	hemorrhagic	fever.	Site	4:	Synthesis	of	RNA
is	abolished	by	inhibitors	of	reverse	transcriptase.	Zidovudine	is	a	deoxy	thymidine	analogue.	It	is	useful	against	HIV	infection.	Didanosine	(di-	deoxy	inosine)	also	inhibits	reverse	transcriptase	and	is	used	in	HIV	infection.	Site	5:	Late	protein	synthesis	is	controlled	by	protease	inhibitors,	such	as	Ritonavir,	Saquinavir	and	Indinavir.	They	are	used
against	HIV	infection.	Lytic	Cycle	and	Lysogeny	Normally	virus	is	replicated	inside	the	cell,	then	the	new	virus	particles	get	out	from	the	cell.	Most	often	the	host	cell	is	lysed	during	this	process.	This	is	called	lytic	cycle.	Instead	of	the	lytic	process,	some	viruses	remain	dormant	for	months	or	years	inside	the	host	cells.	Herpes	simplex	virus	(HSV)	and
Varicella	Zoster	virus	are	examples	of	dormant	viruses	in	human	cells	producing	recurrent	manifestations.	Sometimes	the	whole	virus,	or	certain	parts	of	virus	may	be	integrated	into	the	cellular	DNA,	this	may	lead	to	malignant	transformation	(Chapter	51).	Viruses	infecting	bacteria	are	called	bacteriophages.	The	lambda	phage	is	a	DNA	virus.	It
enters	the	host	bacteria,	multiplied	quickly,	then	the	host	cell	is	lysed	and	free	viral	particles	come	out,	to	infect	neighboring	cells.	This	is	the	lytic	cycle.	Instead,	under	certain	conditions,	virus	enters	in	the	lysogenic	pathway.	Viral	DNA	becomes	integrated	into	the	bacterial	DNA,	and	replicates	as	a	part	of	host	DNA.	This	stage	is	called	dormancy	of
virus	or	prophage.	This	dormancy	can	be	"induced"	or	"activated"	by	UV	irradiation,	iodo-deoxy	uridine,	etc.	which	damages	DNA.	This	switch	from	dormant	phase	to	lytic	infection	is	as	follows:	In	the	lambda	DNA,	there	is	the	OR	(operator	right)	gene.	When	the	repressor	gene	is	in	"on",	the	Cro	gene	is	off.	OR1	region	is	the	Cro	promoter	and	OR3	is
the	repressor.	In	the	dormant	state,	RNAP	(RNA	polymerase)	can	fix	on	OR3	region	and	repressor	gene	is	transcribed.	The	repressor	protein	is	synthesized,	which	binds	on	the	OR1	region.	Therefore,	Cro	promoter	is	blocked	(Fig.	42.11,	upper	part).	Under	UV	irradiation,	fragments	of	single	stranded	DNA	are	generated.	These	activate	another
bacterial	gene,	recA,	which	produces	a	specific	protease.	This	protease	hydrolyzes	the	lambda	repressor	protein.	Now	OR2	and	OR1	are	free.	The	RNAP	starts	transcribing	Cro	gene.	The	Cro	protein	now	binds	OR3.	Thus	the	repressor	gene	is	turned	"off",	so	that	all	other	lambda	genes	are	turned	"on".	The	lytic	cycle	ensues	(Fig.	42.11,	lower	part).
Transduction	Process	Occasionally,	the	virus	carries	a	portion	of	host	DNA.	Subsequent	infection	of	a	new	host	by	such	a	virus	may	introduce	new	genes	to	the	new	host.	This	is	called	viral	transduction.	This	process	was	studied	by	Joshua	Lederberg	(Nobel	Prize	1958)	and	Max	Delbruck	(Nobel	Prize	1969).	This	can	be	considered	as	genetic
engineering	by	nature,	or	horizontal	transmission	of	genes.	Chapter	42;	Inheritance,	Mutations	and	Control	of	Gene	Expression		511	Viruses	as	Jumping	Genes	Viruses	may	be	considered	as	genes	escaped	from	the	existing	cells	of	a	lower	evolutionary	scale;	they	are	jumping	genes	(see	also	oncogenes	and	viral	integration	in	Chapter	51).	The
advantage	imparted	by	virus	may	be	the	transfer	of	genes	horizontally.	Fossil	records	show	that	exoskeleton	appeared	in	different	species	more	or	less	simultaneously.	About	160	million	years	ago,	ammonites	with	exoskeletons	appeared	all	over	the	world.	These	organisms	are	very	slow	moving;	but	the	gene	moved	rapidly	throughout	the	world.	It
may	be	that	the	gene	for	alkaline	phosphatase	has	originated	in	few	organisms,	which	was	then	transferred	horizontally	within	a	short	period	of	paleobiology.	Thus,	evolutionary	process	is	accelerated	by	viruses.	In	that	case,	cancer	is	the	deferred	payment	by	the	individual	for	the	benefit	availed	by	the	species	as	a	whole.	Epigenetic	Modifications
This	is	a	mechanism	that	results	in	stable	propagation	of	gene	activity	states	from	one	generation	of	cells	to	the	next.	The	epigenetic	modifications	include	changes	in	histones	and	DNA	methylation.	Epigenetic	states	can	be	modified	by	environmental	factors	which	may	result	in	the	expression	of	abnormal	phenotypes.	These	epigenetic	modifications
control	gene	expression	and	changes	are	also	inherited.	Genetic	code	is	comparable	to	writing	in	indelible	ink	using	the	sequence	of	4	nucleotides.	This	information	is	normally	transferred	from	generation	to	generation	with	high	fidelity.	Information	provided	by	epigenome	is	like	a	code	written	in	pencil	which	can	be	erased	and	rewritten.	The
epigenome	is	represented	by	methyl	groups	attached	to	DNA	base	cytosine	and	certain	covalent	modifications	in	histones.	Unlike	genetic	information	that	distinguishes	one	person	from	another	(molecular	fingerprint)	the	epigenome	distinguishes	one	cell	type	from	another.	Any	mistakes	that	occur	(epimutations)	can	be	erased	in	the	same	germ	line.
However,	at	times	pencil	writing	leaves	smudges	even	after	erasing,	similarly,	the	epimutations	may	be	transmitted	to	the	next	generation.	But	all	the	offsprings	are	not	affected	and	even	affected	persons	may	not	transmit	the	defect	to	their	progeny,	since	the	genetic	imprints	are	erased	and	rewritten.	Epigenetic	modifications	referred	to	as	genomic
imprinting	occurs	very	early	in	the	embryo.	Certain	reagents	will	not	produce	any	effect	on	the	DNA	sequence;	but	the	expression	of	a	gene	(protein	structure)	may	be	altered.	For	example,	methylation	of	controlling	elements	in	DNA	leads	to	selective	silencing	of	genes.	This	will	explain	genomic	imprinting.	In	Prader	Willi	Syndrome,	a	mutant	gene	is
derived	from	father	and	in	Angelman	syndrome,	the	mutant	gene	is	from	mother.	In	some	other	cases,	mutation	produces	an	abnormal	protein,	which	is	non-functional;	but	interferes	with	the	functions	of	a	normal	gene	of	a	normal	allele.	For	example,	in	Osteogenesis	imperfecta	type	I,	the	abnormal	protein	interferes	with	normal	triple	helix	formation
of	collagen.	This	is	a	dominant	negative	effect.	Transcription	factors	play	a	crucial	role	in	eukaryotic	gene	expression.	Epigenetic	modification	of	core	histones	(acetylation	of	specific	lysine	residues)	facilitates	an	open	structure	and	permits	access	to	transcription	factors	for	interaction	with	DNA.	On	the	other	hand,	methylation	at	the	CG	sequence	of
the	promoters	transcriptionally	inactivates	chromatin.	Methylation	occurs	naturally	on	cytosine	bases	at	CpG	sequences	and	is	involved	in	controlling	the	correct	expression	of	genes.	DNA	methylation	is	usually	associated	with	triggering	histone	deacetylation,	chromatin	condensation,	and	gene	silencing.	Differentially	methylated	cytosines	give	rise	to
distinct	patterns	specific	for	each	tissue	type	and	disease	state.	Such	methylation-variable	positions	(MVPs)	are	not	uniformly	distributed	throughout	our	genome,	but	are	concentrated	among	genes	that	regulate	transcription,	growth,	metabolism,	differentiation,	and	oncogenesis.	Alterations	in	MVP	methylation	status	create	epigenetic	patterns	that
appear	to	regulate	gene	expression	profiles	during	cell	differentiation,	growth,	and	development,	as	well	as	in	cancer.	Environmental	stressors	including	toxins,	as	well	as	microbial	and	viral	exposures,	can	change	epigenetic	patterns	and	thereby	effect	changes	in	gene	activation	and	cell	phenotype.	Since	DNA	methylation	is	often	retained	following
cell	division,	altered	MVP	patterns	in	tissues	can	accumulate	over	time	and	can	lead	to	persistent	alterations	in	steady-state	cellular	metabolism,	responses	to	stimuli,	or	the	retention	of	an	abnormal	phenotype,	reflecting	a	molecular	consequence	of	gene-environment	interaction.	The	occurence	of	"large	offspring	syndrome"	in	cattle	is	attributed	to
exposure	of	embryos	in	vitro	to	environmental	changes.	A	similar	condition,	"Beckwith-Weidmann	syndrome",	which	is	an	imprinted	disorder	was	found	to	occur	with	increased	frequency	in	children	born	by	"assisted	reproductive	technologies".	Therefore,	environmental	factors	might	cause	epigenetic	modification	of	DNA	leading	to	alteration	of
"imprinted	gene	expression".	Alterations	in	gene	expression	are	implicated	in	the	pathogenesis	of	several	neuropsychiatric	disorders,	including	drug	addiction	and	depression.	Changes	in	gene	expression	in	neurons,	in	the	context	of	animal	models	of	addiction	and	depression,	are	mediated	in	part	by	epigenetic	mechanisms	that	alter	chromatin
structure	on	specific	gene	promoters.	Aptamers	Aptamers	are	oligonucleotides	that	exhibit	specificity	against	amino	acids,	drugs,	proteins	and	other	biomolecules.	They	are	useful	to	purify	other	molecules.	Aptamers,	first	reported	in	1990,	are	attracting	interest	in	the	areas	of	therapeutics	and	diagnostics.	They	are	ideal	candidates	for	use	as
biocomponents	in	biosensors.	512		Textbook	of	Biochemistry;	Section	E:	Molecular	Biology	CHAPTER	43	Recombinant	DNA	Technology	and	Gene	Therapy	CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Recombinant	DNA	technology	2.	Restriction	endonucleases	3.	Vectors	4.	Molecular	cloning	5.	Gene
therapy	RECOMBINANT	DNA	TECHNOLOGY	i.	Biotechnology	may	be	defined	as	"the	method	by	which	a	living	organism	or	its	parts	are	used	to	change	or	to	incorporate	a	particular	character	to	another	living	organism".	ii.	Biotechnology	involves	the	application	of	scientific	principles	to	the	processing	of	materials	by	biological	agents.	iii.	The	use	of
new	varieties	of	microorganisms	to	breakdown	pollutants	in	soil	or	water	to	harmless	end	products	is	known	as	bioremediation.	iv.	Genetic	recombination	is	the	exchange	of	information	between	two	DNA	segments.	This	is	a	common	occurrence	within	the	same	species.	But	by	artificial	means,	when	a	gene	of	one	species	is	transferred	to	another	living
organism,	it	is	called	recombinant	DNA	technology.	In	common	parlance,	this	is	known	as	genetic	engineering.	Applications	of	Recombinant	Technology	1.	Quantitative	Preparation	of	Biomolecules	If	molecules	are	isolated	from	higher	organisms,	the	availability	will	be	greatly	limited.	For	example,	to	get	1	unit	of	growth	hormone,	more	than	1000
pituitaries	from	cadavers	are	required.	By	means	of	recombinant	technology,	large	scale	availability	is	now	assured.	2.	Risk	of	Contamination	is	Eliminated	It	is	now	possible	to	produce	a	biological	substance	without	any	contamination.	Hepatitis,	caused	by	the	hepatitis	B	virus	(HBV),	is	highly	contagious.	A	vaccine	is	prepared	from	the	Hepatitis	B
virus	surface	proteins,	which	will	give	protection	from	infection.	Originally,	the	virus	was	isolated	from	pooled	blood	of	patients,	and	the	specific	protein	was	isolated.	However,	blood	of	hepatitis	patients	is	known	to	be	highly	infective.	It	is	absolutely	essential	to	make	sure	that	the	preparations	of	vaccines	or	clotting	factors	are	free	from
contaminants	such	as	hepatitis	B	particles.	Recombinant	DNA	technology	provides	the	answer	to	produce	safe	antigens	for	vaccine	production.	3.	Specific	Probes	for	Diagnosis	of	Diseases	Specific	probes	are	useful	for:	i.	Antenatal	diagnosis	of	genetic	diseases.	For	example,	many	of	the	single	gene	defects	(e.g.	cystic	fibrosis,	phenyl	ketonuria,	etc.)
could	be	identified	by	taking	cell	samples	from	fetus.	ii.	To	identify	viral	particles	or	bacterial	DNA	in	suspected	blood	and	tissue	samples.	iii.	To	demonstrate	virus	integration	in	transformed	cells.	iv.	To	detect	activation	of	oncogenes	in	cancer.	v.	To	pinpoint	the	location	of	a	gene	in	a	chromosome.	vi.	To	identify	mutations	in	genes	and	for	pedigree
analysis:	Point	mutations,	deletions,	insertions	and	rearrangements	of	DNA	could	be	identified.	Sickle	cell	disease	is	an	example	of	point	mutation	(See	Chapter	22).	The	substitution	of	T	for	A	in	the	template	strand	of	DNA	in	the	beta	globin	gene	changes	the	Mst	II	restriction	site	(See	Chapter	55).	Thus	normal,	heterozygous	and	homozygous
individuals	in	the	family	could	be	identified.	4.	Gene	Therapy	An	important	application	of	recombinant	technology	is	in	gene	therapy.	Normal	genes	could	be	introduced	into	the	patient	so	that	genetic	diseases	can	be	cured.	These	techniques	are	described	later.	Chapter	43;	Recombinant	DNA	Technology	and	Gene	Therapy		513	Table	43.1.	Specificity
of	restriction	enzymes	(The	arrows	show	the	site	or	cut	by	the	enzyme)	Enzyme	Source	of	enzyme	Specific	sequence	identified	by	the	enzyme	Eco	RI	Escherichia	coli	RY	13	↑G	AATT	C	C	TTA↓A	G	Hind	III	Hemophilus	influenzae	Rd	↑A	AGCT	T	T	TCG↓A	A	Taq	I	Thermus	aquaticus	↑T	CG	A	A	G↓C	T	Hpa	I	Hemophilus	parainfluenza	GT	↑T	AAC	CA	↓A
TTG	Restriction	Endonucleases	(RE)	The	principle	of	DNA	recombinant	technology	is	summarized	in	Figure	43.4.	In	order	to	transfer	a	gene,	it	is	to	be	first	selectively	split	from	the	parent	DNA.	This	is	usually	achieved	by	restriction	endonucleases	which	are	referred	to	as	"molecular	scissors".	Werner	Arber	showed	that	certain	enzymes	of	bacteria
restrict	the	entry	of	phages	into	host	bacteria.	Hence,	the	name	restriction	endonucleases.	Hamilton	Smith	in	1970	isolated	the	first	restriction	enzyme	beta	Hind-I.	Daniel	Nathans	in	1971	for	the	first	time	applied	the	enzyme	to	cut	the	DNA.	All	the	three	got	Nobel	Prize	in	1978.	Paul	Berg	(Nobel	Prize	1980)	developed	the	cutting	technique	for
recombinant	DNA.	The	Restriction	endonucleases	are	named	after	the	species	and	strains	of	bacteria	and	the	order	of	discovery.	For	example,	the	enzyme	Eco	RI	is	isolated	from	Escherichia	coli	RY13	strain.	The	Roman	numeral	"one"	indicates	the	order	of	discovery	of	an	enzyme	from	that	species.	Restriction	enzymes	are	isolated	from	bacteria.
Restriction	Sites	Restriction	endonucleases	have	specific	recognition	sites	where	they	cut	the	DNA.	(Table	43.1).	There	are	more	than	800	such	enzymes	now	available	commercially.	These	enzymes	recognize	specific	sequence	with	palindrome	arrangement.	Palindrome	in	Greek	means	"to	run	backwards".	It	is	similar	to	a	word	that	reads	backwards
or	forwards	similarly,	e.g.	"madam".	These	are	also	called	inverted	repeat	sequences,	which	means	the	nucleotide	sequence	in	5'	to	3'	direction	is	the	same	in	both	strands.	The	resultant	DNA	Fig.	43.1.	Restriction	map	of	DNA	from	lambda	bacteriophage.	The	numbers	denote	the	length	of	restriction	fragment	in	kbp	Fig.	43.2.	EcoRI	enzyme	cuts	the
bonds	marked	with	red	arrow.	This	results	in	the	sticky	ends	cuts	will	generally	have	overlapping	or	sticky	ends	(Fig.	43.2).	Restriction	endonucleases	may	also	produce	blunt	ends,	e.g.	Hpa-I.	Restriction	Map	The	recognition	site	will	be	about	4	to	7	nucleotide	pairs.	If	a	piece	of	DNA	from	a	species	is	made	to	react	with	a	specific	RE,	a	characteristic
array	of	cut	pieces	will	be	produced,	this	is	called	a	restriction	map.	These	fragments	can	be	isolated	by	electrophoresis.	The	restriction	fragments	serve	as	the	"fingerprint	of	the	DNA",	because	the	fragments	of	DNA	from	one	organism	will	have	a	characteristic	pattern.	For	example,	the	restriction	maps	of	lambda	phage	DNA	with	two	restriction
enzymes	are	given	in	Fig.	43.1.	VECTORS	In	order	to	introduce	the	human	gene	into	bacteria,	at	first,	the	gene	is	transferred	into	a	carrier,	known	as	a	vector.	Most	commonly	used	vectors	are	plasmids.	Plasmids	are	circular	double-stranded	DNA	molecules	seen	inside	bacteria.	In	nature,	plasmids	confer	antibiotic	resistance	to	host	bacteria.	This



feature	has	profound	significance	in	clinical	practice	because,	antibiotic	resistance	property	is	exchanged	between	bacteria.	Plasmids	replicate	514		Textbook	of	Biochemistry;	Section	E:	Molecular	Biology	Fig.	43.4.	Production	of	chimeric	DNA	molecule	by	using	ECoRI	restriction	endonuclease.	Red	arrows	show	the	site	of	cut	by	ECoRI	Procedure	of
DNA	Recombination	Fig.	43.3.	Steps	to	produce	cDNA	from	mRNA	independent	of	bacterial	DNA.	Foreign	DNA	could	be	incorporated	into	them	by	using	specific	RE.	Bacteriophages	and	Cosmids	Plasmids	can	accept	only	about	6-10	kbp	long	foreign	DNA.	If	a	DNA	segment	of	10-20	kbp	is	to	be	introduced,	bacteriophages	may	be	the	vectors	of	choice.
The	lambda	phage	DNA	is	linear,	40%	of	genome	is	nonessential.	Therefore,	in	this	region,	a	large	fragment	of	foreign	DNA	may	be	introduced.	Cosmid	vectors	can	take	up	still	bigger	fragments	of	20-50	kbp	length.	Cosmids	are	plasmids	that	contain	DNA	sequences	(cos	sites)	required	for	packaging	of	lambda	DNA	into	phage.	1.	Preparation	of
Specific	Human	Gene	Isolation	of	a	specific	gene	from	the	human	DNA	is	a	laborious	process.	The	beta	globin	gene	is	about	1.6	kbp	length,	which	represents	only	0.00005%	of	total	human	genes.	This	is	like	searching	for	a	needle	in	a	haystack.	This	problem	is	generally	solved	by	preparation	of	cDNA	(complementary	copy	DNA).	It	is	easier	to	start
the	work	with	mRNA,	because	there	is	selective	expression	of	a	particular	gene	in	certain	tissue.	For	example,	insulin	mRNA	will	be	abundant	in	the	beta	cells	of	pancreas.	From	the	specific	mRNA,	the	cDNA	is	produced	by	using	reverse	transcriptase	(RT)	(Fig.	43.3).	2.	Preparation	of	Chimeric	DNA	Molecules	Chimera	is	the	Greek	mythological
monster	with	a	lion's	head,	goat's	body	and	serpent's	tail.	Narasimha	(lion's	head	and	human	body)	is	another	example	from	Indian	mythology.	A	vector	carrying	a	foreign	DNA	is	called	Chimeric	DNA	or	Hybrid	DNA	or	Recombinant	DNA.	A	summary	of	the	procedure	is	given	in	Figure	43.3.	i.	A	circular	plasmid	vector	DNA	is	cut	with	a	specific
restriction	endonuclease	(RE).	If	EcoRI	is	used,	sticky	ends	are	produced	with	TTAA	sequence	on	one	DNA	strand,	and	AATT	sequence	on	the	other	strand	(Table	43.1	and	Fig.	43.4).	Chapter	43;	Recombinant	DNA	Technology	and	Gene	Therapy		515	Fig.	43.5.	Insertional	inactivation	of	Cmr	gene	of	plasmid.	Cmr	=	chloramphenicol	resistance	gene.
Apr	=	ampicillin	resistance	gene;	Tcr	=	tetracyclin	resistance	gene	ii.	The	human	DNA	is	also	treated	with	the	same	RE,	so	that	the	same	sequences	are	generated	on	the	sticky	ends	of	the	cut	piece.	iii.	Then	the	vector	DNA	and	human	cut-piece	DNA	are	incubated	together	so	that	annealing	takes	place.	The	sticky	ends	of	both	vector	and	human	DNA
have	complementary	sequences,	and	therefore	they	come	into	contact	with	each	other.	iv.	Then	DNA	ligase	enzyme	is	added,	which	introduces	phospho-diester	linkages	between	the	vector	and	the	insert	molecules.	Thus	the	chimeric	DNA	is	finally	produced.	Homopolymer	Tailing	The	sticky	ends	of	the	vectors	usually	reconnect	themselves	without
taking	up	the	foreign	molecule	(recircularization).	To	circumvent	this	problem,	homopolymer	tailing	is	done	in	both	vector	and	insert	molecules.	First	the	restriction	enzyme,	HpaI	is	used	to	produce	blunt	ends	of	vector.	Then	poly	dG	is	added	to	the	3'	end	of	foreign	DNA	and	poly	dC	is	added	to	the	3'	end	of	vector	DNA.	When	the	two	molecules	are
incubated,	only	hybrid	varieties	are	formed.	3.	Cloning	of	Chimeric	DNA	The	next	step	is	cloning.	A	clone	is	a	large	population	of	identical	bacteria	or	cells	that	arise	from	a	common	ancestor	molecule.	Cloning	allows	the	production	of	a	large	number	of	identical	DNA	molecules.	The	hybrid	molecules	are	amplified	by	the	cloning	technique.	4.
Transfection	of	Vector	into	the	Host	The	process	by	which	plasmid	is	introduced	into	the	host	is	called	transfection.	Host	E.coli	cells	and	plasmid	vectors	are	incubated	in	hypertonic	medium	containing	calcium	for	a	few	minutes.	Then	calcium	ion	channels	are	opened,	through	which	the	plasmid	is	imbibed	into	the	host	cell.	Now	the	host	cells	are	Fig.
43.6.	Select	the	colony	carrying	hybrid	DNA	allowed	to	grow	in	agar	plates	containing	growth	medium.	Only	5%	of	bacterial	colonies	contain	the	desired	vector.	Therefore,	we	have	to	select	the	desired	colonies.	5.	Plasmid	Carries	Antibiotic	Resistance	Genes	Plasmid	pBR-325	vector	contains	Apr	(ampicillin	resistance),	Tcr	(tetracycline	resistance)	and
Cmr	(chloramphenicol	resistance)	genes	(see	Fig.	43.5).	The	restriction	enzyme	EcoRI	will	cleave	the	plasmid	in	the	middle	of	Cmr	gene.	When	the	foreign	DNA	is	inserted,	the	resistance	against	chloramphenicol	is	lost.	This	insertional	inactivation	of	Cmr	gene	is	the	marker	for	hybrid	DNA.	6.	Selection	of	Colony	having	Desired	Gene	i.	After	the
transfection,	the	bacteria	are	cultured	in	a	medium	containing	ampicillin	and	tetracycline.	The	antibiotics	kill	all	the	wild	bacteria.	Only	the	bacteria	containing	the	plasmids	will	grow.	ii.	There	will	be	many	colonies,	where	the	vector	does	not	carry	the	foreign	DNA.	These	colonies	are	replica-plated	onto	another	agar	plate	containing	chloramphenicol.
Since	the	insertion	of	foreign	DNA	abolishes	chloramphenicol	resistance,	the	desired	colonies	are	killed	in	the	replica-plate.	iii.	Colonies	in	the	original	plate,	corresponding	to	the	dead	colonies	in	the	replica-plate	are	selected.	They	carry	the	foreign	gene	(Fig.	43.6).	iv.	The	selected	colonies	are	further	cultured	to	produce	clones.	The	principle	of	gene
transfer	technology	is	summarized	in	Figure	43.7.	7.	Expression	Vectors	To	produce	the	human	proteins,	E.	coli	carrying	the	vector	with	the	insert	is	allowed	to	grow,	without	any	protein	inhibitors.	Such	a	vector	carrying	the	foreign	gene,	which	is	translated	into	a	protein,	is	called	expression	vector.	The	human	proteins	can	be	harvested	from	the
bacterial	culture.	516		Textbook	of	Biochemistry;	Section	E:	Molecular	Biology	Human	Recombinant	Proteins	Hundreds	of	human	proteins	are	now	being	synthesized	by	the	recombinant	technology.	Recombinant	human	insulin	is	now	available	in	market.	Other	useful	products	thus	produced	are	interleukins,	interferons,	anti-hemophilic	globulin,
hepatitis	B	surface	antigen	(for	vaccination)	and	growth	hormone.	Gene	Library	Thousands	of	genes	are	arranged	in	specific	order	in	the	entire	length	of	DNA.	Isolation	of	the	full	length	of	DNA	is	practically	impossible.	To	overcome	this	hurdle,	the	DNA	of	an	organism	is	cut	into	small	pieces	of	about	100	kbp	by	different	restriction	endonucleases.
These	cut	pieces	are	then	inserted	into	the	vectors,	and	amplified	in	bacterial	cells	as	recombinant	DNA.	A	collection	of	these	different	recombinant	clones,	is	called	a	gene	library	(Fig.	43.8).	Linkage	Analysis	If	two	genes	are	close	together	on	the	same	chromosome,	they	do	not	assort	independently	during	meiosis.	Such	genes	are	said	to	be	linked.
When	two	genes	are	far	apart,	they	are	not	linked	even	though	they	are	on	the	same	chromosome.	The	2	alleles	are	co-inherited	with	greater	frequency	if	they	are	physically	located	close	to	each	other.	From	this,	we	can	understand	the	sequentially	placed	genes	as	1,2,3,	etc.	Linkage	analysis	was	the	first	step	taken	for	human	genome	project.	Human
Genome	Project	(HGP)	US	Department	of	Energy	together	with	US	National	Institutes	of	Health	started	this	project	in	1990.	James	Watson	(co-	Fig.	43.7.	DNA-recombinant	technology	discoverer	of	the	structure	of	DNA,	Nobel	laureate,	1962)	was	the	first	head	of	the	project;	later	Francis	Collins	succeeded	him.	The	project	included	scientists	from	16
centres	all	over	the	world,	mostly	from	USA,	with	co-ordination	from	laboratories	of	Britain,	France,	Japan	and	Germany.	So,	the	Project	was	named	as	International	Human	Genome	Sequencing	Consortium.	By	1997,	Celera	Genomics,	headed	by	Craig	Venter,	a	private	enterprise	funded	by	Perkin-Elmer	Company	independently	embarked	on	a	similar
project,	which	hastened	the	work.	For	HGP,	the	whole	human	DNA	was	fragmented	into	pieces	of	100-200	kb	length.	These	were	matched	with	individual	chromosomes	by	looking	marker	sequences.	These	areas	were	further	broken	into	small	pieces	and	sequenced	(shotgun	technique).	Overlapping	sequences	were	arranged,	and	fragments	were	re-
written	with	the	help	of	computer	programs.	It	is	one	of	the	greatest	achievements	of	humanity.	The	ambitious	project	was	to	decode	the	whole	human	genome	and	to	sequence	the	whole	human	DNA.	One	set	of	human	DNA	contains	about	3	billion	base	pairs	(one	cell	contains	2	sets)	and	about	10,000	genes.	The	"Book	of	Human	Life"	contains	"23
Chapters",	as	the	23	chromosomes.	The	impact	of	HGP	will	be	on	all	branches	of	medicine	and	related	health	sciences.	It	is	now	possible	to	isolate	any	human	gene	of	interest.	Many	previously	unknown	genes	have	been	identified.	Pharmacogenomics	is	a	recently	emerged	science	from	the	genome	project;	it	is	the	use	of	genetic	information	towards
the	development	of	new	drugs	and	their	targets	of	action.	By	means	of	linkage	analysis,	human	genetic	mapping	(location	of	important	genes)	was	completed	by	1994.	The	DNA	sequences	were	identified	by	"shot	gun	sequencing"	method,	which	involves	breaking	the	DNA	into	small	pieces,	and	sequencing	each	of	them.	In	1995,	gene	map	of
chromosomes	was	published.	By	December	1998,	human	chromosome	5	(about	6%	of	human	genome)	was	sequenced	completely.	By	June	2000,	"preliminary	working	draft"	of	the	total	human	DNA	sequence	was	announced.	The	final	version	of	the	sequence	of	the	entire	human	genome	was	completed	in	2003.	Fig.	43.8.	Production	of	genomic	library
Chapter	43;	Recombinant	DNA	Technology	and	Gene	Therapy		517	Other	Projects	on	Gene	Sequencing	Along	with	human	gene,	genes	of	many	other	organisms	were	sequenced	by	other	groups	of	researchers.	Some	of	the	important	ones	are,	Hemophilus	influenzae	(1995),	yeast	(1996),	Escherichia	coli	(1997),	Caenorhabditis	elegans	(1998),
Mycobacterium	tuberculosis	(1998),	rat	(2004)	and	chimpanzee	(2005).	In	2003,	the	National	Human	Genome	Research	Institute	initiated	the	ENCODE	(Encyclopedia	of	DNA	Elements)	Project.	The	consortium	of	research	workers	aim	to	identify	all	the	functional	elements	of	the	genome.	GENE	THERAPY	Gene	therapy	was	once	considered	a	fantasy.
However,	thousands	of	individuals	have	already	undergone	human	clinical	trials.	A	great	leap	in	medical	science	has	taken	place	on	the	14th	September	1990,	when	a	girl	suffering	from	Adenosine	deaminase	deficiency	(severe	Immunodeficiency)	was	treated	by	transferring	the	normal	gene	for	adenosine	deaminase.	2.	Incorporate	this	gene	into	a
carrier	or	vector	as	an	expression	cassette.	3.	Finally	deliver	the	vector	to	the	target	cells.	3.	How	the	Genes	are	Introduced?	There	are	3	ways	of	applying	gene	carrying	vectors:	a.	Ex	vivo	strategy	where	the	patients'	cells	are	cultured	in	the	laboratory,	the	new	genes	are	infused	into	the	cells;	and	modified	cells	are	administered	back	to	the	patient
(Fig.	43.9).	b.	In	situ	strategy	when	the	expression	cassette	is	injected	to	the	patient	either	intravenously	or	directly	to	the	tissue	(Fig.	43.10).	1.	What	is	Gene	Therapy?	It	is	intracellular	delivery	of	genes	to	generate	a	therapeutic	effect	by	correcting	an	existing	abnormality.	Only	somatic	gene	therapy,	by	inserting	the	new	gene	into	somatic	cell	of	the
patient	is	under	trial.	Germ	cell	gene	therapy	is	considered	as	unethical.	2.	Summary	of	the	Procedure	1.	Isolate	the	healthy	gene	along	with	the	sequence	controlling	its	expression.	Fig.	43.9.	Ex	vivo	gene	therapy	Fig.	43.10.	Gene	transfer	by	retroviral	vector	518		Textbook	of	Biochemistry;	Section	E:	Molecular	Biology	Table	43.2.	Success	stories	of
gene	therapy	Disease	1.	Severe	combined	immunodeficiency	(SCID)	Gene	transferred	by	Adenosine	deaminase	enzyme	in	chromosome	13	and	20	into	lymphocytes;	by	retrovirus	2.	Duchenne	muscular	Dystrophin	gene	on	short	arm	dystrophy	(DMD)	of	X	chromosome;	by	retrovirus	3.	Cystic	fibrosis	(CF)	CFTR	gene	on	chromosome	7	to	bronchial
epithelium;adenovirus	4.	Familial	hypercholesterolemia	LDL	receptor	gene	on	chrom	19	to	hepatocytes;	retrovirus	5.	Hemophilia	A	and	B	genes	for	factor	VIII	and	IX	into	fibroblasts;	retrovirus	6.	Cancer	Activation	of	p53	(tumor	suppressor	gene)	by	liposome	7.	Leber’s	Hereditary	Optic	Neuropathy	Introducing	the	gene	for	the	enzyme	(isomero
hydrolase)	using	an	adeno	viral	vector	directly	to	the	retina	c.	In	vivo	strategy,	where	the	vector	is	administered	directly	to	the	cell,	e.g.	CF	(cystic	fibrosis)	gene	to	the	respiratory	tract	cells.	4.	The	Vectors	Different	vector	(carrier)	systems	used	for	gene	delivery	are:	Retroviruses,	adenoviruses,	adeno	associated	viral	vectors	and	herpes	simplex
viruses.	Non-virus	systems	include	liposomes,	plasmids	and	physical	methods.	4-A.	Retroviruses	i.	Retroviruses	are	RNA	viruses	that	replicate	through	a	DNA	intermediate.	Moloney	Murine	Leukemia	Virus	(MMLV)	is	commonly	used.	The	gag,	pol,	env	genes	are	deleted	from	the	wild	type	retrovirus,	rendering	it	incapable	of	replication	inside	human
body.	Then	the	human	gene	is	inserted	into	the	virus.	Box	43.1.	What	happened	to	gene	therapy	trials?	A	few	patients	treated	by	gene	therapy	for	diseases	like	SCID,	developed	leukemia	and	died.	The	gene	introduced	through	a	retroviral	vector	got	inserted	at	a	site	(illegitimate	recombination)	that	led	to	activation	of	oncogenes	that	resulted	in
leukemia.	At	present	trials	are	on,	but	restricted	with	stringent	protocols	and	follow	up.	Fig.	43.11.	Gene	transfer	by	plasmid	liposome	ii.	This	is	introduced	into	a	culture	containing	packaging	cells	having	gag,	pol	and	env	genes	(Fig.	43.10).	These	cells	provide	the	necessary	proteins	to	pack	the	virus.	iii.	The	replication-deficient,	but	infective,
retrovirus	vector	carrying	the	human	gene,	now	comes	out	of	the	cultured	cells.	These	are	introduced	into	the	patient.	The	virus	enters	into	the	target	cell	via	specific	receptor.	iv.	In	the	cytoplasm	of	the	human	cells,	the	reverse	transcriptase	carried	by	the	vector	converts	the	RNA	to	proviral	DNA,	which	is	integrated	into	the	target	cell	DNA.	The
normal	human	gene	can	now	express	(Fig.	43.10).	v.	Advantage	of	Retroviruses:	The	virus	is	modified,	and	replication	deficient.	So	infection	with	viral	particle	is	limited	to	one	cycle,	and	is	very	safe.	They	can	infect	a	wide	variety	of	human	cells.	This	strategy	is	very	suitable	for	treatment	of	all	diseases	produced	by	single	gene	mutations.	vi.
Disadvantage	of	Retroviruses:	Retrovirus	requires	dividing	cells	as	the	targets,	and	allows	only	low	titers	of	virus	to	be	generated.	Moreover,	insertional	mutagenesis	is	a	theoretical	possibility.	4-B.	Adenoviruses	Adenoviruses	are	DNA	viruses.	The	virus	carrying	the	human	gene	reaches	the	nucleus	of	target	cells.	It	is	not	integrated,	but	remains	as
epichromosomal	(episomal).	Advantage	of	adenovirus	is	that	they	offer	high	titers	and	easier	ability	to	infect	wide	variety	of	cells.	Disadvantage	of	adenovirus	is	that	the	expression	is	usually	transient,	the	useful	effect	varying	from	a	few	weeks	to	months	only.	4-C.	Plasmid	Liposome	Complex	It	is	a	non-viral	vector	system.	Liposomes	are	artificial	lipid
bilayers,	which	could	be	incorporated	with	plasmids	carrying	the	normal	human	DNA.	The	complexes	can	enter	into	the	target	cells	by	fusing	with	the	plasma	membrane	(Fig.	43.11).	Cationic	liposomes	(positively	charged)	can	form	complexes	spontaneously	with	DNA	(negatively	charged).	The	advantages	Chapter	43;	Recombinant	DNA	Technology
and	Gene	Therapy		519	with	this	strategy	are	that	the	vector	can	carry	human	gene	of	big	size,	do	not	replicate	and	evoke	only	very	weak	immune	responses.	The	disadvantage	is	that	most	of	the	complexes	are	destroyed	inside	the	host	cell,	and	so	the	efficiency	of	gene	transfer	is	less.	4-D.	Gene	Gun	Method	Tungsten	particles	are	coated	with	plasmid
DNA,	and	accelerated	by	helium	pressure	discharge.	This	enables	particles	to	penetrate	the	target	tissues.	It	is	quick,	and	could	be	used	in	almost	all	tissues.	Cellular	damage	and	transient	gene	expression	are	the	draw	backs.	5.	Accomplishments	Gene	therapy	is	effective	in	inherited	disorders	caused	by	single	genes.	Several	clinical	trials	have	been
conducted.	However,	the	progress	is	slow	and	it	will	take	decades	to	make	it	a	common	clinical	procedure.	Success	stories	are	few.	The	most	dazzling	ones	are	shown	in	Table	43.2:	6.	Obstacles	to	Success	The	potential	of	gene	therapy	is	enormous.	It	is	now	theoretically	possible	to	cure	all	the	genetic	diseases.	However,	it	may	take	several	years	to
get	it	available	for	common	clinical	use.	The	following	limitations	are	encountered	for	gene	therapy:	(a)	Inconsistent	results.	(b)	Lack	of	ideal	vector.	(c)	Lack	of	targetting	ability	in	nonviral	vectors.	(d)	Death	during	the	course	of	gene	therapy	for	OTC	(ornithine	transcarbamoylase)	deficiency	was	reported.	(e)	Reactivation	of	retroviral	vector	due	to
illegitimate	combination	of	the	inserted	gene	leading	to	leukemia	in	the	patient	has	posed	a	setback	in	this	field	(See	Box	43.1).	STEM	CELLS	Stem	cell	research	is	leading	to	promising	results	in	treatment	of	various	incurable	diseases	like	coronary	artery	disease	and	cancer.	Mario	R	Capecchi,	Sir	Martin	J	Evans	and	Oliver	Smithies	were	awarded
Nobel	Prize	in	2007	for	their	discoveries	of	principles	for	introducing	specific	gene	modifications	in	mice	by	the	use	of	embryonic	stem	cells.	Stem	cells	have	the	ability	to	divide	for	an	indefinite	period.	They	can	give	rise	to	a	variety	of	specialized	cell	types.	This	phenomenon	is	known	as	developmental	plasticity.	Stem	cells	Fig.	43.12.	Differentiation
of	stem	cells.	SC=	stem	cells;	1=	Totipotent	SC.	2=	Cultured	pleuripotent	SC.	3=	Hemato-poietic	SC.	4=	Differentiated	blood	cells.	5=	Neural	SC.	6=	Differentiated	nerve	cell.	7=	Mesenchymal	SC.	8=	Differentiated	bone.	9=	Cardiac	muscle	can	be	isolated	from	embryos,	umbilical	cord	as	well	as	any	other	adult	tissue.	Plasticity	is	more	for
embryonic	stem	cells.	Stem	cells	have	the	unique	capacity	to	produce	unaltered	daughter	cells	(renewal)	and	also	to	generate	specialized	cells	(potency).	Stem	cells	may	be	capable	of	producing	all	types	of	cells	of	the	organism	(totipotent),	or	able	to	generate	cells	of	the	three	germ	layers	(pleuripotent),	or	able	to	produce	only	closely	related	cell
types	(multipotent),	or	may	produce	only	one	cell	type	(unipotent).	Stem	cells	may	be	embryonic	(capable	to	differentiate)	or	adult	type	(limited	capacity	to	differentiate).	The	pluripotency	and	self-renewal	are	critical	for	sustaining	the	lifelong	functions	of	organs.	Stem	cells	reside	in	a	special	microenvironment	called	the	niche.	Stem	cells	interact	with
the	niche	via	adhesion	molecules	and	exchange	molecular	signals	that	maintain	the	specific	features	of	stem	cells.	A	schematic	diagram	of	development	of	differentiated	cells	from	the	stem	cell	is	shown	in	Fig.	43.12.	Active	research	is	being	done	to	utilize	stem	cells	in	the	treatment	of	the	following	diseases:	Stroke,	brain	injury,	Alzheimer's	disease,
Parkinsonism,	wound	healing,	myocardial	infarction,	muscular	dystrophy,	spinal	cord	injury,	diabetes,	cancers.	It	has	been	suggested	that	tumor	tissue	contains	a	type	of	stem	cell	referred	to	as	a	cancer	stem	cell.	Related	topics	Molecular	biology	techniques	such	as	hybridization	techniques,	cloning,	DNA	fingerprinting,	RFLP,	PCR,	hybridoma
technology,	DNA	sequencing,	etc.	are	described	in	Chapter	55.	520		Textbook	of	Biochemistry;	Section	F:	Hormones	CHAPTER	44	Mechanisms	of	Action	of	Hormones	CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Signal	transduction	2.	Cyclic	AMP	and	G	proteins	3.	Protein	kinases	4.	Hormones	acting
through	calcium	5.	Hormones	acting	through	PIP2	cascade	6.	Cyclic	GMP	7.	Hormone	response	element	The	nervous	system	and	endocrine	system	are	the	major	control	mechanisms	that	integrate	the	functions	of	the	tissues	in	the	body.	The	nervous	system	transmits	electrochemical	signals	between	the	brain	and	peripheral	tissues	for	coordinating
the	diverse	body	functions.	The	endocrine	system	releases	chemical	mediators	or	hormones	into	the	circulation.	However,	both	these	systems	converge,	so	that	neural	regulation	of	endocrine	glands	is	effected.	Moreover,	neurotransmitters	have	several	features	in	common	with	hormones.	E.H.	Starling	in	1905	introduced	the	term	"hormone".	The
classical	definition	of	a	hormone	is	“substances	released	from	ductless	or	endocrine	glands	directly	to	the	blood”.	A	more	modern	definition	of	a	hormone	is	that	it	is	synthesized	by	one	type	of	cells	and	transported	through	blood	to	act	on	another	type	of	cells.	Based	on	mechanism	of	action,	the	hormones	may	be	classified	into	two	(Table	44.1).	I.
Hormones	with	cell	surface	receptors	II.	Hormones	with	intracellular	receptors	1.	Hormones	Acting	through	Cyclic	AMP	(cAMP)	Cyclic	AMP	was	first	discovered	by	Earl	Sutherland	in	1961,	who	was	awarded	Nobel	prize	in	1971.	1-A.	Signal	Transduction	through	G	protein	Action	is	through	G	protein	coupled	receptors	(GPCR).	Binding	of	different
types	of	signal	molecules	to	G	protein	coupled	receptors	is	a	general	mechanism	of	signal	transduction.	Action	of	several	hormones	is	effected	through	this	Table	44.1.	Mechanism	of	action	of	hormones	(for	expansions	for	abbreviations,	see	Appendix	No.I)	Group	Mechanism	of	action	Examples	of	hormone	IA	Hormones	bind	with	cell	surface	receptors
with	cAMP	as	the	second	messenger	ACTH,	ADH,	FSH	HCG,	LH,	TSH	MSH,	PTH,	CRH	Glucagon,	Calcitonin	Catecholamines	Retinoic	acid	IB	Hormones	having	cell	ANF	surface	receptors;cGMP	(atrial	natriuretic	factor),	as	second	messenger	NO	(nitric	oxide)	IC	Hormones	having	cell	surface	receptors;	second	messenger	is	calcium	or	phosphatidyl
inositol	(PIP2)	TRH,	GnRH	catecholamines	Acetylcholine	CCK,	Gastrin	Vasopressin	Oxytocin,	PDGF	ID	Hormones	having	cell	surface	receptors	and	mediated	through	tyrosine	kinase	Insulin	Somatomedin	EGF,	FGF	PDGF,	CGSF	NGF,	IGF	IE	Hormones	having	cell	surface	receptors,	but	intracellular	messenger	is	a	kinase	or	utilize	phosphatase	cascade
IL,	GH,	PRL,	TNF,	Adiponectin,	Leptin,	Resistin,	Erythropoietin	II	Hormones	that	bind	to	intracellular	receptors	Glucocorticoids	Mineralocorticoids	Estrogens,	Progesterone	Androgens	Calcitriol,	Thyroxine	Fig.	44.1.	Synthesis,	degradation	of	cyclic	AMP	Chapter	44;	Mechanisms	of	Action	of	Hormones		521	Fig.	44.2.	Inactive	and	active	forms	of	G-
protein	mechanism	(Table	44.1).The	GPCRs	are	transmembrane	proteins	with	7	helical	segments	spanning	the	membrane.	When	any	ligand	binds,	the	GPCRs	activate	heterotrimeric	GTP	binding	regulatory	proteins	(G-proteins).	The	G-protein	in	turn	will	interact	with	effector	proteins	which	may	be	enzymes	or	ion	channel	proteins,	which	result	in	the
desired	effect.	Different	types	of	G	proteins	are	present	in	the	cells	that	are	coupled	with	different	receptors	and	activating	different	effector	proteins.	The	extracellular	messenger,	the	hormone	(H)	combines	with	the	specific	receptor	(R)	on	the	plasma	membrane	(Fig.	44.3).	The	H-R	complex	activates	the	regulatory	component	of	the	protein
designated	as	G-protein	or	nucleotide	regulatory	protein.	G	proteins	are	so	named,	because	they	can	bind	GTP	and	GDP.	The	G-protein	is	a	membrane	protein	consisting	of	alpha,	beta	and	gamma	subunits	(Fig.	44.3).	Alfred	Gilman	and	Martin	Rodbell	were	awarded	Nobel	prize	in	1994	for	their	work	on	G	protein.	1-B.	G	Protein	Activates	Adenyl
Cyclase	When	the	hormone	receptor	complex	is	formed,	the	activated	receptor	stimulates	the	G	protein,	which	carries	the	excitation	signal	to	adenylate	cyclase.	(Fig.	44.4-2).	Fig.	44.4.	Action	of	hormone	through	G-protein	Fig.	44.3.	Hormone	binding	activates	G-protein	522		Textbook	of	Biochemistry;	Section	F:	Hormones	The	hormone	is	not	passed
through	the	membrane;	but	only	the	signal	is	passed;	hence	this	mechanism	is	called	signal	transduction.	The	adenyl	cyclase	is	embedded	in	the	plasma	membrane	(Fig.	44.4).	1-C.	Subunit	Activation	of	G-Protein	The	inactive	G	protein	is	a	trimer	with	alpha,	beta	and	gamma	subunits.	When	activated,	GTP	binds	and	the	beta-gamma	subunits
dissociate	from	the	alpha	subunit.	Adenylate	cyclase	is	activated	by	Galpha-GTP	(Fig.	44.4-2).	The	binding	of	hormone	to	the	receptor	triggers	a	configurational	change	in	the	G	protein	which	induces	the	release	of	bound	GDP	and	allows	GTP	to	bind.	The	hormone	has	an	amplified	response,	since	several	molecules	of	Galpha-GTP	are	formed.	Box	44.1.
Mechanism	of	Action	of	Some	Toxins	Cholera	toxin	is	encoded	by	a	bacteriophage	present	inside	the	bacteria	Vibrio	cholerae.	The	enterotoxin	contains	two	A	subunits	and	5	B	subunits.	The	B	subunit	binds	to	a	ganglioside	GM1	on	the	surface	of	intestinal	mucosal	cell.	The	A	subunit	then	enters	into	the	inner	part	of	the	membrane,	which	leads	to
ribosylation	of	the	alpha	subunit	of	Gs	protein.	This	results	in	the	inhibition	of	the	inherent	GTPase	activity	and	irreversible	activation	of	G	protein.	Therefore,	adenyl	cyclase	remains	continuously	active	and	keeps	cyclic	AMP	levels	high.	This	prevents	absorption	of	salts	from	intestine	leading	to	watery	diarrhea	and	loss	of	water	from	body.	In	the	large
intestine,	chronic	elevation	of	cAMP	results	in	a	sustained	PKA	mediated	phosphorylation	of	chloride	channels	(CFTR)	that	normally	regulate	salt	and	water	transport.	Hyperactivity	of	these	channels	will	result	in	loss	of	sodium	chloride	with	watery	diarrhea	(liquid	stools),	that	may	have	fatal	results.	The	patient	may	lose	as	much	as	1	L	of	water	per
hour.	Pertussis	toxin	ribosylates	the	alpha	subunit	of	Gi	protein	and	prevents	the	Gi-GDP	complex	from	interacting	with	the	activated	receptor.	Hence,	the	action	of	hormones	acting	through	Gi	is	inhibited.	Effects	of	bacterial	toxins	from	Clostridium	tetani	are	exerted	through	proteases,	that	attack	proteins	involved	in	synaptic	vesicle	and	plasma
membrane	fusion.	The	toxin	has	two	polypeptides,	one	of	which	binds	to	cholinergic	motor	neurons	and	facilitates	the	entry	of	the	second	polypeptide.	It	is	a	protease	that	cleaves	the	protein	necessary	for	vesicle	fusion.	Failure	to	release	the	neurotransmitter	leads	to	fatal	paralysis	of	the	chest	muscles.	1-D.	Inactivation	The	active	G-alpha–GTP	is
immediately	inactivated	by	GTPase.	The	G-alpha–GDP	form	is	inactive	(Fig.	44.2).	The	activation	is	switched	off	when	the	GTP	is	hydrolysed	to	GDP	by	the	GTPase	activity	of	the	alpha	subunit	(Fig.	44.2).	This	is	a	built-in	mechanism	for	deactivation.	The	alpha	subunit,	which	is	bound	to	GDP,	can	re-associate	with	beta	and	gamma	subunits.	The	GTP-
GDP	exchange	rate	decides	the	activity	of	adenyl	cyclase.	1-E.	Cyclic	AMP	(cAMP)	Adenyl	cyclase	or	adenylate	cyclase	converts	ATP	to	cAMP	(3',5'-cyclic	AMP),	and	phosphodiesterase	hydrolyses	cAMP	to	5'	AMP	(Fig.	44.1).	Structure	of	cAMP	is	shown	in	Figure	39.8.	Table	44.1	contains	the	list	of	hormones	mediated	through	cyclic	AMP.	Box	44.2
shows	the	hormones	which	stimulate	or	inhibit	the	adenyl	cyclase.	Cyclic	AMP	is	a	second	messenger	produced	in	the	cell	in	response	to	activation	of	adenylate	cyclase	by	active	G	protein.	During	hormonal	stimulation,	cyclic	AMP	level	in	the	cell	increases	several	times.	The	level	of	cyclic	AMP	in	the	cell	is	regulated	by	its	rate	of	production	by
adenylate	cyclase	(AC)	and	hydrolysis	by	phospho	diesterase	(PDE).	The	action	of	PDE	is	also	regulated	by	hormones	and	drugs.	Therefore,	cellular	level	of	cyclic	AMP	can	be	increased	by	inhibition	of	PDE.	E.g.	Insulin	activates	PDE,	decreasing	the	cellular	level	of	cAMP	while	caffeine	and	theophylline	inhibit	PDEs	increasing	cAMP	levels.	1-F.	Second
Messenger	Activates	PK	The	cAMP	(second	messenger),	in	turn,	activates	the	enzyme,	PKA	(Cyclic	AMP	dependent	protein	kinase).	Cyclic	AMP	binds	to	the	regulatory	subunits	of	PKA	so	that	the	catalytic	subunits	having	kinase	activity	can	phosphorylate	proteins.	The	cascade	Box	44.2.	Hormones	acting	through	Adenyl	Cyclase	Hormones	stimulate
adenyl	cyclase:	ACTH,	ADH,	Calcitonin,	CRH,	FSH,	Glucagon,	epinephrine,	hCG,	LH,	LPH,	MSH,	PTH	and	TSH	Hormones	inhibit	adenyl	cyclase:	Acetyl	choline,	Angiotensin	II	and	Somatostatin.	Chapter	44;	Mechanisms	of	Action	of	Hormones		523	amplification	effect	is	seen	in	this	series	of	activation	reactions.	This	PKA	is	a	tetrameric	molecule
having	two	regulatory	(R)	and	two	catalytic	(C)	subunits	(R2	C2)	(Fig.	44.4-3).	This	complex	has	no	activity.	But	cAMP	binds	to	the	regulatory	subunit	and	dissociates	the	tetramer	into	regulatory	and	catalytic	subunits	(Fig.	44.4-4).	The	catalytic	subunit	is	now	free	to	act.	1-G.	Kinase	Phosphorylates	the	Enzymes	The	catalytic	subunit	then	transfers	a
phosphate	group	from	ATP	to	different	enzyme	proteins	(Fig.	44.4-5).	Phosphorylation	usually	takes	place	on	the	OH	groups	of	serine,	threonine	or	tyrosine	residues	of	the	substrates.	The	enzymes	may	be	activated	or	inactivated	by	this	phosphorylation.	This	is	an	example	of	covalent	modification.	A	summary	of	the	cascade	activation	of	enzymes	by
the	hormone	is	shown	in	Figure	44.5.	Glycogen	phosphorylase	(Fig.	9.38)	and	hormone	sensitive	lipase	(Fig.11.16)	are	controlled	by	cyclic	AMP.	The	hormones	that	are	acting	through	cyclic	AMP	are	enumerated	in	Table	44.1.	There	are	Many	G-Proteins	About	30	different	G-proteins	are	identified,	each	being	used	for	different	signal	transduction
pathways.	The	G	protein,	which	stimulates	adenyl	cyclase,	is	called	Gs	(G	stimulatory)	and	the	opposite	group	is	called	Gi	(G	inhibitory).	An	example	of	inhibitory	G	protein	is	the	inhibition	of	adenylate	kinase.	The	alpha	subunit	of	the	Gs	and	Gi	are	different,	but	beta	and	gamma	are	the	same.	G	proteins	are	also	involved	in	toxic	manifestations	of
cholera	and	pertussis	(Box.44.1).	There	are	Many	Protein	Kinases	More	than	thousand	protein	kinases	are	now	known.	Some	important	hormone	responsive	protein	kinases	are,	cAMPdependent	kinases,	epidermal	growth	factor-	dependent	tyrosine	kinase,	insulin-dependent	tyrosine	kinase.	All	the	known	effects	of	cAMP	in	eukaryotic	cells	result	from
activation	of	protein	kinases,	which	are	serine/threonine	kinases.	Glycogen	Phosphorylase	is	a	Typical	Example	Glycogen	phosphorylase	and	hormone	sensitive	lipase	are	activated	by	cAMP	mediated	cascade	(Figs	44.5	and	11.16).	Table	44.1	contains	the	list	of	hormones,	where	cyclic	AMP	is	the	second	messenger.	The	termination	of	the	effect	of	the
hormonal	action	by	phosphorylation	is	effected	by	the	action	of	protein	phosphatases.	For	example,	glycogen	phosphorylase	becomes	inactive	in	the	dephos-	phorylated	state.	But,	glycogen	synthase	is	active	in	dephosphorylated	state	(Fig.	9.39).	Certain	enzymes	are	activated	by	dephosphorylation	(Table	5.8).	Hepatic	Protein	Phosphatase-1	is	a
typical	example	where	the	enzyme	itself	is	inhibited	by	phosphorylation	of	its	regulatory	subunit.	When	cyclic	AMP	level	falls,	the	regulatory	subunit	is	dephosphorylated	and	protein	phosphatase	becomes	active,	which	in	turn	hydrolyses	phosphate	group	from	the	enzyme.	Protein	kinases	as	well	as	protein	phosphatases	are	involved	in	the	action	of
different	hormones.	The	actions	of	cAMP	in	eukaryotic	cells	is	multifaceted	and	these	include:	A.	Activation	of	Protein	kinase	and	phosphorylation	of	effector	proteins	like	enzymes	and	ion	channels.	These	enzymes	may	directly	phosphorylate	enzymes	or	secondary	kinases	that	phosphorylate	other	enzyme.	For	example,	i.	PKA	phosphorylates	hormone
sensitive	lipase	thus	activating	it.	ii.	Phosphorylase	Kinase	that	phosphorylates	glycogen	phosphorylase.	iii.	When	ion	channel	proteins	or	transporters	are	phosphorylated,	the	membrane	potential	is	modified,	thus	regulating	the	influx	of	calcium.	B.	cAMP	also	has	a	long	lasting	effect	on	gene	expression.	The	translocation	of	the	active	PKA	subunits	to
the	nucleus	induces	phosphorylation	of	cAMP	regulated	gene	regulatory	proteins	or	CREBs.	These	proteins	will	bind	to	cAMP	sensitive	regulatory	elements	(CRE)	on	genes,	thus	controlling	their	expression.	2.	Calcium	Based	Signal	Transduction	Calcium	is	an	important	intracellular	regulator	of	cell	function	like	contraction	of	muscles,	secretion	of
hormones	and	neurotransmitters,	cell	division	and	regulation	of	gene	regulation.	Rapid	but	transient	increase	in	cytosolic	calcium	result	from	either	opening	of	calcium	channels	in	the	plasma	membrane	or	calcium	channels	in	the	ER.	The	released	calcium	can	be	rapidly	taken	up	by	ER	to	terminate	the	response.	The	intracellular	calcium
concentration	is	low	(10-7)	whereas	extracellular	calcium	concentration	is	very	high	(10-3),	maintaining	a	10,000	fold	calcium	gradient	across	the	membrane.	The	inside	has	a	negative	potential	therefore	influx	of	calcium	is	rapid.	Even	small	increase	in	cytosolic	free	calcium	can	have	maximal	effect	on	calcium	regulated	cellular	functions.	There	are
mainly	3	types	of	calcium	transport	systems.	a.	Voltage	gated	calcium	channels	b.	Sodium/calcium	antiport	transporter	c.	Calcium	transporting	ATPase	The	calcium	transporting	ATPase	transporter	accumulates	calcium	within	the	lumen	of	ER	524		Textbook	of	Biochemistry;	Section	F:	Hormones	Fig.	44.5.	cAMP	mediated	cascade	(sarcoplasmic
reticulum)	in	muscle.	These	calcium	ions	can	be	released	into	the	cytoplasm	by	an	Inositol	triphosphate	(IP3)	gated	calcium	channel	or	by	a	ligand	gated	calcium	release	channel	(ryanodine	receptor).	When	cytosolic	calcium	increases,	binding	regulatory	proteins,	activation	of	several	calcium	binding	regulatory	proteins	occurs.	Calmodulin	is
expressed	in	various	tissues	and	mediates	the	regulatory	actions	of	calcium	ions.	Calcium	binding	causes	conformational	change	in	calmodulin	resulting	in	interaction	with	kinases,	phosphatases,	NOS	etc.	Some	of	these	CAM	kinases	can	phosphorylate	a	wide	range	of	proteins	that	alter	cellular	functions.	when	bound	to	calmodulin,	CAM	Kinase	II	also
auto-phosphorylates,	so	that	its	activity	is	sustained.	Intracellular	calcium	acts	as	a	Fig.	44.6.	PIP2	and	DAG	acting	as	second	messengers.	PIP2	=	phosphatidyl	inositol	bisphosphate.	IP3	=	inositol	triphosphate.	DAG=	di	acyl	glycerol.	PLC	=	phospho	lipase	C.	PKC	=	protein	kinase	C	mediator	of	hormone	action	either	independently	or	in	conjunction
with	cAMP.	As	an	example,	see	phosphorylase	kinase	reaction,	in	Chapter	9.	Hormones	can	increase	the	cytosolic	calcium	level	by	the	following	mechanisms:	A.	By	altering	the	permeability	of	the	membrane.	B.	The	action	of	Ca-H	+	-ATPase	pump	which	extrudes	calcium	in	exchange	for	H+.	C.	By	releasing	the	intracellular	calcium	stores.	D.
Calmodulin,	the	calcium	dependent	regulatory	protein	within	the	cell	has	four	calcium	binding	sites.	When	calcium	binds	there	is	a	conformational	change	to	the	calmodulin,	which	has	a	role	in	regulating	various	kinases.	Calmodulin	is	a	17	kDa	protein	which	has	structural	and	functional	similarity	with	the	muscle	protein	troponin	C.	Examples	of
enzymes	or	functional	proteins	regulated	by	calmodulin	are:	Adenyl	cyclase,	calcium-dependent	protein	kinases,	calcium-magnesium-ATPase,	cyclic	nucleotide	phosphodiesterase,	nitric	oxide	synthase	and	phosphorylase	kinase.	3.	Hormones	Acting	through	PIP2	Cascade	The	major	player	in	this	type	of	signal	transduction	is	phospholipase	C	that
hydrolyses	phosphatidyl	inositol	in	membrane	lipids	to	1,4,5-Inositol	triphosphate	(IP3)	and	Diacyl	Glycerol	(DAG)	that	act	as	second	messengers.	PIP3	(Phosphatidyl	Inositol	3,4,5-	phosphate)	is	another	second	messenger	produced	by	the	action	of	a	phosphoinositide	kinase.	The	phospholipase	C	may	be	activated	either	by	G	proteins	or	calcium	ions.
DAG	can	also	be	generated	by	the	action	of	phospholipase	D	that	produces	phosphatidic	acid	which	is	hydrolyzed	to	DAG.	The	binding	of	hormones	like	serotonin	to	cell	surface	receptor	triggers	the	activation	of	the	enzyme	phospholipase-C	which	hydrolyses	the	phosphatidyl	inositol	to	diacylglycerol.	IP3	can	release	Ca++	from	intracellular	stores,
such	as	from	endoplasmic	reticulum	and	from	sarcoplasmic	reticulum	(Fig.	44.6).	The	elevated	intracellular	calcium	then	triggers	processes	like	smooth	muscle	contraction,	glycogen	breakdown	and	exocytosis.	PIP3	can	be	formed	by	the	action	of	PI3-kinases	that	are	activated	through	growth	factors	and	cytokine	mediated	receptor	tyrosine	kinases.
PIP3	which	is	a	lipid	second	messenger	has	a	role	in	regulation	of	cell	motility,	membrane	trafficking	and	Chapter	44;	Mechanisms	of	Action	of	Hormones		525	Fig.	44.8.	Steroid	hormone	enters	nucleus	Fig.	44.7.	Mechanism	of	action	of	steroid	hormones	cell	survival	signaling	pathways.	The	major	mediator	of	PIP3	action	is	PKB	(Protein	kinase	B)
which	has	a	role	in	glucose	transport,	glycogen	metabolism	and	cell	death	signaling	pathways.	There	is	“cross	talk”	between	the	various	signal	transduction	pathways	that	are	co-ordinately	regulated.	4.	Diacylglycerol	(DAG)	Pathway	DAG,	the	messenger	formed	by	the	hydrolysis	of	PIP2	activates	protein	kinase	C	(PKC)	which	in	turn	would
phosphorylate	other	target	proteins.	PKC	activates	several	serine	threonine	kinases	that	phosphorylate	several	substrates	including	transcription	factors,	ion	channels	and	transporters.	Most	effects	of	IP3	and	DAG	are	found	to	be	synergistic.	DAG	also	increases	the	affinity	of	protein	kinase-C	for	calcium.	The	enzymes	are	thus	activated,	even	at
physiological	levels	of	calcium	within	the	cell.	5.	Role	of	Cyclic	GMP	(cGMP)	Cyclic	GMP	is	another	important	second	messenger	involved	in	contractile	function	of	smooth	muscles,	visual	signal	transduction	and	maintenance	of	blood	volume.	Cyclic	GMP	degradation	is	catalyzed	by	membrane	bound	PDEs.	i.	It	is	formed	from	GTP	by	the	action	of
guanyl	cyclase.	Several	compounds	have	been	found	to	increase	the	concentration	of	cGMP	by	activating	guanyl	cyclase.	ii.	These	include	drugs	like	nitroprusside,	nitroglycerine,	sodium	nitrite	and	atriopeptides	(a	group	of	peptides	produced	by	atrial	cardiac	tissue).	All	these	compounds	act	as	potent	vasodilators,	by	inhibiting	the	phosphodiesterase.
See	mechanism	of	action	of	nitric	oxide	(Chapter	16).	iii.	Cyclic	GMP	activates	cGMP-dependent	protein	kinase	G	(PKG),	which	phosphorylates	important	effector	proteins	that	can	regulate	calcium	dependent	contraction	or	motility	through	modulating	calcium	influx.	Examples	are	smooth	muscle	myosin,	leading	to	relaxation	and	vasodilatation.	iv.
Cyclic	GMP	is	also	involved	in	the	rhodopsin	cycle.	The	role	of	cGMP	in	the	light	sensing	cells	of	retina	and	its	interaction	with	the	G	protein	transducin	is	described	under	visual	cycle	(Chapter	33).	v.	NO	(Nitric	oxide)	is	the	major	activator	of	guanylate	cyclase.	NO	in	turn	is	produced	by	the	action	of	NOS	(Nitric	oxide	synthase)	in	tissues	like	vascular
endothelial	cells.	(See	Chapter	16).	NO	can	easily	diffuse	through	the	membrane	and	activate	guanylate	cyclase.	Increased	level	of	cyclic	GMP	in	smooth	muscle	triggers	rapid	and	sustained	relaxation	of	the	smooth	muscles.	The	vasodilatation	resulting	from	NO	induced	increase	in	cGMP	has	great	physiological	and	pharmacological	significance.	The
drugs	that	act	via	NO	release	are	nitroprusside,	nitrites	(used	in	angina	as	526		Textbook	of	Biochemistry;	Section	F:	Hormones	Table	44.2.	Hormone	response	elements	(HRE);	N	means	any	nucleotide	may	be	present	at	that	place	Hormone	Name	of	HRE	Nucleotide	sequence	at	the	specific	area	of	binding	on	DNA	Glucocorticoid,	GRE	(GGTACA)NNN
(TGTTCT)	Mineralocorticoid	MRE	do	Androgens	ARE	do	Estrogens	ERE	(AGGTCA)NNN	(TGACCT)	Thyroxin	TRE	(GATCA)NNNNN	(TGACC)	Vitamin	D	VDRE	do	Cyclic	AMP	CRE	TGACGTCA	coronary	vasodilators)	and	sildenaphil	citrate	(Viagra).	Even	though	nitroglycerine	was	used	to	relieve	angina	for	the	last	few	decades,	its	role	as	an	exogenous
NO	donor	has	been	described	only	recently.	6.	Hormones	with	Intracellular	Receptors	i.	The	hormones	in	this	group	include	the	steroid	hormones	and	thyroid	hormones.	They	diffuse	through	the	plasma	membrane	and	bind	to	the	receptors	in	the	cytoplasm	(Fig.	44.8).	ii.	The	hormone	receptor	(HR)	complex	is	formed	in	the	cytoplasm.	The	complex	is
then	translocated	to	the	nucleus.	Steroid	hormone	receptor	proteins	have	a	molecular	weight	of	about	80-100	kD.	Each	monomer	binds	to	a	single	steroid	molecule	at	a	hydrophobic	site,	but	on	binding	to	genes	they	dimerise	(Fig.	44.7).	iii.	In	the	nucleus,	the	HR	binds	to	the	hormone	response	elements	(HRE)	or	steroid	response	Fig.	44.9.	Most	of	the
signaling	pathways	converge	into	the	final	effector	molecule,	the	CBP	elements	(SRE)	(Table	44.2).	The	SRE	acts	as	an	enhancer	element	and	when	stimulated	by	the	hormone,	would	increase	the	transcriptional	activity	(Fig.	44.8).	The	newly	formed	mRNA	is	translated	to	specific	protein,	which	brings	about	the	metabolic	effects.	Binding	to	the	SRE
sequence	leads	to	dimerization	of	the	receptor.	Steroid	hormones	influence	gene	expression,	so	that	the	rate	of	transcription	is	increased.	The	stability	of	mRNA	is	also	increased.	This	would	lead	to	induction	of	protein	synthesis.	Steroid	receptors	have	been	found	to	enhance	initiation	of	transcription	by	formation	of	complexes	at	promoters	(Fig.
44.7).	iv.	Best	examples	of	the	effect	of	hormones	on	genes	are:	a.	The	induction	of	synthesis	of	amino	transferases	by	glucocorticoids.	b.	Synthesis	of	calcium	binding	protein	by	calcitriol	(Fig.	33.10).	Insulin	Signaling	Pathway	Insulin	acts	by	binding	to	a	plasma	membrane	receptor	on	the	target	cells.	Insulin	receptor	is	described	in	detail	in	Chapter
24.	It	has	2	alpha	and	2	beta	subunits.	Insulin	binds	with	the	alpha	units.	This	binding	activates	the	tyrosine	kinase	activity	of	the	beta	subunit,	leading	to	auto-phosphorylation	of	the	beta	subunit	(Fig.	24.7).	This	event,	in	turn,	phosphorylates	insulin	receptor	substrates	(IRS).	There	are	different	IRS	molecules,	named	as	IRS	1	to	4.	Activation	of	IRS2
results	in	activation	of	the	PI-3	kinase,	which	eventually	activates	various	protein	kinases,	PKB,	PKC,	SGK	(serum	and	glucocorticoid	regulated	kinase)	etc.	This	leads	to	transcription	of	specific	genes	for	key	enzymes	of	glycolysis,	such	as	glucokinase.	There	are	more	than	100	enzymes	influenced	by	insulin.	An	alternate	pathway	involves	activation	of
IRS1.	The	message	is	later	transmitted	into	a	series	of	serine/threonine	kinases,	such	as	IRS2	→	GRB2→	mSOS→	Ras	→	Raf	→	MEK→	MAPK,	etc.	which	causes	cell	growth	and	new	DNA	synthesis.	GRB=	growth	factor	receptor	binding	protein;	mSOS	=	mammalian	son	of	sevenless;	MAPK	=	mitogen	activated	protein	kinase.	IRS	is	further	described	in
Chapter	48.	A	third	pathway	is	IRS3→	mTOR→	p70S6K.	(mTOR=	mammalian	target	of	rapamycin;	p70S6K	=	p70	ribosomal	protein	S6	kinase).	This	pathway	leads	to	increased	synthesis	of	glucose	transporters,	insulin	receptors,	etc.	mTOR	Mammalian	target	of	rapamycin	(mTOR)	also	known	as	FK506	binding	protein	12-rapamycin	associated	protein
1	(FRAP1)	is	a	protein	which	in	humans	is	encoded	by	the	FRAP1	gene.	The	mTOR	is	a	serine	/	threonine	protein	kinase	that	regulates	cell	growth,	cell	proliferation,	cell	motility,	cell	survival,	protein	synthesis,	and	transcription.	The	mTOR	integrates	the	input	from	upstream	pathways,	including	insulin,	growth	factors	(such	Chapter	44;	Mechanisms
of	Action	of	Hormones		527	as	IGF-1	and	IGF-2),	and	mitogens.	It	also	senses	cellular	nutrient	and	energy	levels	and	redox	status.	The	mTOR	pathway	is	dysregulated	in	certain	cancers.	Rapamycin	is	a	bacterial	product	that	can	inhibit	mTOR	by	associating	with	its	intracellular	receptor	FKBP12.	The	FKBP12-rapamycin	complex	binds	directly	to	the
FKBP12-Rapamycin	Binding	(FRB)	domain	of	mTOR.	Jak/STAT	Pathway	Some	hormones	(GH,	prolactin,	erythropoietin,	cytokines)	when	complexed	with	the	receptor,	activate	cytoplasmic	tyrosine	kinases,	such	as	Tyk,	Jak,	etc.	(Jak	means	Janus	kinase.	Janus	is	a	Greek	mythological	figure	with	two	heads;	the	name	is	given	because	Jak	dimerises.	The
name	for	the	month	of	January	is	also	derived	from	this	Janus;	January	faces	both	the	previous	and	present	year).	Jak	in	turn	activates	STAT	(signal	transducers	and	activators	of	transcription).	The	phosphorylated	STAT	dimerises	and	translocates	into	the	nucleus,	where	it	binds	to	a	specific	DNA	element	and	activates	transcription.	NFkB	and
Glucocorticoids	NFkB	is	the	abbreviation	for	nuclear	factor	kappa-light-chainenhancer	of	activated	B	cells.	It	is	a	protein	complex	that	controls	the	transcription	of	DNA.	NFkB	is	found	in	almost	all	animal	cell	types	and	is	involved	in	cellular	responses	to	stimuli	such	as	stress,	cytokines,	free	radicals,	ultraviolet	irradiation,	oxidized	LDL,	and	bacterial
or	viral	antigens.	NF-kB	plays	a	key	role	in	regulating	the	immune	response	to	infection.	Conversely,	incorrect	regulation	of	NFkB	has	been	linked	to	cancer,	inflammatory	and	autoimmune	diseases,	septic	shock,	viral	infection,	and	improper	immune	development.	NFkB	has	also	been	implicated	in	processes	of	synaptic	plasticity	and	memory.	Active
NF-kB	turns	on	the	expression	of	genes	that	keep	the	cell	proliferating	and	protect	the	cell	from	conditions	that	would	otherwise	cause	it	to	die	via	apoptosis.	NFkB	is	a	transcription	factor.	It	is	a	heterodimeric	complex;	it	has	two	subunits,	p50	and	p65.	Normally	NF-kB	is	in	cytoplasm,	and	is	complexed	with	inhibitors,	and	so	is	inactive.	Stimuli	such
as	cytokines,	ROS,	mitogens	will	activate	IKK	(=	IkB	kinase),	which	phosphorylates	IkB	(=inhibitor	of	NF-kB).	Phosphorylated	IkB	is	attached	with	ubiquitin	and	is	degraded	by	proteasomes.	So,	NFkB	is	now	free,	which	translocates	to	nucleus.	It	binds	to	various	gene	promoters	and	activates	transcription	of	proteins	involved	in	inflammatory
response.	Glucocorticoids	are	used	widely	in	clinical	practice	as	anti-inflammatory	agents.	Glucocorticoids	increase	IkB;	the	glucocorticoid	receptors	bind	to	the	p65	subunit	of	NFkB;	in	both	ways	glucocorticoids	inhibit	the	NFkB	activity,	and	so	reduce	the	inflammation.	Nuclear	Receptors	Their	middle	region	contains	the	DNA	binding	domain	(DBD)
through	which	they	bind	the	specific	region	of	DNA,	termed	hormone	response	elements	(Table	44.2).	The	receptors	also	have	a	ligand	binding	domain	(LBD)	at	the	carboxy	terminal	half.	A	hinge	region	separates	the	DBD	and	LBD	regions.	Nuclear	receptors	were	identified	for	all	the	hormones	listed	in	Table	44.2.	CREB	Binding	Protein	(CBP/p300)
The	CBP	binds	to	CREB	and	mediates	activation	in	response	to	cAMP.	CRE	means,	cAMP	sensitive	regulatory	elements.	CBP	and	p300	are	closely	related	proteins.	p300	is	so	named,	because	it	is	a	protein	with	molecular	weight	of	300	kD.	Most	of	the	signalling	pathways	finally	converge	in	the	CBP	(Fig.	44.9).	The	final	effector,	CBP	has	the	histone
acetyl	transferase	activity,	by	which	the	DNA	region	is	made	available	for	transcription.	Related	Topics	Insulin	and	glucagon	(Chapter	24);	adrenalin	and	noradrenalin	(Chapter	17);	renin,	angiotesin	(Chapter	30);	calcitriol	(Chapter	33);	parathyroid	hormone	and	calcitonin	(chapter	35).	C-Jun,	C-kit,	EGFR,	ERK,	GSK,	GCSF,	GMCSF,	HSP,	HGF,
HER2/neu,	IRS,	JNK,	MAPKK,	MMP,	p38,	p53,	p70S6,	Rantes,	Rb,	STAT,	TGF,	TNF,	VCAM	and	VEGF	are	described	in	Chapter	48.	528		Textbook	of	Biochemistry;	Section	F:	Hormones	CHAPTER	45	Hypothalamic	and	Pituitary	Hormones	CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Anti-diuretic
hormone	2.	Oxytocin	3.	Hypothalamic	releasing	factors	4.	Growth	hormone	5.	Adrenocorticotropic	hormone	6.	Thyroid	stimulating	hormone	7.	Gonadotropins	The	hypothalamus	produces	two	types	of	endocrine	factors;	(a)	the	hypothalamic	neuropeptides	and	(b)	the	hypothalamic	releasing	factors.	The	releasing	factors	are	inhibitory	neuro-secretions
synthesized	in	the	hypothalamus	and	released	through	the	hypothalamic	pituitary	portal	circulation.	They	have	their	effect	on	the	secretion	of	pituitary	tropic	hormones.	1.	HYPOTHALAMIC	NEUROPEPTIDES	The	hypothalamic	neuropeptides	are	produced	by	the	supraoptic	and	paraventricular	nuclei	of	the	hypothalamus.	These	neurohormones	are
anti-diuretic	hormone	(ADH)	and	oxytocin.	The	precursors	of	ADH	and	oxytocin	are	long	polypeptides.	They	are	synthesized	in	hypothalamus.	It	is	cleaved	into	the	Fig.	45.1.	Structure	of	ADH	and	Oxytocin	active	molecule,	and	then	transported	to	posterior	pituitary	and	stored	there.	They	are	released	to	blood	stream	by	exocytosis.	1-A.	Anti-Diuretic
Hormone	(ADH)	i.	It	is	also	called	vasopressin.	The	structure	is	shown	in	Figure	45.1.	If	arginine	is	replaced	by	lysine,	it	is	called	lysine	vasopressin	(LVP).	ii.	Its	main	action	is	to	prevent	diuresis.	So	it	reduces	the	urine	output.	ADH	acts	on	the	distal	convoluted	tubules	of	the	kidney,	producing	reabsorption	of	water.	iii.	ADH	binds	to	membrane
receptor	and	activates	adenylate	cyclase.	The	cyclic	AMP	thus	produced	will	activate	the	protein	kinase.	This,	in	turn,	phosphorylates	proteins	of	the	microtubules	and	microfilaments.	The	net	effect	is	the	reabsorption	of	water.	iv.	The	regulation	of	ADH	secretion	is	through	the	osmolality	of	blood.	Lowering	of	the	osmolality	(hemodilution)	suppresses
ADH	secretion.	Conversely,	an	increase	in	osmolality	(hemoconcentration	or	dehydration)	leads	to	stimulation	of	the	secretion	of	ADH.	v.	Deficiency	of	ADH	results	in	diabetes	insipidus.	It	is	characterized	by	excretion	of	large	volumes	of	dilute	urine.	Hypernatremia	and	hypertonic	contraction	of	extra	Fig.	45.2.	Long	and	short	loops	of	feedback
Chapter	45;	Hypothalamic	and	Pituitary	Hormones		529	Table	45.1.	Major	hypothalamic	releasing	factors	Name	Chemical	nature	Biological	actions	TRH;	thyrotropin	releasing	hormone	Tripeptide;	(pyro-Glu-HisPro-NH2)	GnRH;	Biologically	gonadotro-	active	portion	pin	releas-	is	a	decapeptide	ing	hormone	Induces	secretion	of	TSH	and	PRL;
neuromodulator	Releases	LH	and	FSH;	induces	spermatogenesis,	ovulation	and	testosterone	GHRH;	37-44	amino	acid;	Stimulates	growth	growth	hor-	amino	terminal	hormone	secretion	mone	relea-	end	is	tyrosine	sing	hormone	CRF;	cortico-	Amidated	peptide	Release	of	ACTH.	tropin	releas-	with	41	amino	Inhibited	by	cortisol.	ing	factor	acids
Somatostatin;	Cyclic	peptide	growth	hor-	with	14	amino	mone	inhibi-	acids	tory	factor	Inhibits	secretion	of	GH	and	TSH.	Inhibits	gut	hormones,	pancreatic	and	gastric	secretion	PIF;	prolactin	inhibitory	factor	Inhibits	PRL	release	Dopamine	cellular	fluid	volume	are	also	seen.	It	is	a	very	rare	condition.	vi.	Excess	secretion	of	ADH	often	results	from
ectopic	production	of	ADH	by	malignant	tumors	elsewhere,	referred	to	as	the	syndrome	of	inappropriate	secretion	of	ADH	or	SIADH.	Here	ADH	is	continuously	secreted	and	is	not	subjected	to	any	control	mechanisms.	There	is	hypotonic	expansion	of	extracellular	volume,	with	hyponatremia.	Slow	onset	is	mostly	asymptomatic	and	goes	unnoticed	but
those	with	acute	onset	will	manifest	the	symptomatology	of	water	intoxication	(headache,	confusion,	anorexia,	nausea,	vomiting,	coma	and	convulsions).	Hyponatremia	and	impaired	urinary	dilution	are	seen.	1-B.	Oxytocin	The	term	means	"to	stimulate	birth".	Its	structure	is	shown	in	Figure	45.1.	Oxytocin	acts	on	an	estrogen-primed	uterus.	The
synthetic	derivative	of	oxytocin,	Pitocin,	is	used	to	induce	labor.	Oxytocin	has	an	effect	on	the	mammary	glands.	Suckling	generates	a	neurogenic	reflex,	which	stimulates	the	production	of	oxytocin.	It	causes	contraction	of	the	myo-epithelial	cells	expelling	the	milk	into	milk	ducts	from	the	acini.	2.	HYPOTHALAMIC	RELEASING	FACTORS	Andrew
Schally	in	1971	isolated	TRH.	Roger	Guillemin	isolated	LHRH	(now	termed	GnRH)	and	somatostatin	in	1973;	both	of	them	were	awarded	Nobel	prize	in	1977.The	secretion	of	hormones	by	adenohypophysis	or	anterior	pituitary	is	under	the	control	of	peptides	secreted	by	hypothalamus.	Several	peptides	having	effects	on	anterior	pituitary,	either
stimulant	(releasing	factors),	or	inhibitory,	have	been	identified.	Table	45.1	shows	a	list	of	these	factors.	The	secretion	of	the	hypothalamic	peptides	are	also	under	the	feedback	control	of	anterior	pituitary	tropic	hormones	(short	loop	feedback)	as	well	as	the	target	gland	hormones	(long	loop	feedback)	(see	Fig.45.2).	3.	HORMONES	OF	ANTERIOR
PITUITARY	The	anterior	pituitary	hormones	are	tropic	in	nature,	stimulating	the	secretion	of	hormones	from	target	organs.	Secretions	of	all	these	hormones	are	under	the	control	of	hypothalamic	releasing	or	inhibitory	factors.	Table	45.2	lists	them.	Table	45.2.	Hormones	of	anterior	pituitary	Acro-	Full	nym	name	Chemical	nature	GH	Growth	hormone
ACTH	Adrenocorticotropic	hormone	Polypeptide	22	191	Polypeptide	4.5	39	LH	Glycoprotein;	α,β	chains	Glycoprotein;	α,β	chains	29	α	=	89	β=	115	α	=	89	β=	115	Thyroid	Glycoprotein;	stimulating	α,β	chains	hormone	α	MSH	Melanocyte	Polypeptide	stimulating	hormone	28	PRL	22	4	198	31	11	91	FSH	Luteinizing	hormone	Follicle	stimulating	hormone
TSH	Prolactin	Polypeptide	β	Endorphins	Polypeptides	β	LPH	β	lipotropic	hormone	Polypeptide	Mol.wt.	in	kD	29	Amino	acids	α	=	89	β=	114	13	530		Textbook	of	Biochemistry;	Section	F:	Hormones	Table	45.3.	Abnormalities	of	gonadotropin	Male	Female	Failure	to	attain	menarche	Postpubertal	deficiency	Failure	to	attain	puberty.	No	secondary	sexual
characteristics	Infertility,	loss	of	libido,	impotence	testicular	failure	Infertility,	amenorrhea,	ovarian	failure	Excessive	secretion	Precocious	puberty	Precocious	puberty	Prepubertal	deficiency	Fig.	45.3.	Cleavage	of	pro-opio-melanocortin	(POMC).	The	numbers	denote	the	amino	acid	sequence	3-A.	Growth	Hormone	(GH)	i.	It	is	also	called	somatotropin.
It	is	a	single	polypeptide	chain	with	191	amino	acids.	GH	is	synthesized	by	acidophils	(somatotropic	cells)	of	anterior	pituitary.	ii.	Plasma	concentration	of	GH	is	less	than	2	ng/ml	during	day	time,	with	secretory	peak	appearing	3	hr	after	meals.	Maximum	level	of	GH	is	seen	during	deep	sleep.	For	measurement	of	serum	GH,	the	samples	are	collected
during	sleep	and	also	during	waking	hours	to	assess	the	circadian	rhythm.	iii.	GH	secretion	is	regulated	by	the	balance	between	GHRH	and	GHIH	(somatostatin).	The	regulation	of	secretion	is	predominantly	inhibitory.	Hypoglycemia	stimulates	GH	secretion,	and	hyperglycemia	suppresses	it.	The	hypothalamic	growth	hormone	releasing	hormone
(GHRH)	stimulates	GH	synthesis	and	release.	Ghrelin,	a	peptide	derived	from	stomach	induces	GHRH	and	directly	stimulates	the	release	of	GH.	Somatostatin	synthesized	in	the	hypothalamus	inhibits	the	GH	secretion.	iv.	The	metabolic	effect	of	GH	is	partly	mediated	by	somatomedin,	also	known	as	insulin-like	growth	factor1	(IGF-1).	The	growth	of
long	bones	is	stimulated	by	this	factor.	IGF-1,	the	peripheral	target	hormone	of	GH	exerts	feedback	inhibition.	v.	GH	increases	the	uptake	of	amino	acids	by	cells;	enhances	protein	synthesis,	and	produces	positive	nitrogen	balance	.	The	anti-insulin	effect	of	GH	causes	lipolysis	and	hyperglycemia.	The	overall	effect	of	GH	is	to	stimulate	growth	of	soft
tissues,	cartilage	and	bone.	It	is	anabolic.	vi.	Excess	secretion	by	GH	secreting	tumor,	leads	to	gigantism	in	children	and	acromegaly	in	adults.	vii.	Deficiency	of	GH	secretion	in	early	childhood	results	in	pituitary	dwarfism.	Dwarfism	may	also	result	from	congenital	deficiency	of	GH	due	to	end	organ	resistance.	It	is	treated	by	giving	GH	produced	by
recombinant	technology.	viii.	Growth	Hormone	Stimulation	Test	by	L-DOPA:	It	is	done	in	suspected	cases	of	hypopituitarism.	Normal	subjects	show	a	rise	in	GH	concentration	in	the	serum	after	L-	Dopa	but	not	in	cases	of	GH	deficiency.	3-B.	Adrenocorticotropic	Hormone	(ACTH)	i.	It	is	secreted	as	a	large	precursor	molecule,	known	as	pro-opio-
melanocortin	(POMC),	with	a	molecular	weight	of	32	kD.	It	is	cleaved	to	give	about	30	different	endorphins	and	several	hormones.	The	major	products	are	shown	in	Figure	45.3.	The	active	ACTH	is	a	polypeptide	with	39	amino	acids.	ii.	The	secretion	of	POMC	is	under	the	control	of	CRF.	ACTH	is	released	from	the	pituitary	in	a	pulsatile	manner,	with	a
definite	diurnal	rhythm,	the	secretion	being	highest	in	the	early	morning,	and	minimum	at	midnight.	This	pattern	of	secretion	is	reflected	in	cortisol	also.	iii.	ACTH	binds	to	specific	receptors	on	the	adrenal	gland,	then	activates	adenylate	cyclase	and	so,	cAMP	level	is	raised.	ACTH	induces	adrenocortical	steroidogenesis	through	the	melanocortin-2
receptor.	Steroid	hormones	in	turn	cause	feedback	inhibition	of	HPA	(hypothalamopituitary	adrenal	axis).	iv.	ACTH	secreting	tumors	of	pituitary	will	cause	Cushing's	disease.	Deficiency	of	ACTH	secretion	may	occur	as	a	part	of	panhypopituitarism.	v.	Cosyntropin	Stimulation	(Rapid	ACTH)	Test:	With	rapid	administration	of	ACTH,	blood	cortisol	level
will	be	raised.	If	there	is	adrenal	insufficiency,	adrenal	gland	cannot	be	stimulated	by	the	administered	ACTH	and	subnormal	or	low	response	of	cortisol	occurs.	vi.	Dexamethasone	Suppression	Test:	Dexamethasone,	an	analogue	of	cortisol	suppresses	ACTH	hormone	and	cortisol	production	in	normal	subjects;	but	not	in	patients	with	Cushing’s
syndrome.	3-C.	Endorphins	Small	peptides	formed	from	POMC	have	endogenous	morphine-like	or	opiate-like	activity.	They	are	responsible	for	increasing	the	threshold	of	pain,	especially	under	conditions	of	stress.	Morphine	binds	to	the	receptors	for	endorphins,	by	which	morphine	induces	the	pain	relief.	3-D.	Glycoprotein	Hormones	TSH,	FSH	and
LH	are	the	glycoprotein	hormones	of	pituitary.	All	the	three	are	made	up	of	two	subunits.	The	alpha	unit	is	common	to	all	the	three,	while	the	beta	subunit	is	specific	for	each	of	them.	Chapter	45;	Hypothalamic	and	Pituitary	Hormones		531	The	alpha	unit	is	also	common	to	human	chorionic	gonadotropin	(HCG);	so	beta	HCG	is	estimated	as	an	index	of
pregnancy.	Beta	HCG	is	a	tumor	marker	for	choriocarcinoma	(Chapter	51).	3-E.	Thyroid	Stimulating	Hormone	(TSH)	(Thyrotropin)	i.	The	TSH	increases	the	secretion	of	thyroid	hormones	by	stimulating	all	the	steps	of	production	of	synthesis	of	thyroxine	(Chapter	47).	It	acts	through	cAMP	by	binding	with	a	receptor	on	thyroid	cell	surface.	ii.	TSH
secretion	is	stimulated	by	TRH.	TRH	also	stimulates	prolactin	secretion.	Whereas,	the	prolactin	inhibitory	factor	(PIF)	inhibits	secretion	of	TSH	to	some	extent.	TSH	secretion	is	also	controlled	by	the	level	of	thyroid	hormones.	iii.	High	levels	of	TSH	may	occur	due	to	primary	hypothyroidism	and	lack	of	feedback	control.	Normal	TSH	level	is	0.5-5
microunits	per	ml.	Deficiency	may	occur	as	a	part	of	hypopituitarism.	iv.	Increased	serum	TSH	levels	are	seen	in	primary	hypothyroidism	(3-100	times	normal),	Hashimoto's	thyroiditis,	ectopic	TSH	secretion	by	tumors	(lung,	breast),	and	in	thyroid	hormone	resistance.	TSH	is	elevated	in	euthyroid	patients	during	treatment	of	hyperthyroidism	but	TSH
is	low	for	4-6	weeks	after	achieving	euthyroid	state	in	treated	hyperthyroid	patients.	v.	Decreased	levels	are	observed	in	primary	hyperthyroidism,	secondary	hypothyroidism	(pituitary	origin),	tertiary	hypothyroidism	(hypothalamic),	subclinical	hyperthyroidism	(e.g.	toxic	multinodular	goiter,	exogenous	thyroid	hormone	administration,	autonomous
thyroid	hormone	secretion)	and	in	euthyroid	sick	syndrome.	3-F.	Gonadotropins	i.	They	are	LH	(Luteinizing	hormone)	and	FSH	(Follicle	stimulating	hormone)	from	pituitary.	The	placenta	also	produces	human	chorionic	gonadotropin	(hCG).	FSH	and	LH	are	secreted	under	the	effect	of	gonadotropin	releasing	hormone	(GnRH).	Puberty	does	not	set	in
until	the	pulsatile	secretion	of	LHRH	is	started	by	hypothalamus.	The	fundamental	change	during	puberty	is	a	reduction	in	hypothalamic	inhibition	of	LHRH	release.	ii.	FSH	stimulates	growth	of	ovarian	follicles	in	females	and	spermatogenesis	(Sertoli	cells)	in	males.	iii.	Testosterone	in	males	(secreted	by	Leydig	interstitial	cells)	and	progesterone	in
females	(secreted	by	corpus	luteum),	are	increased	under	the	influence	of	LH.	iv.	The	FSH	secretion	rises	during	the	follicular	phase	of	the	menstrual	cycle,	reaches	a	peak	by	the	14th	day	and	starts	falling	when	ovulation	occurs.	Ovulation	occurs	as	a	result	of	positive	feedback	effect	of	estrogen	producing	the	pre-ovulatory	LH	surge.	The	level	of
FSH	and	LH	falls	during	the	post-ovulatory	phase,	unless	fertilization	and	implantation	occur.	v.	The	gonadotropin	production	is	under	the	feedback	control	by	the	sex	hormones.	High	levels	of	FSH	and	LH	are	seen	in	post-menopausal	women	due	to	lack	of	this	feedback.	Abnormalities	in	gonadotropin	secretion	are	listed	in	Table	45.3.	vi.	FSH	is	a
hormone	found	in	humans	and	other	animals.	It	is	synthesized	and	secreted	by	gonadotropes	of	the	anterior	pituitary	gland.	FSH	regulates	the	development,	growth,	pubertal	maturation,	and	reproductive	processes	of	the	body.	FSH	levels	are	normally	low	during	childhood	and,	in	females,	high	after	menopause.	High	FSH	levels	are	an	indication	of
subfertility	and	/	or	infertility.	Diminished	secretion	of	FSH	can	result	in	hypogonadism.	This	condition	is	typically	manifested	in	males	as	failure	in	production	of	normal	numbers	of	sperm.	In	females,	cessation	of	reproductive	cycles	is	commonly	observed.	vii.	Serum	level	of	FSH	is	raised	in	primary	gonadal	failure,	ovarian	or	testicular	agenesis,
castration,	Klinefelter’s	syndrome,	alcoholism,	menopause,	orchitis	and	gonadotropin	secreting	pituitary	tumors.	Serum	level	of	FSH	is	decreased	in	anterior	pituitary	hypofunction,	hypothalamic	disorders,	pregnancy,	anorexia	nervosa,	polycystic	ovary	disease,	hemochromatosis,	sickle	cell	anemia,	and	in	hyperprolactinemia.	In	hypogonadism,	if	the
levels	of	FSH	and	LH	are	lower	than	normal	for	the	patient’s	age,	it	suggests	hypothalamic	or	pituitary	disease	and	if	more	than	normal,	indicates	gonadal	problem.	viii.	Serum	level	of	LH	is	raised	in	primary	gonadal	dysfunction,	polycystic	ovary	syndrome,	postmenopausal	women	and	in	pituitary	adenoma.	Serum	level	of	LH	is	decreased	in	pituitary
hypothalamic	impairment,	Kallmann’s	syndrome	(isolated	gonadotropin	deficiency	associated	with	anosmia	or	hyposmia),	anorexia	nervosa	and	severe	illness.	3-G.	Prolactin	(PRL)	(Somatomammotropin)	Prolactin	secreted	by	lactotropic	cells	of	adenohypophysis	is	under	the	control	of	hypothalamus.	Lactotrops	hyperplasia	is	induced	by	estrogen
(during	last	two	trimesters	of	pregnancy).	Its	secretion	is	primarily	controlled	by	inhibitory	effect	of	dopamine	and	GABA.	Its	release	is	stimulated	by	TRH	and	vasoactive	intestinal	peptide.	It	controls	the	initiation	and	maintenance	of	lactation.	PRL	secretion	is	pulsatile;	highest	levels	during	rapid	eye	movement	sleep	and	peak	serum	level	occurs
between	0400-0600	hrs.	Prolactin	stimulates	lactation	on	estrogen	primed	breast.	It	increases	synthesis	of	milk	protein	and	fat.	Hyperprolactinemia	is	a	cause	of	infertility	in	females.	Secretion	of	PRL	is	stimulated	by	TRH	and	inhibited	by	PIF.	Prolactin	Stimulation	Test	by	Chlorpromazine:	Chlorpromazine	increases	PRL	secretion	by	competitive
inhibition	of	dopamine	receptors	in	the	hypothalamus	and	pituitary	in	normal	individuals.	Prolactin	Suppression	Test	by	L-Dopa:	Failure	to	respond	to	L-	dopa	indicates	autonomous	function	of	pituitary	prolactin	secreting	cells.	532		Textbook	of	Biochemistry;	Section	F:	Hormones	CHAPTER	46	Steroid	Hormones	CHAPTER	AT	A	GLANCE	The	reader
will	be	able	to	answer	questions	on	the	following	topics:	1.	Synthesis	of	steroid	hormones	2.	17-keto	steroids	3.	Biological	effects	of	glucocorticoids	4.	Assessment	of	glucocorticoid	secretion	5.	Adrenal	hyper-	and	hypofunction	6.	Ovarian	hormones	7.	Testicular	hormones	ADRENAL	CORTICAL	HORMONES	The	adrenal	cortex	has	three	different	zones
each	responsible	for	production	of	different	classes	of	steroid	hormones	(C21,	C19	and	C18).	The	smallest	and	outermost	zona	glomerulosa	produces	the	C21	steroids,	mineralo-corticoids.	They	have	effects	on	water	and	electrolyte	balance.	The	middle	zone	of	the	adrenal	cortex,	the	zona	fascicularis	produces	the	glucocorticoids	mainly;	and	adrenal
androgens	and	estrogens	to	a	lesser	extent.	The	innermost	zona	reticularis	produces	the	androgens	(C19)	and	estrogens	(C18).	Cortisone	was	isolated	by	Tadeus	Reichstein;	the	structure	was	identified	by	Edward	Kendall,	while	Philip	Hench	in	1948	showed	its	Fig.	46.1.	Synthesis	of	pregnenolone	efficacy	in	rheumatoid	arthritis.	All	the	three	were
awarded	Nobel	prize	in	1950.	1.	Synthesis	of	Steroid	Hormones	i.	Cholesterol	is	first	acted	upon	by	desmolase	and	a	6-carbon	unit	is	cleaved	off,	forming	the	21	carbon	steroid,	pregnenolone	(Fig.	46.1).	It	is	a	common	precursor	for	all	the	steroid	hormones.	ACTH	stimulates	this	step.	This	is	the	rate	limiting	step	for	synthesis	of	all	steroid	hormones.
ii.	Progesterone	is	the	first	steroid	hormone	formed	from	pregnenolone	in	two	steps.	The	beta	hydroxyl	group	is	converted	to	a	keto	group	by	a	3-beta-ol-dehydrogenase	and	the	Δ5	double	bond	shifted	to	Δ4	(Fig.	46.2).	iii.	Progesterone	is	further	converted	into	glucocorticoids	(Fig.	46.2),	mineralocorticoids	(Fig.	46.3)	and	sex	steroids	(Fig.	46.4).	iv.
The	major	adrenal	glucocorticoids	are	cortisol,	cortisone	and	corticosterone	in	that	order.	The	major	mineralocorticoid	is	aldosterone,	but	11deoxy-corticosterone	and	corticosterone	also	have	significant	mineralocorticoid	activity.	v.	These	reactions	are	effected	by	hydroxylation.	These	specific	hydroxylases	are	monooxygenases.	All	these	enzymes	are
NADPH	dependent.	These	hydroxylation	reactions	are	summarized	in	Figure	46.5.	vi.	ACTH	stimulates	the	synthesis	of	all	steroid	hormones	by	activating	desmolase	so	that	the	availability	of	pregnenolone	is	increased.	Chapter	46;	Steroid	Hormones		533	Fig.	46.3.	Synthesis	of	mineralocorticoids	Fig.	46.2.	Cortisol	synthesis	2.	Secretion	of	Adrenal
Hormones	i.	Secretion	of	all	adrenocortical	hormones	is	under	the	control	of	ACTH.	ii.	The	diurnal	variation	of	secretion	of	cortisol	(highest	values	early	in	the	morning	and	minimum	at	night)	parallels	the	pulsatile	release	of	ACTH	from	anterior	pituitary	under	the	influence	of	CRF.	iii.	Cortisol	exerts	the	negative	feedback	effect	on	ACTH	secretion.	iv.
ACTH	also	increases	the	secretion	of	aldosterone.	v.	The	level	of	aldosterone	is	also	affected	by	position,	highest	values	in	upright	posture	and	lowest	while	lying	down.	vi.	All	steroid	hormones	act	through	intracellular	messengers	and	increase	the	rate	of	transcription.	3.	Transport	and	Metabolism	i.	Approximately	70%	of	cortisol	in	blood	is	bound	to
an	alpha-1-globulin	called	cortisol	binding	globulin	(CBG)	or	transcortin.	ii.	About	20%	is	bound	to	albumin	and	the	rest	is	free,	which	is	the	biologically	active	fraction.	The	half-life	of	cortisol	is	about	2	hours.	iii.	The	steroid	hormones	are	metabolized	and	inactivated	by	the	liver.	The	major	processes	are	reduction	and	conjugation.	iv.	The	C21	steroids
are	reduced	to	their	tetrahydro	derivatives,	which	are	excreted	as	their	glucuronides	or	sulfates	in	urine.	4.	Urinary	Steroids	i.	The	urinary	steroids	are	referred	to	as	17-ketosteroids	and	17-hydroxy	steroids	(see	structure	in	Figure	46.6).	ii.	The	17-ketosteroids	may	be	derived	from	both	adrenal	steroids	and	androgens	from	the	gonads.	However,	the
534		Textbook	of	Biochemistry;	Section	F:	Hormones	Fig.	46.5.	Summary	of	major	pathways	for	production	of	glucocorticoids,	mineralocorticoids	and	sex	steroids.	Precursors	in	red	box;	intermediaries	in	grey	box;	hormones	in	blue	box;	excretory	products	in	brown	box	Fig.	46.4.	Synthesis	of	sex	hormones	11-oxygenation	index	is	a	measure	of	adrenal
steroid	production	since	11-hydroxylation	occurs	only	in	adrenal	cortex.	iii.	Zimmerman	reaction	is	used	to	estimate	the	17ketosteroids.	The	17-keto	group	reacts	with	metadinitro	benzene	to	produce	purple	color.	iv.	The	17-hydroxy	steroids	are	directly	derived	from	the	adrenal	steroids	(glucocorticoids	and	mineralocorticoids).	It	is	measured	by
Porter-Silber	reaction.	v.	The	term	17-ketogenic	steroids	is	used	to	include	all	the	compounds	having	a	keto	or	hydroxyl	group	at	17th	carbon.	5.	Biological	Effects	of	Glucocorticoids	The	glucocorticoids,	as	the	name	suggests,	mainly	affect	metabolism	of	glucose.	The	major	biological	effects	of	glucocorticoids	are	given	in	Table	46.1.	Assessment	of
Glucocorticoid	Secretion	1.	Basal	level	of	cortisol	The	plasma	cortisol	level	is	determined	by	radioimmunoassay	(RIA),	enzyme-linked	immunosorbent	assay	(ELISA)	or	chemiluminescent	immunoassay	(CLIA).	The	normal	range	is	5-25	microgram/dl	at	9	AM	and	2-5	microgram/dl	at	10	PM.	A	loss	of	diurnal	rhythm	may	be	an	early	indication	of	disease.
2.	Estimation	of	urinary	free	cortisol	The	free	cortisol	in	plasma	is	the	biologically	active	fraction.	A	definite	fraction	of	the	unbound	cortisol	is	excreted	in	urine	unchanged.	Estimation	of	this	fraction	is	a	sensitive	index	of	adrenal	activity.	High	levels	are	seen	in	hyperfunction	and	low	levels	in	hypoactivity.	3.	Plasma	ACTH	Suppressed	ACTH	levels	are
seen	in	hyperadrenalism	and	high	ACTH	levels	in	hypoadrenalism	as	well	as	in	Cushing's	disease.	In	hyperadrenalism	due	to	ectopic	ACTH	secretion,	ACTH	levels	are	elevated.	Chapter	46;	Steroid	Hormones		535	Assessment	of	Adrenal	Androgen	Secretion	These	tests	are	done	in	cases	of	suspected	adrenogenital	(AG)	syndrome.	There	is	excessive
production	of	adrenal	androgens,	leading	to	virilism	and	hirsutism.	Fig.	46.6.	Structural	difference	between	17-hydroxy	and	17-ketosteroids	(Only	the	D	ring	of	structure	is	shown)	4.	Dexamethasone	suppression	test:	Dexamethasone	produces	a	fall	in	cortisol	secretion	due	to	feedback	suppression	of	ACTH.	In	normal	people,	the	overnight	suppression
with	low	dose	(2	mg)	causes	a	50%	fall	in	the	original	value.	But	this	dose	may	fail	to	produce	suppression	in	cases	of	adrenal	hyperactivity.	5.	Urinary	steroids:	Estimation	of	17-ketogenic	steroids	is	indicated	only	in	AG	syndrome.	Since	the	24-hour	excretion	is	measured,	the	diurnal	variation	is	also	taken	care	of.	Estimation	of	17	ketosteroids	in	urine
is	often	very	useful	in	observing	the	response	of	patients	to	suppression	and	simulation	tests	as	well	as	to	assess	the	effectiveness	of	replacement	therapy.	6.	Stimulation	test:	Infusion	of	synthetic	ACTH	(Synacthen	or	tetracosactrin)	is	given.	In	the	absence	of	reserve,	stimulation	tests	fail	to	evoke	any	response.	7.	Metyrapone	test:	Metyrapone	inhibits
the	hydroxylase	enzyme.	When	it	is	given,	cortisol	is	not	formed.	Then	there	is	no	feedback	inhibitory	effect.	Hence	alternate	pathways	of	sex	steroids	are	more	operative	and	the	urinary	excretion	of	17-ketosteroids	tends	to	elevate.	8.	CRH	test:	The	test	is	of	importance	in	establishing	the	cause	of	adrenal	hyperfunction	(primary,	secondary	or
tertiary).	1.	Adrenal	Hyperfunction	Hyperactivity	of	adrenal	cortex	may	be	due	to	primary	defect	in	adrenal	gland	itself	(Cushing's	syndrome)	or	secondarily	by	excessive	production	of	ACTH	from	pituitary	(Cushing's	disease)	or	ectopic	ACTH	production	by	other	malignant	tumors	(Table	46.2).	2.	Adrenal	Hypofunction	The	most	common	cause	of
adrenal	hypofunction	is	primary	adrenal	insufficiency	or	Addison's	disease.	It	is	characterized	by	tiredness,	dehydration,	hyponatremia	and	hyperpigmentation	(due	to	high	ACTH	levels	and	its	MSH	activity).	The	diagnostic	findings	are	given	in	Table	46.3.	Primary	Hyperaldosteronism	(Conn’s	Syndrome)	This	may	result	from	an	aldosterone	secreting
tumor.	The	condition	may	be	diagnosed	by:	a.	elevated	plasma	aldosterone	levels	and	no	change	with	posture	b.	plasma	renin	activity	is	decreased	due	to	feedback	effect	c.	serum	electrolytes	show	hypernatremia	and	hypokalemia	d.	plasma	pH	is	elevated	(hypokalemic	alkalosis)	e.	osmolality	is	elevated	(hypertonic	contraction).	Table	46.1.	Effects	of
glucocorticoids	System	Effect	Carbohydrates	Activity	of	transaminases	and	gluconeogenic	enzymes	(PC,	PEPCK,	F-1,6-BPase	and	GPase)	are	stimulated,	increasing	gluconeogenesis.	Glycolytic	enzymes	(GK,	PFK	and	PK)	are	suppressed.	Decreased	glucose	uptake	by	peripheral	tissues.	All	of	them	lead	to	hyperglycemia.	Lipids	Increase	lipid
mobilization;	facilitate	lipolytic	hormones	leading	to	hyperlipidemia.	Proteins	and	nucleic	acids	Catabolism	of	proteins	and	nucleic	acids	increased.	Increase	urea	production.	Fluid	and	electrolytes	Promotes	water	excretion	by	increase	in	GFR	and	inhibition	of	ADH	secretion.	Bone	and	calcium	Decrease	serum	calcium	by	inhibiting	osteoblast	function,
leading	to	osteoporosis.	Secretory	action	Stimulates	secretion	of	gastric	acid	and	enzyme.	Induces	acid	peptic	disease.	Connective	tissue	Impaired	collagen	formation.	Poor	wound	healing.	Immune	system	Immunosuppressant.	Lysis	of	lymphocytes.	Antiinflammatory	and	antiallergic.	536		Textbook	of	Biochemistry;	Section	F:	Hormones	Table	46.2.
Findings	in	adrenal	hyperfunctions	Cause	Plasma	cortisol	Urinary	free	cortisol	Plasma	ACTH	Dexamethasone	suppression	Adrenal	adenoma	Increased;	diurnal	rhythm	is	lost	Increased	Decreased	No	suppression	with	low	dose	Adrenal	carcinoma	Increased;	diurnal	rhythm	is	lost	Increased	Decreased	No	suppression	even	with	high	dose	Pituitary
adenoma	Increased;	no	diurnal	rhythm	Increased	Increased	Suppression	with	high	dose	Ectopic	ACTH	production	Increased;	no	diurnal	rhythm	Increased	Increased	No	suppression	Adrenogenital	Syndrome	(AG	Syndrome)	There	is	congenital	deficiency	of	steroid	hydroxylases	leading	to	deficient	secretion	of	cortisol.	Since	cortisol,	the	major	feedback
effector	is	not	present,	ACTH	secretion	continues	leading	to	congenital	adrenal	hyperplasia	(CAH).	Depending	on	the	enzyme	defect	the	manifestations	also	vary	(Table	46.4).	21-Hydroxylase	Deficiency	is	the	most	common	type,	where	the	production	of	cortisol	is	totally	absent.	The	lack	of	feedback	leads	to	increased	androgen	synthesis.	This	would
result	in	virilization	of	female	children	who	develop	ambiguous	genitalia.	Precocious	puberty	is	seen	in	male	children.	Early	diagnosis	and	supplementation	of	cortisol	is	effective	in	children.	11-Hydroxylase	Deficiency:	In	this	condition,	the	symptoms	are	more	serious.	The	hypertensive	variety	of	the	AG	syndrome	manifests	and	the	child	may	not
survive.	A	differential	diagnosis	of	AG	syndrome	is	given	in	Table	46.4.	Aldosterone	in	Blood	Increased	levels	are	seen	in	primary	aldosteronism	such	as	Conn’s	syndrome	(aldosterone	secreting	adenoma)	and	in	bilateral	adrenal	hyperplasia.	Secondary	aldosteronism:	e.g.	abuse	of	diuretics,	cardiac	failure,	cirrhosis	of	liver	with	ascites,	nephrotic



syndrome,	hypovolemia	due	to	hemorrhage	and	transudation,	pregnancy,	mid	and	late	luteal	phases	of	menstruation	and	chronic	obstructive	airway	disease.	Drugs	increasing	the	levels	of	aldosterone	are	angiotensin,	estrogens,	laxatives,	loop	diuretics,	metoclopramide,	oral	contraceptives,	potassium,	sodium	restriction,	spironolactone	and	thiazide
diuretics.	Decreased	levels	are	seen	in	Addison’s	disease,	isolated	aldosterone	deficiency,	syndrome	of	hypoaldosteronism	due	to	renin	deficiency,	excess	deoxycortisone	secretion,	corticosterone,	25%	of	Turner’s	syndrome,	diabetes	mellitus,	acute	alcoholic	intoxication.	Drugs	decreasing	the	levels	are	angiotensin	converting	enzyme	inhibitors
(captopril,	enalapril,	linsinopril,	glutethemide,	deoxy	corticosterone,	prolonged	heparin	therapy,	indomethacin,	saline	and	saralasin.	SEX	HORMONES	These	are	secreted	by	the	gonads	in	response	to	pituitary	gonadotropins	(LH	and	FSH).	Adolf	Butenandt	isolated	estrogen	(1929),	progesterone	(1934)	and	testosterone	(1935),	for	which	he	was
awarded	Nobel	prize	in	1939.	Ovarian	Hormones	They	are	C18	estrogens,	C19	androgens	and	C21	progesterone.	These	are	produced	by	the	ovarian	follicles.	The	follicular	thecal	cells	produce	C19	androgens.	These	are	converted	to	C18	estrogens	by	granulosa	cells,	by	aromatization	of	ring	A	and	loss	of	C19	methyl	group	(Fig.	46.4).	Estradiol	is	the
most	important	estrogen.	It	is	converted	to	estrone	by	liver.	It	is	further	hydroxylated	to	estriol,	which	is	inactive.	Estradiol	is	bound	to	plasma	SHBG	(sex	hormone	binding	globulin).	Estradiol	Table	46.3.	Laboratory	findings	in	adrenal	hypofunction	Cause	of	adrenal	Plasma	insufficiency	cortisol	Urinary	free	cortisol	Plasma	ACTH	ACTH	stimulation
CRH	stimulation	Na+	&	K+	in	blood	Primary	Low	Low	Elevated	No	effect	No	effect	Na+↓;	K+↑	Secondary	Low	Low	Low	Normal/exaggerated	No	effect	Na+↓;	K+↑	Tertiary	Low	Low	Low	Normal/exaggerated	Exaggerated	Na+↓;	K+↑	Chapter	46;	Steroid	Hormones		537	Table	46.4.	Laboratory	findings	in	adrenogenital	(AG)	syndrome	and	related
diseases	17-hydroxy	progesterone	Testosterone	DHEAS	LH	FSH	AG	syndrome	↑↑	↑	↑	N	or	↑	N	or	↓	Simple	hirsutism	N	slight	↑	slight	↑	N	N	Adrenal	tumor	N	N	or	slight	↑	↑↑	N	or	↓	N	or	↓	Ovarian	tumor	N	↑↑	N	N	or	↓	N	or	↓	DHEAS	=	dehydroepiandrosterone	sulfate;	N	=	normal,	↑	=	increase;	↓	=	decrease	(E2)	is	the	predominant	sex
hormone	present	in	females;	however,	it	is	present	in	males,	at	lower	levels,	as	well.	Estradiol	has	not	only	a	critical	impact	on	reproductive	and	sexual	functioning,	but	also	affects	other	organs	including	the	bones.	Estradiol	enters	cells	freely	and	interacts	with	a	cytoplasmic	target	cell	receptor.	After	the	estrogen	receptor	has	bound	its	ligand,
estradiol	can	enter	the	nucleus	of	the	target	cell,	and	regulate	gene	transcription,	which	leads	to	formation	of	messenger	RNA.	The	mRNA	interacts	with	ribosomes	to	produce	specific	proteins	that	express	the	effect	of	estradiol	upon	the	target	cell.	Estradiol	binds	well	to	both	estrogen	receptors,	ER-alpha,	and	ER-beta.	Selective	estrogen	receptor
modulators	(SERMs)	preferentially	act	on	one	of	these	receptors.	Regulation	of	Ovarian	Hormones	i.	FSH	influences	follicles	to	ripen,	which	produces	estrogen.	Estrogen	level	gradually	increases	in	the	second	week	of	the	menstrual	cycle.	Estrogen	level	is	maximum	24	hrs	before	the	LH	peak.	ii.	High	doses	of	estrogen	can	suppress	the	LH	release
and,	therefore,	effective	as	contraceptive.	iii.	Under	the	influence	of	estrogen,	uterine	endometrium	proliferates,	glands	in	endometrium	are	hypertrophied,	ducts	in	mammary	gland	are	proliferated	and	progesterone	receptors	are	synthesized.	iv.	LH	level	peaks	16	hr	before	the	ovulation.	The	surge	of	LH	induces	the	ovulation.	The	corpus	luteum	then
starts	secreting	progesterone.	v.	Under	the	influence	of	progesterone,	endometrium	enters	the	secretory	phase,	and	prepares	for	implantation	of	the	fertilized	ovum.	vi.	LH	is	required	for	maintenance	of	corpus	luteum.	If	implantation	occurs	(day	22-24),	the	LH	function	is	taken	over	by	the	hCG,	produced	by	the	cytotrophoblast	cells	of	the	early
embryo.	The	hCG	can	be	detected	5-7	days	after	missing	a	period.	vii.	If	implantation	has	not	occurred,	hormone	levels	are	decreased	and	the	secretory	glands	of	the	endometrium	are	denuded.	Clomiphen	citrate	competes	with	estrogen	for	receptors	in	hypothalamus,	thus	removing	the	feedback	inhibition.	So	GnRH	level	is	increased,	with	consequent
high	levels	of	LH	and	FSH,	which	may	produce	follicular	stimulation	and	ovulation.	Clomiphen	is	therefore	used	to	produce	ovulation	in	infertile	females.	Certain	breast	cancers,	especially	in	perimenopausal	women	are	estrogen-dependent.	In	such	patients,	estrogen	receptor	antagonists	(Tamoxifen)	will	block	the	estrogen	receptors,	and	cancer	cells
tend	to	die.	Testicular	Hormones	i.	In	humans,	testosterone	is	the	major	male	hormone,	while	in	animals,	it	is	androstenedione.	Androgen	is	derived	from	Greek	word,	ander,	meaning	male.	ii.	The	Leydig	cells	(interstitial	cells),	secrete	the	androgens,	under	the	influence	of	LH.	LH	is	also	called	ICSH	(interstitial	cell	stimulating	hormone).	The
androgens	exert	feedback	effect	on	LH	secretion,	through	inhibition	of	GnRH.	Thus,	in	patients	with	hypogonadism,	LH	level	is	high.	iii.	FSH	binds	to	Sertoli	cells	(basement	membrane	cells	of	seminiferous	tubules)	and	promotes	the	synthesis	of	androgen	binding	protein	(ABP).	Thus	high	concentration	of	androgen	is	made	available	locally	at	the
seminiferous	tubules,	at	the	site	of	spermatogenesis.	iv.	In	patients	with	azoospermia,	the	FSH	level	is	very	high,	due	to	lack	of	negative	feedback.	v.	Androgens	stimulate	spermatogenesis,	produce	hypertrophy	of	prostate,	seminal	vesicles,	muscle,	bone	and	kidney	cells.	It	is	anabolic.	vi.	Dihydrotestosterone	(DHT)	is	the	cause	for	the	benign	prostate
hypertrophy,	that	affects	more	than	75%	of	men	over	the	age	of	60	years.	vii.	The	enzyme	5-alpha-reductase	is	needed	to	convert	testosterone	to	DHT.	Fenasteride	can	inhibit	5-alphareductase,	and	hence	it	is	used	as	a	treatment	for	prostate	hypertrophy.	538		Textbook	of	Biochemistry;	Section	F:	Hormones	CHAPTER	47	Thyroid	Hormones	CHAPTER
AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Synthesis	of	thyroxine	2.	Metabolic	effect	of	thyroid	hormones	3.	Assessment	of	thyroid	function	4.	Hyperthyroidism	5.	Hypothyroidism	Iodine	Metabolism	i.	Daily	requirement	of	iodine	is	150-200	micrograms/day.	Its	sources	are	drinking	water,	fish,	cereals,
vegetables	and	iodinated	salt.	ii.	Total	body	contains	25-30	mg	of	iodine.	All	cells	do	contain	iodine;	but	80%	of	the	total	is	stored	in	the	thyroid	gland.	Iodine	level	in	blood	is	5-10	microgram/dl.	iii.	In	most	parts	of	the	world,	iodine	is	a	scarce	component	of	the	soil.	Upper	regions	of	mountains	generally	contain	less	iodine.	Such	areas	are	called
goiterous	belts,	e.g.	Himalayan	region.	iv.	Commercial	source	of	iodine	is	seaweeds.	The	program	of	iodination	of	common	salt	has	resulted	in	increased	availability	of	iodine.	v.	Ingredients	in	foodstuffs,	which	prevent	utilisation	of	iodine	are	called	goitrogens.	Goitrogens	are	seen	in	cassava,	maize,	millet,	bamboo	shoots,	sweet	potatoes	and	beans.
Cabbage	and	tapioca	contain	thiocyanate,	which	inhibits	iodine	uptake	by	thyroid.	Mustard	seed	contains	thiourea,	which	inhibits	iodination	of	thyroglobulin.	vi.	The	only	biological	role	of	iodine	is	in	formation	of	thyroid	hormones,	thyroxine	(T4)	and	tri-iodo	thyronine	(T3).	Synthesis	and	Secretion	of	Thyroxine	Step	1,	Uptake	of	Iodine	Thyroid	gland
takes	up	and	concentrates	iodine	(Step	1	in	Fig.	47.1).	This	step	is	inhibited	by	thiocyanate	and	perchlorate,	which	compete	for	Fig.	47.1.	Metabolism	of	thyroid	hormones	the	carrier	mechanism.	This	step	is	stimulated	by	TSH.	The	congenital	defect,	iodine	trapping	defect,	may	be	treated	by	large	doses	of	iodine.	Step	2,	Oxidation	of	Iodine	The	iodide
taken	up	by	the	thyroid	cell	is	oxidised	to	active	iodine	(Step	2	in	Fig.	47.1).	The	thyroid	is	the	only	organ	which	can	perform	this	oxidation	step.	This	is	catalyzed	by	the	enzyme	thyroperoxidase.	The	reaction	needs	hydrogen	peroxide,	which	is	produced	by	an	NADPHdependent	reaction	(Fig.	47.2).	The	NADPH	is	generated	by	the	hexose
monophosphate	shunt	pathway.	This	second	step	is	stimulated	by	TSH	and	inhibited	by	antithyroid	drugs	such	as	thiourea,	thiouracil	and	methimazole	(Fig.	47.3).	In	patients	with	an	inborn	error	of	iodide	oxidation	defect,	treatment	is	T4	administration.	Fig.	47.2.	Step	2	of	thyroxine	synthesis	Chapter	47;	Thyroid	Hormones		539	Fig.	47.3.	Antithyroid
drugs	Step	3,	Iodination	Then	thyroglobulin	(Tgb)	is	iodinated.	Thyroglobulin	is	synthesized	by	the	thyroid	follicular	cells.	It	is	a	large	protein	with	about	5000	amino	acids	(660	kD).	It	contains	about	10%	carbohydrates.	There	are	115	tyrosine	residues	in	the	Tgb,	out	of	which	35	residues	can	be	iodinated.	Iodination	of	the	tyrosine	is	taking	place	on
the	intact	Tgb	molecule	in	the	follicular	space.	Thus	mono-iodo	tyrosine	(MIT)	and	di-iodo	tyrosine	(DIT)	are	produced	(Fig.	47.4).	Step	4,	Coupling	Some	of	the	tyrosine	residues	in	the	thyroglobulin	are	aligned	opposite	each	other,	and	are	coupled	(step	4,	Fig.	47.1).	When	two	DIT	molecules	couple,	one	molecule	of	tetra-iodo	thyronine	(T4)	is	formed
(Fig.	47.4).	The	Tri-iodo	thyronine	(T3)	may	be	formed	by	de-iodination	of	T4.	Under	normal	conditions,	99%	of	the	hormone	produced	by	the	thyroid	gland	is	T4.	The	T4	residues	are	now	attached	to	the	thyroglobulin	molecule.	The	iodination	and	coupling	are	taking	place	in	the	borders	of	the	follicular	cells.	The	iodotyrosyl	coupling	defect,	an	inborn
error,	affects	this	4th	step.	Treatment	is	to	give	T4.	Step	5,	Storage	The	thyroid	gland	is	unique,	in	that	it	is	the	only	endocrine	gland	to	store	appreciable	amounts	of	the	hormone	(Step	5	in	Fig.	47.1).	The	thyroglobulin	contains	about	8	T4	residues	per	molecule.	It	is	stored	as	colloid	in	the	thyroid	acini.	Step	6,	Utilization	When	necessity	arises,	the
thyroglobulin	is	taken	from	the	acinar	colloid,	into	the	cell	by	pinocytosis	(Step	6,	Fig.	47.1).	Step	7,	Hydrolysis	The	T	4	is	liberated	by	hydrolysis	by	specific	proteases.	This	activity	is	markedly	enhanced	by	Fig.	47.4.	Thyroid	hormones	and	precursors	TSH.	This	hydrolysis	is	depressed	by	iodide	and	therefore	potassium	iodide	(Kl)	is	used	as	an
adjuvant	in	hyperthyroidism.	In	a	genetic	disorder,	abnormal	Tgb	is	synthesized,	resulting	in	deficient	proteolysis	and	deficiency	of	thyroxine.	Step	8,	Release	The	T	4	thus	generated	is	released	into	the	bloodstream.	The	T3	is	produced	by	de-iodination	at	5'	position,	either	inside	the	thyroid	cell	or	in	the	peripheral	tissues.	The	reverse	T3	(rT3)	is
produced	by	de-iodination	at	5	position.	Its	biological	activity	is	negligible.	Step	9,	Salvage	of	Iodine	The	MIT	and	DIT	that	are	not	utilised	are	deiodinised	and	salvaged	for	reutilization	inside	the	cell	itself	(Step	9	in	Fig.	47.1).	Deiodinase	defect	is	the	inborn	error	of	metabolism	affecting	this	step.	In	such	cases,	DIT	and	MIT	are	seen	in	urine.	Since
540		Textbook	of	Biochemistry;	Section	F:	Hormones	iodine	is	excreted,	iodine	deficiency	is	manifested.	Treatment	is	to	give	iodine.	Step	10,	Transport	of	Thyroid	Hormones	Thyroid	hormones	are	transported	in	plasma	by	proteins	(Step	10	in	Fig.	47.1).	The	bound	form	is	biologically	inactive,	but	they	can	be	rapidly	released.	Total	protein	bound
iodine	(PBI)	is	about	10	microgram/dl;	out	of	which	T	4	constitutes	8	microgram/dl.	The	thyroxine	binding	globulin	(TBG)	(54	kD)	carries	about	80%	of	T4	and	60%	of	T3.	The	rest	of	thyroid	hormones	are	loosely	bound	with	Transthyretin	(TTR)	(prealbumin	with	55	kD)	and	albumin	(69	kD).	Step	11,	Catabolism	of	Thyroid	Hormones	T4	has	a	half-life	of
4-7	days,	while	T3	has	about	1	day.	T3	is	biologically	more	active.	T4	is	a	prohormone	which	is	deiodinated	to	T3.	In	the	peripheral	tissues,	de-iodination	takes	place.	This	is	done	by	a	deiodinase,	a	selenium	containing	enzyme.	Part	of	the	T3	and	T4	are	conjugated	with	glucuronic	acid	and	excreted	through	bile,	and	to	a	lesser	extent,	through	urine.
Deamination	of	T4	produces	tetraiodothyroacetic	acid	(Tetrac);	and	T3	gives	rise	to	tri-iodo-thyroacetic	acid	(Triac).	These	are	only	one-fourth	as	active	as	the	parent	compound.	Mechanism	of	Action	of	Thyroid	Hormone	The	hormone	attaches	to	specific	nuclear	receptors.	Then	the	receptor-hormone	complex	binds	to	the	DNA.	The	T3	receptor
complex	binding	sequence	in	the	DNA	or	the	thyroid	responsive	element	(TRE)	has	been	identified	(Table	44.3).	The	T3	binding	results	in	increase	in	transcription	rate.	Metabolic	Effects	of	Thyroid	Hormones	i.	The	hormone	exerts	action	on	every	cell	of	the	body.	Calorigenic	effect	or	thermogenesis	is	Table	47.1.	The	FT4	index	in	clinical	conditions
Total	T4	T3	Resin	uptake	FT4	index	TBG	level	Hyperthyroidism	increase	increase	marked	normal	increase	Hypothyroidism	decrease	decrease	marked	normal	decrease	Pregnancy	increase	decrease	normal	increase	Nephrotic	syndrome	decrease	increase	normal	decrease	Salicylate	intake	normal	increase	mild	normal	increase	ii.	iii.	iv.	v.	vi.	the	major
effect	of	thyroid	hormone.	One	mg	of	T4	will	produce	an	excess	of	1000	kcal.	This	thermogenic	effect	is	mediated	by	uncoupling	of	oxidative	phosphorylation.	Basal	metabolic	rate	(BMR)	is	increased.	Thyroxine	increases	cellular	metabolism.	Earliest	effect	of	T	4	is	stimulation	of	RNA	synthesis	and	consequent	increase	in	protein	synthesis.	Higher
concentration	of	T3	causes	protein	catabolism	and	negative	nitrogen	balance.	Loss	of	body	weight	is	a	prominent	feature	of	hyperthyroidism.	Gluconeogenesis	and	carbohydrate	oxidation	are	increased.	Glucose	tolerance	test	shows	rapid	absorption.	Fatty	acid	metabolism	is	increased.	Cholesterol	degradation	is	increased	and	hence	cholesterol	level
in	blood	is	decreased,	which	is	another	hallmark	of	hyperthyroidism.	Thyroid	Function	Tests	1.	Assay	of	hormones	i.	Measurement	of	T4	and	T3	levels	in	blood	by	RIA	(radio	immuno	assay)	or	by	ELISA	form	the	basis	of	laboratory	diagnosis	of	thyroid	diseases.	Principles	of	these	methods	are	described	in	Chapter	54.	Advanced	techniques	are
chemiluminiscence	and	immunofluorescence;	these	also	utilize	antibodies	for	the	assay	technique.	ii.	In	hyperthyroidism,	thyroid	hormone	levels	are	increased.	Both	T3	and	T4	levels	are	increased,	while	TSH	is	reduced	due	to	feedback	inhibition.	iii.	In	hypothyroidism,	T3	and	T4	are	reduced;	but	TSH	levels	are	increased	due	to	lack	of	feed	back
effect.	iv.	But	when	hypothyroidism	is	due	to	hypothalamic	or	pituitary	defect,	then	TSH,	T3	and	T4,	all	are	decreased.	2.	Free	T3	and	T4	The	free	hormones	are	the	really	active	molecules.	Nowadays,	very	sensitive	ELISA	techniques	are	available	to	quantitate	this	free	fraction.	The	values	of	free	hormones	are	not	affected	by	the	amount	of	carrier
proteins	in	the	blood.	3.	Binding	proteins	Availability	of	the	assay	of	free	hormone	has	made	this	test	only	of	historical	importance.	The	abnormalities	in	the	level	of	binding	proteins	may	be	reflected	as	abnormal	hormone	Chapter	47;	Thyroid	Hormones		541	Table	47.2.	Laboratory	findings	in	hyperthyroidism	Plasma	total	T3	and	T4	FT4I	Plasma	TSH
Response	to	TRH	Table	47.3.	Laboratory	findings	in	hypothyroidism	T3	and	T4	in	blood	TSH	in	blood	Response	to	TRH	Graves'	disease	increase	high	decrease	increase	nil	Primary	decreased	increased	hypothyroidism	exaggerated	response	Toxic	goiter	increase	high	decrease	increase	nil	Secondary	decreased	decreased	hypothyroidism	no	response	T3
toxicosis	T3	increase	increase	decrease	sluggish	T4	normal	Excess	intake	of	thyroxin	increase	mild	decrease	sluggish	increase	levels.	The	T3	resin	uptake	measures	the	free	binding	sites	on	TBG;	but	this	test	is	rarely	done	nowadays.	Free	T4	index	(FT4	I)	=	Total	T4	×	T3	resin	uptake	(Table	47.1).	The	binding	proteins	are	increased	in	pregnancy,
when	estrogen	level	is	high.	In	malnutrition	and	nephrotic	syndrome,	binding	proteins	are	low.	Since	sensitive	and	accurate	assay	techniques	are	available	now	for	measurement	of	free	T4	and	free	T3,	the	fallacies	due	to	alteration	of	binding	proteins	do	not	affect	the	assessment	of	the	functional	status	of	the	gland.	4.	Plasma	TSH	In	primary
hypothyroidism,	TSH	level	is	elevated	due	to	lack	of	feedback.	But	in	secondary	hypothyroidism,	TSH,	T3	and	T4	levels	are	low;	this	could	point	to	a	pituitary	or	hypothalamic	cause.	Hyperthyroidism	due	to	primary	thyroid	disease	has	high	T	3	and	T	4	levels,	but	suppressed	TSH	levels.	Hyperthyroidism	due	to	pituitary	cause	is	indicated	by	high	TSH,
T3	and	T4	levels.	5.	TRH	response	test	TRH	administration	will	stimulate	the	production	of	TSH.	If	the	hypothalamopituitary-thyroid	axis	is	normal,	the	T3	and	T4	secretions	will	be	increased.	An	abnormal	response	is	observed	in:	a.	Hyperthyroidism.	The	negative	feedback	effect	of	high	T4	overpowers	the	stimulant	effect	of	TRH.	Here	the	thyroid
hormone	levels	are	elevated.	b.	Hypopituitarism.	The	pituitary	could	not	respond	to	TRH.	In	these	cases	the	plasma	thyroid	hormone	levels	are	subnormal.	c.	An	exaggerated	response	is	observed	in	primary	hypothyroidism	since	the	negative	feedback	effect	of	T4	is	reduced.	6.	Cholesterol	In	hypothyroidism,	cholesterol	level	in	blood	is	increased.	It	is
not	diagnostic,	because	hypercholesterolemia	is	seen	not	only	in	hypothyroidism,	but	also	in	diabetes	mellitus,	hypertension,	obstructive	jaundice	and	nephrotic	syndrome.	However,	cholesterol	level	is	a	useful	index	in	monitoring	the	effectiveness	of	the	therapy	in	thyroid	conditions.	Cholesterol	level	is	increased	in	hypothyroidism,	because
cholesterol	carrying	lipoprotein	degradation	is	decreased.	7.	Radioactive	iodine	uptake	(RAIU)	Radioactive	Iodine	uptake	by	thyroid	gland	and	thyroid	scanning	with	Tc99	(radioactive	technicium)	are	of	diagnostic	value	(Chapter	53).	These	tests	are	contraindicated	in	pregnancy	and	childhood.	8.	Detection	of	thyroid	antibodies	In	Grave's	disease,	the
presence	of	thyroid	stimulating	immunoglobulin	(TSIg),	also	known	as	long	acting	thyroid	stimulator	(LATS)	is	seen	in	circulation.	The	LATS	can	bind	to	TSH	receptors	on	thyroid	gland	and	produce	stimulation	which	is	not	under	feedback	control.	The	TSIg	is	an	antibody	generated	against	the	TSH	receptor.	In	Hashimoto's	thyroiditis	antimicrosomal
antibodies,	antithyroglobulin	antibodies,	and	antinuclear	antibodies	are	detected	in	the	circulation.	They	produce	cell	destruction	and	eventual	hypothyroidism.	Abnormalities	of	Thyroid	Function	In	1835	Robert	James	Graves	and	in	1840	Carl	Adolph	Basedow	described	the	hyperthyroidism	(Graves-Basedow	disease).	In	1915	Kendall	(Nobel	prize,
1950),	isolated	thyroxin.	Emil	Kocher	was	the	first	surgeon	to	excise	thyroid	gland	to	treat	goiter	in	1883.	For	his	contributions	in	thyroid	pathology	he	was	awarded	Nobel	prize	in	1909.	Diseases	of	the	thyroid	are	the	most	common	afflictions	involving	the	endocrine	systems.	The	commonest	types	of	thyroid	diseases	are	hyperthyroidism	(excess
secretion),	hypothyroidism	(decreased	secretion)	and	goiter	(enlargement	of	thyroid	gland).	Goiter	may	or	may	not	be	associated	with	abnormal	function,	e.g.	euthyroid	goiter	(diffuse	enlargement);	nodular	goiter	which	may	lead	to	hyperfunction,	or	iodine	deficiency	goiter	which	may	result	in	hypothyroidism.	Hyperthyroidism	i.	Hyperthyroidsm	may
be	due	to:	a.	increase	in	binding	protein;	b.	increased	affinity	of	binding	protein;	c.	effects	of	autoantibodies;	542		Textbook	of	Biochemistry;	Section	F:	Hormones	ii.	iii.	iv.	v.	d.	TSH	secreting	tumors;	e.	T4	toxicosis	(T4	increase;	T3	low).	Patients	have	an	increased	rate	of	metabolism,	weight	loss,	tachycardia,	fine	tremors,	sweating,	diarrhea,
emotional	disturbances,	anxiety	and	sensitivity	to	heat.	Common	causes	for	hyperthyroidism	are:	a.	Graves'	disease	b.	toxic	goiter	c.	excess	intake	of	thyroid	hormones	d.	Rarely	TSH	secreting	tumours	of	pituitary	can	lead	to	hyperthyroidism.	Table	47.2	summarises	the	laboratory	findings	in	common	types	of	hyperthyroidism.	Secondary
hyperthyroidism	is	due	to	diseases	of	pituitary	or	hypothalamus).	It	is	seen	in	TSH	secreting	pituitary	adenoma,	thyroid	hormone	resistance	syndrome,	chorionic	gonadotropin	secreting	tumors	and	in	gestational	thyrotoxicosis.	Primary	hyperthyroidism	is	due	to	diseases	of	thyroid	gland.	It	is	seen	in	Graves'	disease.	toxic	multinodular	goiter,	toxic
adenoma,	functioning	metastatic	thyroid	carcinoma,	TSH	receptor	mutation,	Struma	ovarii	(teratomas	of	ovary),	iodine	excess.	Hypothyroidism	i.	Primary	hypothyroidism	is	due	to	diseases	of	thyroid	gland.	It	is	seen	in	auto	immune	hypothyroidism	(e.g.	Hashimoto’s	thyroiditis),	thyroidectomy	and	radiation	therapy.	Drugs	producing	hypothyroidism
are	Lithium,	antithyroid	drugs	and	para	aminosalicylic	acid.	Congenital	hypothyroidism	is	seen	in	iodine	deficiency,	absent	or	ectopic	thyroid	gland,	dyshormonogenesis	and	in	TSH	receptor	mutation.	ii.	Secondary	hypothyroidism	is	due	to	diseases	of	Pituitary	or	Hypothalamus.	Hypopituitarism	is	caused	by	tumors,	pituitary	surgery	or	irradiation,
infiltration,	Sheehan’s	syndrome	and	isolated	TSH	deficiency.	Hypothalamic	diseases	causing	secondary	hypothyroidism	are	tumors,	trauma	and	infiltration.	The	measurement	of	TSH	level	and	TRH	test	will	help	to	differentiate	these	two	different	types	(Table	47.3).	iii.	Most	common	cause	is	primary	thyroid	disease,	often	seen	in	autoimmune
thyroiditis,	leading	to	myxedema	in	adults.	Women	are	more	affected	than	males.	Symptoms	are	lethargy,	tolerance	to	heat,	cold	intolerance,	slow	heart	rate,	weight	gain,	dry	coarse	skin,	slow	responses	and	sluggishness.	iv.	In	children,	hypothyroidism	produces	mental	and	physical	retardation,	known	as	cretinism.	The	TBG	may	be	elevated	due	to
maternal	hyperestrogenism	and	therefore	total	T4	and	T3	may	be	normal.	The	lack	of	feedback	will	give	elevated	TSH	level	also.	Prompt	diagnosis	and	treatment	are	important	in	cretinism	since	any	delay	in	starting	replacement	may	lead	to	irreversible	damage.	Maternal	hypothyroidism	may	also	cause	neonatal	cretinism.	Euthyroid	goiter	Iodine
deficiency	may	lead	to	euthyroid	goiter.	There	is	raised	TSH	level	which	would	produce	continued	stimulation	of	gland	leading	to	hyperplasia	and	goiter.	Hormone	levels	are	seen	in	the	lower	limits	of	the	normal	values.	Nonthyroidal	illness	When	thyroid	hormones	are	measured	in	acutely	ill	patients,	T3,T4	and	TSH	are	found	to	be	lowered.	These
values	are	not	reliable	and	referred	to	as	non	thyroidal	illness.	Therefore,	it	is	advisable	to	defer	the	assessment	of	thyroid	function	in	acutely	ill	patients	till	they	recover	completely	in	order	to	get	a	correct	picture	of	the	functional	status	of	the	thyroid	gland.	Related	topics	Insulin	and	glucagon	(Chapter	24);	adrenalin	and	noradrenalin	(Chapter	17);
renin,	angiotesin	(Chapter	30);	calcitriol	(Chapter	33);	parathyroid	hormone	and	calcitonin	(Chapter	35).	Chapter	48;	Signal	Molecules	and	Growth	Factors		543	CHAPTER	48	Signal	Molecules	and	Growth	Factors	CHAPTER	AT	A	GLANCE	The	reader	will	be	able	to	answer	questions	on	the	following	topics:	1.	Signal	molecules	produced	at	specific
sites	2.	Peptide	hormones	regulating	digestion	3.	Peptide	hormones	regulating	appetite	4.	Adipose	tissue	derived	hormones	5.	Growth	factors	The	modern	definition	of	a	hormone	is	that	it	is	synthesized	by	one	type	of	cells	and	transported	through	blood	to	act	on	another	type	of	cells.	There	are	hundreds	of	polypeptides	that	come	under	this	category;
an	exhaustive	survey	of	all	of	them	is	out	of	the	objective	of	this	textbook.	These	are	local	hormones,	or	signal	molecules	produced	at	the	local	sites,	and	therefore	are	generally	called	as	“factors”.	Some	important	ones	are	described	below.	Hormones	Regulating	Digestion	of	Food	The	gastrointestinal	peptide	hormones	are	synthesized	and	secreted	in
the	gastrointestinal	tract.	Their	action	is	mainly	on	gastrointestinal	secretions,	digestion	and	absorption	of	nutrients	and	food	intake.	These	gut	hormones	are	Gastrin	group	(Gastrin,	Cholecytokinin);	Secretin	like	peptides	(Secretin,	Vasoactive	intestinal	polypeptide,	Glucagon,	GLP-1,	GLP-2,	Glicentin,	GIP);	Pancreatic	polypeptide	group	of	hormones
(Pancreatic	polypeptide,	Neuropeptide	Y),	Gaunylin,	Serotonin.	These	gastrointestinal	hormones	are	secreted	by	epithelial	endocrine	cells.	Most	of	them	are	small	peptides.	They	regulate	the	rate	of	secretion	and	composition	of	digestive	juices.	They	are	derived	from	a	common	precursor	peptide	and	show	sequence	homology	especially	at	the	C
terminal	fragment.	Peptide	Hormones	Regulating	Food	Intake	The	discovery	of	a	group	of	peptides	secreted	by	the	GIT	which	influences	food	intake	has	led	to	the	understanding	of	the	relation	between	hunger	and	satiety	signals	in	the	genesis	of	obesity.	The	major	peptides	included	in	this	group	are	Gherlin,	GIP,	Somatostatin,	Neuropeptide	Y	and
Glucagon	like	peptide	(GLP).	These	are	described	in	the	alphabetical	order.	The	neuroendocrine	control	of	intake	of	metabolism	of	nutrients	protects	a	person	against	starvation	and	extreme	obesity.	Upon	the	entry	of	nutrients	into	the	small	intestine,	nutrient	sensing	mechanisms	are	activated	to	allow	the	body	to	adapt	appropriately	to	the	incoming
nutrients.	There	is	an	upper	intestinal	lipid-induced	gut-brain	neuronal	axis	to	regulate	energy	homeostasis.	See	also	discussion	on	regulators	of	appetite,	in	Chapter	36.	Adipose	Tissue	Derived	Hormones	These	include	peptide	hormones	like	Leptin,	Adiponectin	and	Resistin	that	can	regulate	the	energy	intake,	storage	and	metabolism.	Initially,	these
were	called	as	adipokines	(mediators	of	endothelial	function	and	inflammation	involved	in	atherosclerosis),	but	presently	they	are	often	referred	to	as	adipose	tissue	derived	hormones.	Growth	Factors	There	are	many	regulatory	factors	described	in	literature.	Since	a	complete	classification	of	them	is	not	possible,	for	convenience	sake,	they	are
described	in	the	alphabetical	order.	Cytokines	and	lymphokines	are	briefly	described	in	Chapter	49;	Growth	factors	in	Chapter	51,	Prostaglandins	in	Chapter	13	and	Nitric	oxide	in	Chapter	16.	Adiponectin	It	is	an	adipokines;	a	peptide	with	224	amino	acids.	It	is	produced	exclusively	by	adipose	tissue.	The	circulating	adiponectin	has	pronounced
effects	on	the	metabolism	of	both	carbohydrates	and	lipids	in	liver	and	muscle.	It	promotes	the	uptake	and	oxidation	of	fatty	acids	by	myocytes,	but	blocks	the	synthesis	of	fatty	acids	and	gluconeogenesis	by	hepatocytes.	At	the	same	time,	uptake	and	metabolism	of	glucose	by	muscle	and	liver	are	favored.	The	effects	are	exerted	through	an	AMP
mediated	kinase	(AMPK)	that	can	phosphorylate	several	target	proteins,	thus	affecting	metabolic	pathways.	Net	effect	is	to	increase	the	sensitivity	to	insulin,	to	544		Textbook	of	Biochemistry;	Section	F:	Hormones	promote	fatty	acid	oxidation	and	improve	the	glucose	tolerance.	Levels	of	the	hormone	are	inversely	correlated	with	body	fat	percentage.
The	hormone	plays	a	role	in	the	suppression	of	the	metabolic	derangements	that	may	result	in	type	2	diabetes,	obesity,	atherosclerosis	and	non-alcoholic	fatty	liver	disease	(NAFLD).	The	plasma	level	of	adiponectin	parallels	with	the	HDL	level.	Low	levels	of	both	are	seen	in	metabolic	syndrome	and	diabetes	mellitus.	Thiazolidine	drugs	have	been
found	to	increase	the	adiponectin	levels	that	can	modify	the	sensitivity	of	target	cells	to	insulin.	Decreased	adiponectin	is	associated	with	polycystic	ovary	syndrome	(PCOS)	independent	of	body	mass	index.	Bile	Acids	In	the	past,	bile	acids	were	considered	to	be	just	detergent	molecules	derived	from	cholesterol	in	the	liver.	They	were	known	to	be
important	for	the	solubilization	of	cholesterol	in	the	gallbladder	and	for	stimulating	the	absorption	of	cholesterol,	fat-soluble	vitamins,	and	lipids	from	the	intestines.	However,	during	the	last	two	decades,	it	has	been	discovered	that	bile	acids	are	regulatory	molecules.	Bile	acids	have	been	discovered	to	activate	specific	nuclear	receptors	(farnesoid	X
receptor,	pregnane	X	receptor,	and	vitamin	D	receptor),	G	protein	coupled	receptor	TGR5	(TGR5),	and	cell	signaling	pathways	(c-jun	N-terminal	kinase	1/2,	AKT,	and	ERK	1/2)	in	cells	in	the	liver	and	gastrointestinal	tract.	Bile	acids	appear	to	function	as	nutrient	signaling	molecules	primarily	during	the	feed/fast	cycle	as	there	is	a	flux	of	these
molecules	returning	from	the	intestines	to	the	liver	following	a	meal.	Bile	acid-controlled	signaling	pathways	are	promising	novel	drug	targets	to	treat	common	metabolic	diseases,	such	as	obesity,	type	II	diabetes,	hyperlipidemia	and	atherosclerosis.	Cadherins	Short	form	for	calcium	dependent	adhesion	molecules.	They	are	transmembrane	proteins.
They	play	important	roles	in	cell	adhesion,	ensuring	that	cells	within	tissues	are	bound	together.	They	are	dependent	on	calcium	(Ca2+)	ions	for	their	function,	hence	the	name.	The	cadherin	superfamily	includes	cadherins,	protocadherins,	desmogleins,	and	desmocollins.	E-cadherins	are	found	in	epithelial	tissue;	N-cadherins	are	found	in	neurons;
and	P-cadherins	are	found	in	the	placenta.	In	epithelial	cells,	E-cadherin-containing	cell-to-cell	junctions	are	often	adjacent	to	actin-containing	filaments	of	the	cytoskeleton.	Loss	of	E-cadherin	has	been	implicated	in	cancer	progression	and	metastasis.	E-cadherin	downregulation	decreases	the	strength	of	cellular	adhesion	within	a	tissue,	resulting	in
an	increase	in	cellular	motility.	This,	in	turn,	may	allow	cancer	cells	to	cross	the	basement	membrane	and	invade	surrounding	tissues.	Cholecystokinin	(CCK)	Formerly	called	as	pancreozymin,	this	peptide	hormone	is	secreted	by	C	cells	of	duodenum	and	jejunum	and	has	33	amino	acids.	The	major	effect	is	on	stimulation	of	gallbladder	contraction	and
secretion	of	bile.	It	decreases	appetite.	The	main	stimulus	is	the	ingestion	of	food	containing	lipids.	CCK	also	stimulates	the	secretion	of	pancreatic	enzymes.	The	sulfated	tyrosine	residues	present	in	gastrin	and	CCK	increase	their	potency.	c-Jun	The	c-Jun	knockout	is	lethal.	The	c-jun	produces	the	c-Jun	protein	which	binds	with	Fos;	hence	c-jun
protein	is	also	called	as	Fos-binding	protein	or	p39.	The	c-Jun	in	combination	with	c-Fos,	forms	the	AP-1	“early	response	transcription	factor”.	It	is	activated	through	double	phosphorylation	by	the	JNK	pathway.	This	gene	is	intronless	and	is	mapped	to	1p32-p31,	a	chromosomal	region	involved	in	both	translocations	and	deletions	in	human
malignancies.	For	c-Jun	N-terminal	kinases	(JNKs),	see	under	JNKs.	c-Kit	(CD117)	Also	called	KIT	or	c-kit	receptor;	it	is	a	cytokine	receptor	expressed	on	the	surface	of	hematopoietic	stem	cells	as	well	as	other	cell	types.	This	receptor	binds	to	the	stem	cell	factor.	Mutations	in	this	gene	are	associated	with	various	cancers	such	as	gastrointestinal
stromal	tumors,	mast	cell	disease,	chronic	myelogenous	leukemia	and	seminomas.	The	CD117	is	a	proto-oncogene,	meaning	that	overexpression	or	mutations	of	this	protein	can	lead	to	cancer.	Epidermal	Growth	Factor	Receptor	(EGFR)	Also	called	ErbB-1,	(HER1	in	humans),	it	is	the	cell-surface	receptor	which	binds	extracellular	protein	ligands.	The
epidermal	growth	factor	receptor	is	a	member	of	the	ErbB	family	of	receptors,	a	subfamily	of	four	closely	related	receptor	tyrosine	kinases;	namely,	EGFR	(ErbB-1),	HER2/c-neu	(ErbB2),	Her	3	(ErbB-3)	and	Her	4	(ErbB-4).	Mutations	affecting	EGFR	could	result	in	cancers,	including	lung	cancer,	large	intestinal	cancers	and	glioblastoma	multiforme.	In
this	latter	case	a	more	or	less	specific	mutation	of	EGFR,	called	EGFR	VIII	is	often	observed.	Mutations	of	EGFR	are	implicated	in	about	30%	of	all	epithelial	cancers.	The	identification	of	EGFR	as	an	oncogene	has	led	to	the	development	of	anticancer	antibodies,	directed	against	EGFR,	including	gefitinib	and	erlotinib	for	lung	cancer,	and	cetuximab
for	colon	cancer.	Other	monoclonal	antibodies	in	clinical	development	are	zalutumumab,	nimotuzumab,	and	matuzumab.	Gefitinib,	erlotinib,	and	lapatinib	(mixed	EGFR	and	ErbB2	inhibitor)	are	examples	of	small	molecule	kinase	inhibitors.	Erythropoietin	(EPO)	Otherwise	called	hematopoietin	or	hemopoietin,	it	is	a	glycoprotein	hormone	that	controls
erythropoiesis,	or	red	blood	cell	production.	It	is	a	cytokine	for	erythrocyte-precursors	in	the	bone	marrow.	It	is	produced	by	the	peritubular	capillary	endothelial	cells	in	the	kidney.	It	also	plays	an	important	role	in	the	brain’s	response	to	neuronal	injury.	EPO	is	also	involved	in	the	wound	healing	process.	Erythropoietin	is	available	as	a	therapeutic
agent	produced	by	recombinant	DNA	technology	in	mammalian	cell	culture.	It	is	used	in	treating	anemia	resulting	from	chronic	kidney	disease	and	myelosuppression	induced	by	chemotherapy	or	radiation.	ERK	The	MAPK/ERK	pathway	is	a	signal	transduction	pathway	that	couples	intracellular	responses	to	the	binding	of	growth	Chapter	48;	Signal
Molecules	and	Growth	Factors		545	factors	to	cell	surface	receptors.	Activation	of	this	pathway	promotes	cell	division.	The	kinase	cascade	is	relevant	to	many	cancers,	e.g.	Hodgkin	disease.	The	first	drug	licensed	to	act	on	this	pathway	is	sorafenib	-	a	Raf	kinase	inhibitor.	Fibroblast	Growth	Factor	(FGF)	The	beta-FGF	is	found	in	almost	all	tissues	of
mesodermal	and	neuroectodermal	origin	and	also	in	tumors	derived	from	these	tissues.	It	is	important	for	cell	growth	and	differentiation.	Beta-FGF	stimulates	the	growth	of	fibroblasts,	myoblasts,	osteoblasts,	neuronal	cells,	endothelial	cells,	keratinocytes	and	chondrocytes.	In	capillary	endothelial	cells,	beta-FGF	acts	in	an	autocrine	manner.	The
mitogenic	action	of	beta-FGF	for	endothelial	cells	can	be	potentiated	by	thrombin,	transferrin	and	HDL.	The	beta-FGF	promotes	the	maturation	and	maintenance	of	cholinergic	neurons	and	acts	as	a	mitogen	for	chromaffin	cells.	It	also	influences	the	proliferation,	differentiation,	and	function	of	astrocytes	and	oligodendrocytes.	Gastric	Inhibitory
Polypeptide	(GIP)	The	new	name	is	glucose	dependent	insulinotropic	polypeptide.	It	has	42	amino	acids.	It	is	secreted	by	the	neuroendocrine	K	cells	of	the	duodenum	and	proximal	jejunum.	It	increases	glucose-mediated	insulin	release	and	inhibits	gastrin	production.	The	hormone	regulates	glucose	and	lipid	metabolism	by	increasing	the	release	of
insulin	through	an	incretin	effect.	The	secretion	is	stimulated	by	oral	intake	of	food	especially	LCFA.	Intestinal	motility	is	reduced,	but	fluid	and	electrolyte	secretions	are	stimulated.	Gastrin	It	is	secreted	by	G	cells	of	antral	mucosa	of	the	stomach	and	proximal	part	of	duodenum.	It	can	exist	in	3	forms,	big	gastrin	with	34	amino	acids	(G-34)	that	is
cleaved	to	give	little	gastrin	with	17	amino	acids	(G-17)	and	minigastrin	(G-14).	G-17,	produced	by	antral	mucosa	has	a	half-life	of	only	5	minutes,	and	is	the	main	form.	The	biologically	active	portion	of	gastrin	is	the	C	terminal	pentapeptide	which	is	also	available	as	a	synthetic	peptide,	called	penta	gastrin.	The	major	effect	of	gastrin	is	stimulation	of
HCl	secretion.	Normally	gastrin	secretion	is	under	feedback	control	depending	on	the	pH	of	gastric	juice.	Gastrin	secretion	is	stimulated	by	high	pH,	proteins	in	stomach	and	central	vagal	stimulation.	Excessive	gastrin	secretion	occurs	when	gastrin	producing	tumors	are	present.	This	condition	is	referred	to	as	Zollinger-Ellison	syndrome,	resulting	in
very	high	levels	of	acidity	and	chronic	gastric	ulcers.	Adult	reference	value	is	25-90	picogram	/ml.	Gaunylin	A	peptide	produced	by	mucin	secreting	cells	and	released	into	the	intestinal	lumen.	It	stimulates	NaCl	secretion	by	binding	to	a	brush	border	receptor	and	stimulating	guanylate	cyclase	which	elevates	the	level	of	cyclic	GMP.	An	enterotoxin
produced	by	E.	coli	mimics	the	action	of	this	hormone	and	causes	Traveller’s	diarrhea.	Ghrelin	A	short	peptide	hormone	(28	amino	acids)	secreted	by	oxyntic	cells	of	stomach	and	duodenum.	It	increases	appetite,	and	decreases	insulin	secretion.	It	is	a	hunger	signal	effective	between	meals.	It	is	secreted	under	conditions	of	fasting.	Ghrelin	has
receptors	in	pituitary	(to	stimulate	growth	hormone	production)	and	hypothalamus	(to	regulate	appetite).	The	level	is	high	before	a	meal	but	falls	rapidly	after	taking	food.	Patients	with	Prader-Willi	syndrome	have	been	found	to	have	high	levels	of	Ghrelin	that	may	account	for	excessive	food	intake	and	obesity	in	these	patients.	See	also	discussion	on
Ghrelin	in	Chapter	36.	Glucagon	Like	Peptides	(GLP)	Insulin	production	is	70%	greater	when	glucose	is	administered	orally	than	when	similar	blood	concentrations	were	reached	after	intravenous	administration	of	glucose;	this	increment	is	due	to	intestinal	factors,	termed	incretins.	The	most	important	incretins	are	GLP1	and	GIP.	GLP1	and	GLP2	are
both	secreted	by	enteroendocrine	L	cells	in	ileum,	colon	and	central	nervous	system.	GLP1	secretion	is	dependent	on	the	presence	of	nutrients	in	the	lumen	of	small	intestine.	It	has	an	inhibitory	effect	on	glucagon	secretion	and	enhances	glucose	utilization	after	meals	by	stimulating	insulin	secretion.	The	incretin	effect	is	by	acting	through	second
messengers	in	the	beta	cells	to	increase	the	sensitivity	of	these	cells.	GLP	decreases	food	intake	and	its	secretion	is	affected	by	oral	ingestion	of	nutrients	and	vagal	stimulation.	Somatostatin	has	an	inhibitory	effect	on	GLP	secretion.	GLP	is	a	good	target	for	treating	diabetes	mellitus.	GLP	has	a	half-life	of	about	90	seconds,	and	newer	drugs	are	being
developed	to	increase	the	half-life	to	a	few	days.	Glycogen	Synthase	Kinase	3	(GSK	3)	GSK	3	alpha	and	GSK	3	beta	are	serine/threonine	protein	kinases,	that	mediate	the	addition	of	phosphate	molecules	on	serine	and	threonine	in	specific	cellular	substrates.	GSK3	is	known	for	phosphorylating	and	thus	inactivating	glycogen	synthase.	It	has	also	been
implicated	in	the	control	of	cellular	response	to	damaged	DNA.	Its	role	as	an	NFAT	kinase	also	places	it	as	a	key	regulator	of	both	differentiation	and	cellular	proliferation.	GSK-3	can	be	inhibited	by	Akt	phosphorylation,	which	is	part	of	insulin	signal	transduction.	Therefore,	Akt	is	an	activator	of	many	of	the	signaling	pathways	blocked	by	GSK-3.	For
example,	in	the	setting	of	induced	Akt	signaling,	it	can	be	shown	that	NFAT	is	dephosphorylated.	This	inhibition	of	GSK-3	is	currently	believed	to	underlie	the	therapeutic	usefulness	of	lithium	salts	for	the	treatment	of	mood	disorders.	Furthermore,	cytokine-dependent	GSK-3	phosphorylation	in	hemopoietic	cells	may	regulate	growth.	Granulocyte
Colony	Stimulating	Factor	(GCSF)	GCSF	is	also	known	as	colony-stimulating	factor	3	(CSF	3).	It	is	a	glycoprotein,	growth	factor	or	cytokine	produced	by	different	tissues.	GCSF	then	stimulates	the	bone	marrow	to	release	them	into	the	blood.	It	also	stimulates	the	survival,	proliferation,	differentiation	and	function	of	neutrophil	precursors.	The	GCSF-
receptor	is	present	on	precursor	cells	in	the	bone	marrow,	and,	in	response	to	stimulation	by	GCSF,	initiates	proliferation	and	differentiation	into	mature	granulocytes.	GCSF	can	also	act	on	neuronal	cells	as	a	neurotrophic	factor.	Indeed,	its	receptor	is	expressed	by	neurons	in	the	brain	and	spinal	cord.	The	action	of	GCSF	in	546		Textbook	of
Biochemistry;	Section	F:	Hormones	the	central	nervous	system	is	to	induce	neurogenesis,	to	increase	the	neuroplasticity	and	to	counteract	apoptosis.	These	properties	are	currently	under	investigations	for	the	development	of	treatment	of	neurological	diseases	such	as	cerebral	ischemia.	A	recombinant	GCSF	is	used	in	cancer	patients	to	accelerate
recovery	from	neutropenia	after	chemotherapy,	allowing	higher-intensity	treatment	regimens.	Granulocyte	Macrophage	Colony	Stimulating	Factor	GMCSF	is	a	protein	secreted	by	macrophages,	T	cells,	mast	cells,	endothelial	cells	and	fibroblasts.	GMCSF	is	a	cytokine	that	functions	as	a	white	blood	cell	growth	factor.	GMCSF	stimulates	stem	cells	to
produce	granulocytes	(neutrophils,	eosinophils,	and	basophils)	and	monocytes.	Monocytes	exit	the	circulation	and	migrate	into	tissue,	whereupon	they	mature	into	macrophages.	Activation	of	a	small	number	of	macrophages	can	rapidly	lead	to	an	increase	in	their	numbers,	a	process	crucial	for	fighting	infection.	GMCSF	is	used	as	a	medication	to
stimulate	the	production	of	white	blood	cells	following	chemotherapy.	It	has	also	recently	been	evaluated	in	clinical	trials	for	its	potential	as	an	adjuvant	in	HIV-infected	patients.	Heat	Shock	Proteins	(HSP)	They	are	a	class	of	functionally	related	proteins	whose	expression	is	increased	when	cells	are	exposed	to	elevated	temperatures	or	other	stress.
The	dramatic	upregulation	of	the	heat	shock	proteins	is	a	key	part	of	the	heat	shock	response.	Heat-shock	proteins	are	named	according	to	their	molecular	weight.	For	example,	Hsp60,	Hsp70	and	Hsp90	refer	to	families	of	heat	shock	proteins	on	the	order	of	60,	70	and	90	kilodaltons	in	size,	respectively.	The	small	8	kilodalton	protein	ubiquitin,	which
marks	proteins	for	degradation,	also	has	features	of	a	heat	shock	protein.	Functions	of	HSP	include	in	(1)	upregulation	in	stress,	(2)	role	as	chaperone,	(3)	housekeeping,	(4)	cardiovascular	role,	and	(5)	immunity.	Hepatocyte	Growth	Factor	(HGF)	and	HGF	Receptor	(HGFR)	Also	called	MET	(mesenchymal	epithelial	transition	factor).	It	is	a	proto-
oncogene.	Hepatocyte	growth	factor	regulates	cell	growth,	cell	motility,	and	morphogenesis	by	activating	a	tyrosine	kinase	signaling	cascade	after	binding	to	the	protooncogenic	c-Met	receptor.	Hepatocyte	growth	factor	is	secreted	by	mesenchymal	cells	and	acts	as	a	multi-functional	cytokine	on	cells	of	mainly	epithelial	origin.	MET	is	a	membrane
receptor	that	is	essential	for	embryonic	development	and	wound	healing.	Hepatocyte	growth	factor	(HGF)	is	the	only	known	ligand	of	the	MET	receptor.	MET	is	normally	expressed	by	cells	of	epithelial	origin,	while	expression	of	HGF	is	restricted	to	cells	of	mesenchymal	origin.	Upon	HGF	stimulation,	MET	induces	several	biological	responses	that
collectively	give	rise	to	invasive	growth.	Abnormal	MET	activation	in	cancer	correlates	with	poor	prognosis.	Active	MET	triggers	tumor	growth,	formation	of	new	blood	vessels	(angiogenesis)	that	supply	the	tumor	with	nutrients,	and	cancer	spread	to	other	organs	(metastasis).	MET	is	deregulated	in	many	types	of	human	malignancies,	including
cancers	of	kidney,	liver,	stomach,	breast,	and	brain.	Normally,	only	stem	cells	and	progenitor	cells	express	MET,	which	allows	these	cells	to	grow	invasively	in	order	to	generate	new	tissues	in	an	embryo	or	regenerate	damaged	tissues	in	an	adult.	However,	cancer	stem	cells	are	thought	to	hijack	the	ability	of	normal	stem	cells	to	express	MET,	and
thus	become	the	cause	of	cancer	persistence	and	spread	to	other	sites	in	the	body.	HER2/neu	Also	known	as	ErbB-2,	which	stands	for	“Human	Epidermal	growth	factor	receptor	2”	and	is	a	protein	giving	higher	aggressiveness	in	breast	cancers.	HER2	is	a	cell	membrane	surface-bound	receptor	tyrosine	kinase	and	is	normally	involved	in	the	signal
transduction	pathways	leading	to	cell	growth	and	differentiation.	It	is	encoded	within	the	genome	by	HER2/neu,	a	known	proto-oncogene.	Approximately	1520	percent	of	breast	cancers	have	an	amplification	of	the	HER2/neu	gene	or	overexpression	of	its	protein	product,	leading	to	increased	disease	recurrence	and	worse	prognosis.	Because	of	its
prognostic	role	as	well	as	its	ability	to	predict	response	to	trastuzumab	(Herceptin),	breast	tumors	are	routinely	checked	for	overexpression	of	HER2/neu.	Overexpression	also	occurs	in	other	cancer	such	as	ovarian	cancer,	stomach	cancer,	and	aggressive	forms	of	uterine	cancer.	HMGB	(High	Mobility	Group	Box	Protein)	Originally	known	as
amphoterin,	it	mediates	neural	growth	and	binds	receptors	for	advanced	glycation	end	products	(RAGE).	HMGB1	has	219	amino	acid	residues.	It	is	located	in	the	nucleus.	It	is	a	chromatin-associated	nuclear	protein	that	plays	an	important	role	in	transcription	and	DNA	recombination.	It	plays	a	critical	role	in	HIV,	sepsis,	tumors,	cardiovascular
diseases,	neurologic	disorders	and	amyloidosis.	Hypoxia	Inducible	Factors	(HIFs)	HIFs	are	transcription	factors	that	respond	to	changes	in	available	oxygen	in	the	cellular	environment,	specifically,	to	decrease	in	oxygen,	or	hypoxia.	Hypoxia	promotes	the	formation	of	blood	vessels,	and	is	important	for	the	formation	of	a	vascular	system	in	embryos.
The	hypoxia	in	wounds	promotes	the	formation	of	blood	vessels,	but	also	the	migration	of	keratinocytes	and	the	restoration	of	the	epithelium.	In	general,	HIFs	are	vital	to	development.	ICAM	It	is	the	intercellular	adhesion	molecule,	present	in	low	concentrations	on	the	membranes	of	leukocytes	and	endothelial	cells.	Upon	cytokine	stimulation,	the
concentrations	greatly	increase.	It	stabilizes	cell	to	cell	interactions	and	facilitates	leukocyte	endothelial	transmigration.	ICAM-1	has	been	characterized	as	a	site	for	the	cellular	entry	of	human	rhinovirus.	ICAM-1	possesses	binding	sites	for	a	number	of	immune-associated	ligands.	Notably,	ICAM-1	binds	to	Macrophage	Adhesion	Ligand-1	(Mac-1),
Leukocyte	Function	Associated	Antigen-1	(LFA-1),	and	Fibrinogen.	These	three	proteins	are	generally	expressed	on	endothelial	cells	and	leukocytes,	and	they	bind	to	ICAM-1	to	facilitate	transmigration	of	leukocytes	across	vascular	endothelia	during	the	inflammatory	response.	Chapter	48;	Signal	Molecules	and	Growth	Factors		547	Insulin-like
Growth	Factor	(IGF)	Secreted	by	hepatocytes,	it	produces	hypoglycemia.	It	mediates	some	actions	of	growth	hormone.	Insulin-like	Growth	Factor	Receptor	(IGFR)	It	is	a	transmembrane	receptor	that	is	activated	by	IGF1	and	IGF2.	It	belongs	to	the	large	class	of	tyrosine	kinase	receptors.	IGF-1	plays	an	important	role	in	growth	and	continues	to	have
anabolic	effects	in	adults.	It	can	induce	hypertrophy	of	skeletal	muscle	and	other	target	tissues.	The	IGFR	is	implicated	in	several	cancers,	including	breast	and	prostate	cancers.	It	has	a	role	in	insulin	signaling	and	on	the	normal	aging	process	as	well.	Insulin	Receptor	(IR)	Insulin	binds	to	its	receptor	which,	in	turn,	starts	many	protein	activation
cascades.	These	include:	translocation	of	Glut-4	transporter	to	the	plasma	membrane	and	influx	of	glucose,	glycogen	synthesis,	glycolysis	and	fatty	acid	synthesis.	The	main	effect	of	activation	of	the	insulin	receptor	is	increased	glucose	uptake.	For	this	reason	“insulin	insensitivity”,	or	a	decrease	in	insulin	receptor	signaling,	leads	to	diabetes	mellitus
type	2.	The	alpha	and	beta	subunits	of	the	IR	are	encoded	by	a	single	gene	(INSR).	The	insulin	receptor	has	also	recently	been	designated	as	CD220	(cluster	of	differentiation	220).	(See	Chapter	24).	Insulin	Receptor	Substrate	(IRS)	IRS	is	an	important	ligand	in	the	insulin	response	of	human	cells.	IRS1	plays	a	key	role	in	transmitting	signals	from	the
insulin	receptors	to	intracellular	pathways	PI3K/Akt	and	Erk	MAP	kinase	pathways.	IRS-1	plays	important	biological	function	for	both	metabolic	and	mitogenic	pathways.	Mice	deficient	of	IRS1	have	pronounced	growth	impairment.	IRS1	may	also	play	a	role	in	breast	cancer	(See	chapters	24	and	44).	Interferons	(IFNs)	IFN	(alpha,	beta,	gamma)	are
proteins	made	and	released	by	the	cells	of	most	vertebrates	in	response	to	the	presence	of	pathogens	—	such	as	viruses,	bacteria,	or	parasites	—	or	tumor	cells.	They	allow	communication	between	cells	to	trigger	the	protective	defenses	of	the	immune	system	that	eradicate	pathogens	or	tumors.	IFNs	belong	to	the	large	class	of	glycoproteins	known	as
cytokines.	Although	they	are	named	after	their	ability	to	“interfere”	with	viral	replication	within	host	cells,	IFNs	have	other	functions:	they	activate	immune	cells,	such	as	natural	killer	cells	and	macrophages;	they	increase	recognition	of	infection	or	tumor	cells	by	up-regulating	antigen	presentation	to	T	lymphocytes;	and	they	increase	the	ability	of
uninfected	host	cells	to	resist	new	infection	by	virus.	Certain	host	symptoms,	such	as	aching	muscles	and	fever,	are	related	to	the	production	of	IFNs	during	infection.	About	ten	distinct	IFNs	have	been	identified	in	mammals;	seven	of	these	have	been	described	for	humans.	They	are	typically	divided	among	three	IFN	classes:	Type	I	IFN,	Type	II	IFN,
and	Type	III	IFN.	IFNs	belonging	to	all	IFN	classes	are	very	important	for	fighting	viral	infections.	All	interferons	share	several	common	effects;	they	are	antiviral	agents	and	can	fight	tumors.	Another	function	of	interferon	is	to	upregulate	major	histocompatibility	complex	molecules,	MHC	I	and	MHC	II,	and	increase	immunoproteasome	activity.	The
immune	effects	of	interferons	have	been	exploited	to	treat	several	diseases,	e.g.	actinic	keratosis,	superficial	basal	cell	carcinoma,	papilloma	and	external	genital	warts.	Synthetic	IFNs	are	also	made,	and	administered	as	antiviral,	antiseptic	and	anticarcinogenic	drugs,	and	to	treat	some	autoimmune	diseases.	Interferon	beta-1a	and	interferon	beta-1b
are	used	to	treat	and	control	multiple	sclerosis.	This	treatment	is	effective	for	slowing	disease	progression	and	activity	in	relapsing-remitting	multiple	sclerosis	and	reducing	attacks	in	secondary	progressive	multiple	sclerosis.	Interferon	therapy	is	used	(in	combination	with	chemotherapy	and	radiation)	as	a	treatment	for	many	cancers.	This	treatment
is	most	effective	for	treating	hematological	malignancy;	leukemia	and	lymphomas	including	hairy	cell	leukemia,	chronic	myeloid	leukemia,	nodular	lymphoma,	cutaneous	T-cell	lymphoma.	Patients	with	recurrent	melanomas	receive	recombinant	IFNá2b.	Both	hepatitis	B	and	hepatitis	C	are	treated	with	IFN-á,	often	in	combination	with	other	antiviral
drugs.	Jun	N-terminal	kinases	(JNKs)	JNK	are	kinases	that	bind	and	phosphorylate	c-Jun	on	Ser63	and	Ser73.	They	are	mitogen-activated	protein	kinases	which	are	responsive	to	stress	stimuli,	such	as	cytokines,	ultraviolet	irradiation,	heat	shock,	and	osmotic	shock.	JNK1	is	involved	in	apoptosis,	neurodegeneration,	cell	differentiation,	proliferation
and	inflammatory	conditions	JNK1	also	functions	in	cytokine	production	mediated	by	AP-1	(Activation	Protein	1).	Inflammatory	signals,	changes	in	levels	of	reactive	oxygen	species,	ultraviolet	radiation,	protein	synthesis	inhibitors,	and	a	variety	of	stress	stimuli	can	activate	JNK.	Leptin	It	is	a	16	kDa	protein,	mainly	produced	by	white	adipose	tissue.
Leptin	functions	as	a	satiety	signal.	It	is	an	index	of	the	energy	reserve	in	the	body.	When	the	energy	reserve	is	adequate,	leptin	levels	are	increased	which	would	suppress	further	food	intake.	Leptin	binds	to	the	neuropeptide	Y	in	the	arcuate	nucleus	and	controls	the	intake	of	food	by	interacting	with	the	hypothalamic	centers.	Neuropeptide	Y	is	one	of
the	major	regulators	of	appetite	and	interaction	with	leptin	has	an	inhibitory	effect.	Obesity	is	associated	with	leptin	resistance	and	high	levels	of	leptin	in	plasma.	Studies	with	gene	knock	out	mice	have	shown	that	the	“Ob	gene”	produces	leptin	and	in	its	absence,	obesity	develops.	The	administration	of	recombinant	leptin	is	found	to	be	effective	in
the	control	of	childhood	obesity.	See	also	discussion	on	leptin	in	Chapter	36.	Macrophage	Colony	Stimulating	Factor	(MCSF)	A	cytokine	which	influences	hemopoietic	stem	cells	to	differentiate	into	macrophages.	MCSF	also	helps	to	combat	intercellular	viral	infection.	It	may	also	be	involved	in	development	of	the	placenta.	Macrophage	Inflammatory
Proteins	(MIP)	Belongs	to	the	family	of	chemotactic	cytokines	known	as	chemokines.	In	humans,	there	are	two	major	forms,	548		Textbook	of	Biochemistry;	Section	F:	Hormones	MIP-1alpha	and	MIP-1beta,	that	are	now	officially	named	CCL3	and	CCL4	respectively.	Both	are	major	factors	produced	by	macrophages	after	they	are	stimulated	with
bacterial	endotoxins.	They	activate	human	granulocytes	(neutrophils,	eosinophils	and	basophils)	and	induce	the	synthesis	and	release	of	other	pro-inflammatory	cytokines	such	as	interleukin	1	(IL-1),	IL-6	and	TNF-alpha	from	fibroblasts	and	macrophages.	MAP	Kinase	Activated	Protein	Kinase	2	MAPKAPK-2	is	an	enzyme	that	is	encoded	by	the
MAPKAPK2	gene.	In	conjunction	with	p38	MAP	kinase,	this	kinase	is	known	to	be	involved	in	many	cellular	processes	including	stress	and	inflammatory	responses,	nuclear	export,	gene	expression	regulation	and	cell	proliferation.	Heat	shock	protein	HSP27	was	shown	to	be	one	of	the	substrates	of	this	kinase	in	vivo.	Matrix	Metalloproteinases	(MMPs)
They	are	zinc-dependent	endopeptidases;	other	family	members	are	adamalysins,	serralysins,	and	astacin.	The	MMPs	belong	to	a	larger	family	of	proteases	known	as	the	metzincin	superfamily.	Collectively	they	are	capable	of	degrading	all	kinds	of	extracellular	matrix	proteins.	They	cleave	cell	surface	receptors,	release	the	apoptotic	ligands	(such	as
the	FAS	ligand),	and	inactivate	chemokines/cytokines.	MMPs	also	play	a	major	role	on	cell	proliferation,	migration	(adhesion/	dispersion),	differentiation,	angiogenesis,	apoptosis	and	host	defense.	The	MMPs	play	an	important	role	in	tissue	remodeling	associated	with	morphogenesis,	angiogenesis,	tissue	repair,	cirrhosis,	arthritis	and	metastasis.
MMP-2	and	MMP-9	are	thought	to	be	important	in	cancer	metastasis.	MMP-1	is	involved	in	rheumatoid	arthritis,	osteo-arthritis	and	aortic	aneurysm.	Excess	MMPs	degrade	the	structural	proteins	of	the	aortic	wall.	The	MMPs	are	inhibited	by	specific	endogenous	tissue	inhibitor	of	metalloproteinases	(TIMPs),	which	comprise	a	family	of	four	protease
inhibitors:	TIMP-1,	TIMP-2,	TIMP-3	and	TIMP-4.	Mitogen	Activated	Protein	Kinase	Kinase	Abbreviated	as	MAPKK	or	MAP2K,	it	is	a	kinase	enzyme	which	phosphorylates	Mitogen-activated	protein	kinase	(MAPK).	There	are	7	genes	–	MEK	1	&	2,	MKK	3	to	7.	The	activators	of	p38	(MKK3	and	MKK4),	JNK	(MKK4),	and	ERK	(MEK1	and	MEK2)	define
independent	MAP	kinase	signal	transduction	pathways.	Monocyte	Chemotactic	Protein-1	(MCP1)	Also	known	as	Chemokine	C-C	Motif	Ligand	2	(CCL2).	It	is	a	cytokine	belonging	to	the	CC	chemokine	family.	CCL2	recruits	monocytes,	memory	T	cells,	and	dendritic	cells	to	sites	of	tissue	injury	and	infection.	In	the	bone,	CCL2	is	expressed	by	mature
osteoclasts	and	osteoblasts	and	is	under	the	control	of	NFêB.	CCL2	causes	the	degranulation	of	basophils	and	mast	cells,	an	effect	potentiated	by	pre-treatment	with	IL-3	and	other	cytokines.	Neuropeptide	Y	It	is	secreted	by	the	N	cells	of	ileum	and	also	those	present	in	entire	nervous	system,	adrenal	gland	and	pancreas.	The	action	is	to	inhibit
glucose-stimulated	insulin	secretion.	See	also	discussion	on	Neuropeptide	Y	in	Chapter	36.	Osteocalcin	A	noncollagenous	protein	found	in	bone	and	dentin.	It	is	secreted	by	osteoblasts	and	plays	a	role	in	mineralization	and	calcium	ion	homeostasis.	As	osteocalcin	is	manufactured	by	osteoblasts,	it	is	often	used	as	a	biochemical	marker,	or	biomarker,
for	the	bone	formation	process.	It	has	been	routinely	observed	that	higher	serum	osteocalcin	levels	are	relatively	well	correlated	with	increases	in	bone	mineral	density	(BMD)	during	the	treatment	with	anabolic	bone	formation	drugs	for	osteoporosis,	such	as	Forteo.	Osteocalcin	is	used	as	a	preliminary	biomarker	on	the	effectiveness	of	a	given	drug
on	bone	formation.	See	Chapter	35	for	calcium	metabolism.	Osteonectin	A	glycoprotein	in	the	bone	that	binds	calcium.	It	is	secreted	by	osteoblasts	during	bone	formation,	initiating	mineralization	and	promoting	mineral	crystal	formation.	It	also	shows	affinity	for	collagen	in	addition	to	bone	mineral	calcium.	Osteonectin	also	increases	the	production
of	matrix	metalloproteinases,	a	function	important	to	invading	cancer	cells	within	bone.	Overexpression	of	osteonectin	is	reported	in	chronic	pancreatitis	and	in	many	human	cancers	such	as	breast,	prostate	and	colon.	Osteopontin	(OPN)	Synonyms	for	this	protein	include	sialoprotein	I	and	44K	BPP	(bone	phosphoprotein).	It	is	an	important	factor	in
bone	remodeling.	OPN	binds	to	several	integrin	receptors	expressed	by	leukocytes.	These	receptors	function	in	cell	adhesion,	migration,	and	survival	in	these	cells.	OPN	plays	an	important	role	in	neutrophil	recruitment.	Activated	T	cells	are	promoted	by	IL-12	to	differentiate	towards	the	Th1	type,	producing	cytokines	including	IFN-gamma.	OPN
inhibits	production	of	the	Th2	cytokine	IL-10,	which	leads	to	enhanced	Th1	response.	OPN	influences	cell-mediated	immunity	and	has	Th1	cytokine	functions.	It	enhances	B	cell	immunoglobulin	production	and	proliferation.	OPN	is	an	important	antiapoptotic	factor;	it	blocks	the	cell	death	of	macrophages,	T	cells,	fibroblasts	and	endothelial	cells
exposed	to	harmful	stimuli.	OPN	prevents	the	cell	death	in	inflammatory	colitis.	OPN	is	an	active	player	in	wound	healing,	bone	turnover,	tumorigenesis,	inflammation,	ischemia	and	immune	responses.	Therefore,	manipulation	of	OPN	may	be	useful	in	the	treatment	of	autoimmune	diseases,	cancer	metastasis,	osteoporosis	and	some	forms	of	stress.
Osteoprotegerin	(OPG)	Also	known	as	osteoclastogenesis	inhibitory	factor	(OCIF),	it	is	a	cytokine,	which	can	inhibit	the	production	of	osteoclasts.	It	is	a	member	of	the	tumor	necrosis	factor	(TNF)	receptor	superfamily.	Osteoprotegerin	inhibits	the	differentiation	of	osteoclast	precursors.	Osteoclasts	are	related	to	monocyte/	macrophage	cells	and	are
derived	from	granulocyte/	macrophage-forming	colony	units	(CFU-GM))	into	osteoclasts.	Recombinant	human	osteoprotegerin	acts	on	bone,	increasing	bone	mineral	density	and	bone	volume.	Osteoprotegerin	has	been	used	experimentally	to	decrease	bone	resorption	in	women	with	postmenopausal	osteoporosis	and	in	patients	with	lytic	bone
metastases.	Chapter	48;	Signal	Molecules	and	Growth	Factors		549	p38	It	is	so	named,	because	it	is	a	protein	with	molecular	weight	38	kDa.	Mitogen	activated	protein	kinases	are	a	class	of	protein	kinases	which	are	responsive	to	stress	stimuli,	such	as	cytokines,	ultraviolet	irradiation,	heat	shock,	and	osmotic	shock,	and	are	involved	in	cell
differentiation	and	apoptosis.	Similar	to	the	SAPK/JNK	pathway,	p38	MAP	kinase	is	activated	by	a	variety	of	cellular	stresses	including	osmotic	shock,	inflammatory	cytokines,	lipopolysaccharides	(LPS),	ultraviolet	light	and	growth	factors.	p53	It	is	so	named,	because	it	is	a	protein	with	molecular	weight	53	kDa.	It	is	a	tumor	suppressor	protein	that	in
humans	is	encoded	by	the	TP53	gene.	The	p53	regulates	the	cell	cycle	and	thus	functions	as	a	tumor	suppressor	that	is	involved	in	preventing	cancer.	As	such,	p53	has	been	described	as	“the	guardian	angel	gene,”	and	the	“master	watchman,”	referring	to	its	role	in	conserving	stability	by	preventing	genome	mutation.	It	can	activate	DNA	repair
proteins	when	DNA	has	sustained	damage.	It	can	induce	growth	arrest	by	holding	the	cell	cycle	at	the	G	1	/S	regulation	point	on	DNA	damage	recognition.	It	can	initiate	apoptosis	(programmed	cell	death),	if	the	DNA	damage	proves	to	be	irreparable.	Activated	p53	binds	DNA	and	activates	expression	of	several	genes	including	WAF1/CIP1	encoding
for	p21.	This	p21(WAF1)	binds	to	the	G1-S/CDK	(CDK2)	and	S/CDK	complexes	(molecules	important	for	the	G1/S	transition	in	the	cell	cycle)	inhibiting	their	activity.	The	p53	has	many	anticancer	mechanisms,	and	plays	a	role	in	apoptosis,	genetic	stability,	and	inhibition	of	angiogenesis.	People	who	inherit	only	one	functional	copy	of	the	TP53	gene	will
most	likely	develop	tumors	in	early	adulthood,	a	disease	known	as	Li-Fraumeni	syndrome.	The	TP53	gene	can	also	be	damaged	in	cells	by	mutagens	(chemicals,	radiation,	or	viruses),	increasing	the	likelihood	that	the	cell	will	begin	decontrolled	division.	More	than	50	percent	of	human	tumors	contain	a	mutation	or	deletion	of	the	TP53	gene.	(Please
also	see	cell	cycle	regulation	in	Chapter	42).	p70S6	kinase	The	p70S6K	is	a	serine/threonine	kinase	that	acts	downstream	of	PIP3	and	phosphoinositide-dependent	kinase-1	in	the	PI3	kinase	pathway.	As	the	name	suggests,	its	target	substrate	is	the	S6	ribosomal	protein.	Phosphorylation	of	S6	induces	protein	synthesis	at	the	ribosome.	Physical
exercise	activates	protein	synthesis	via	phosphorylation	(activation)	of	p70S6K	in	a	pathway	that	is	dependent	on	mTOR.	This	has	been	demonstrated	by	using	an	inhibitor	of	mTOR,	rapamycin,	to	block	an	increase	in	muscle	mass.	Exercise	has	been	shown	to	increase	levels	of	IGF-1	in	muscle,	thus	inducing	the	IGF1/PI3K/Akt/P70S6K	signaling
pathway,	and	thereby	increasing	the	protein	synthesis	required	to	build	muscle.	Pancreatic	Polypeptide	Stimulates	biliary	flow	and	exocrine	pancreatic	secretion.	It	is	produced	by	pancreatic	PP	cells.	Increased	levels	are	seen	in	insulinomas,	gastrinomas,	carcinoid	tumors	arising	outside	the	pancreas,	adenocarcinomas	of	pancreas,	stomach,	colon,
rectum,	duodenal	ulcer,	diabetes	mellitus,	MEN	Type	I,	medullary	carcinoma	thyroid	and	Zollinger–Ellison	syndrome.	Decreased	levels	are	seen	in	chronic	pancreatitis	with	exocrine	insufficiency.	Phosphatidyl	Inositol	Glycan	Biosynthesis	Class	F	Protein	PIGF	is	a	protein	that	is	encoded	by	the	PIGF	gene.	The	protein	is	involved	in	glycosyl
phosphatidyl	inositol	(GPI)	anchor	biosynthesis.	The	GPI-anchor	is	found	on	many	blood	cells	and	serves	to	anchor	proteins	to	the	cell	surface.	This	protein	and	another	GPI	synthesis	protein,	PIGO,	function	in	the	transfer	of	ethanolamine	phosphate	(EtNP)	to	the	third	mannose	in	GPI.	Platelet	Derived	Growth	Factor	(PDGF)	Regulates	cell	growth	and
division.	In	particular,	it	plays	a	significant	role	in	blood	vessel	formation	(angiogenesis),	the	growth	of	blood	vessels	from	already	existing	blood	vessel	tissue.	Uncontrolled	angiogenesis	is	a	characteristic	of	cancer.	PDGF	plays	a	role	in	embryonic	development,	cell	proliferation,	cell	migration,	and	angiogenesis.	PDGF	is	required	in	cellular	division
for	fibroblasts.	In	essence,	the	PDGF	allows	a	cell	to	skip	the	G1	checkpoints	in	order	to	divide.	PDGF	is	also	known	to	maintain	proliferation	of	oligodendrocyte	progenitor	cells.	PDGF	has	provided	a	target	for	protein	receptor	antagonists	to	treat	disease.	There	are	2	proteins,	PDGF-A	and	B.	They	activate	the	mitogen-activated	protein	kinase	(MAPK),
PI-3	kinase	and	phospholipase	(PLC)	pathways;	these	are	key	downstream	mediators	of	the	PDGFR	signaling.	Poly	(ADP-ribose)	Polymerase	(PARP)	PARP	is	a	protein	involved	in	DNA	repair	and	programmed	cell	death.	PARP	enzymes	are	essential	in	a	number	of	cellular	functions,	including	expression	of	inflammatory	genes.	One	important	function	of
PARP	is	assisting	in	the	repair	of	single-strand	DNA	nicks.	Upon	DNA	cleavage	by	enzymes	involved	in	cell	death	(such	as	caspases),	PARP	can	deplete	the	ATP	of	a	cell	in	an	attempt	to	repair	the	damaged	DNA.	ATP	depletion	in	a	cell	leads	to	lysis	and	cell	death.	PARP	also	has	the	ability	to	directly	induce	apoptosis,	via	the	production	of	PAR,	which
stimulates	mitochondria	to	release	AIF.	This	mechanism	appears	to	be	caspase-independent.	PARP	mediated	post-translational	modification	of	proteins	such	as	CTCF	can	affect	the	amount	of	DNA	methylation	at	CpG	dinucleotides.	This	regulates	the	insulator	features	of	CTCF	that	can	differentially	mark	the	copy	of	DNA	inherited	from	either	the
maternal	or	paternal	DNA	through	the	process	known	as	genomic	imprinting.	PARP	has	also	been	proposed	to	affect	the	amount	of	DNA	methylation	by	directly	binding	to	the	DNA	methyltransferase.	Prolidase	A	cytosolic	exopeptidase	that	cleaves	amino-dipeptides	with	carboxy-terminal	proline	or	hydroxyproline.	Prolidase	plays	a	major	role	in
collagen	turnover.	Serum	prolidase	activity	is	correlated	with	the	severity	of	coronary	artery	disease.	Protein	C	It	is	a	protein	that	in	humans	is	encoded	by	the	PROC	gene.	Protein	C	is	a	major	physiological	anticoagulant.	It	is	a	vitamin	550		Textbook	of	Biochemistry;	Section	F:	Hormones	K-dependent	serine	protease	enzyme	that	is	activated	by
thrombin	into	activated	protein	C	(APC).	The	activated	form	(with	protein	S	and	phospholipid	as	a	cofactor)	degrades	Factor	Va	and	Factor	VIIIa.	The	activated	protein	C	provides	physiologic	antithrombotic	activity	and	exhibits	both	antiinflammatory	and	anti-apoptotic	activities.	Protein	C	deficiency	is	a	rare	genetic	disorder	that	predisposes	to	venous
thrombosis	and	habitual	abortion.	If	homozygous,	this	presents	with	a	form	of	disseminated	intravascular	coagulation	in	newborns	termed	purpura	fulminans;	it	is	treated	by	replacing	the	defective	protein	C.	Activated	protein	C	resistance	is	the	inability	of	protein	C	to	cleave	factors	V	and/or	VIII.	This	may	be	hereditary	or	acquired.	The	best	known
and	most	common	hereditary	form	is	Factor	V	Leiden.	Warfarin	necrosis	is	acquired	protein	C	deficiency;	it	is	due	to	treatment	with	the	vitamin	K	inhibitor	anticoagulant	warfarin.	In	initial	stages	of	action,	inhibition	of	protein	C	may	be	stronger	than	inhibition	of	the	vitamin	K-dependent	coagulation	factors	(II,	VII,	IX	and	X),	leading	to	paradoxical
activation	of	coagulation	and	necrosis	of	skin.	RANTES	Also	known	as	Chemokine	(C-C	motif)	ligand	5	or	CCL5.	It	is	a	protein	which	is	encoded	by	the	CCL5	gene.	CCL5	is	an	8kDa	protein	classified	as	a	chemotactic	cytokine	or	chemokine.	CCL5	is	chemotactic	for	T	cells,	eosinophils,	and	basophils,	and	plays	an	active	role	in	recruiting	leukocytes	into
inflammatory	sites.	With	the	help	of	particular	cytokines	(i.e.	IL-2	and	IFN	gamma,	that	are	released	by	T	cells,	CCL5	also	induces	the	proliferation	and	activation	of	NK	(natural-killer)	cells	to	form	LAK	(lymphokine	activated	killer)	cells.	It	is	also	an	HIV-suppressive	factor,	released	from	CD8+	T	cells.	RANTES	is	a	CC	chemokine	and	expressed	in
more	than	100	human	diseases.	RANTES	expression	is	regulated	in	T	lymphocytes	by	Kruppel	like	factor	13	(KLF13).	Rb	The	retinoblastoma	protein	is	a	tumor	suppressor	protein	that	is	dysfunctional	in	many	types	of	cancer.	One	highly	studied	function	of	Rb	is	to	prevent	excessive	cell	growth	by	inhibiting	cell	cycle	progression	until	a	cell	is	ready	to
divide.	Rb	prevents	the	cell	from	replicating	damaged	DNA	by	preventing	its	progression	along	the	cell	cycle	through	G1	(first	gap	phase)	into	S	(synthesis	phase).	In	the	hypophosphorylated	state,	pRb	is	active	and	carries	out	its	role	as	tumor	suppressor	by	inhibiting	cell	cycle	progression.	Phosphorylation	inactivates	Rb,	during	the	M-to-G1
transition,	Rb	is	progressively	dephosphorylated	by	PP1,	returning	to	its	growth-suppressive	hypophosphorylated	state.	(Please	also	see	cell	cycle	regulation	in	Chapter	42).	Resistin	Resistin	is	a	cysteine-rich	protein	with	a	molecular	weight	of	12	kDa.	It	is	secreted	by	adipose	tissue	of	mice	and	rats.	In	other	mammals,	resistin	is	secreted	by	immune
and	epithelial	cells.	It	was	called	“resistin”	because	of	the	observed	insulin	resistance	in	mice	injected	with	resistin.	The	effects	are	exactly	opposite	of	the	adiponectin.	Resistin	is	found	to	increase	the	insulin	resistance	of	tissues	in	obesity	as	well	as	in	type	2	diabetes	mellitus.	Current	research	has	linked	resistin	to	inflammation	and	energy
homeostasis.	SAA	(Serum	Amyloid	A)	SAA	proteins	are	a	family	of	apolipoproteins	associated	with	high-density	lipoprotein	(HDL)	in	plasma.	Acute-phase	serum	amyloid	A	proteins	(A-SAAs)	are	secreted	during	the	acute	phase	of	inflammation.	These	proteins	recruit	immune	cells	to	inflammatory	sites,	and	induce	enzymes	that	degrade	extracellular
matrix.	A-SAAs	are	implicated	in	several	chronic	inflammatory	diseases,	such	as	amyloidosis,	atherosclerosis,	and	rheumatoid	arthritis.	Please	also	see	Chapter	49,	under	amyloidosis.	SAPP-alpha	and	beta	The	accumulation	of	beta-amyloid	in	Alzheimer’s	disease	(AD)	is	only	one	of	the	results	of	proteolytic	cleavage	of	amyloid	precursor	protein	(APP).
Cleavage	by	beta-	and	gammasecretase	leads	to	A-beta	production,	whereas	alpha-secretase	cleavage	results	in	a	soluble	form,	sAPP-alpha.	It	is	released	from	neurons	in	response	to	electrical	activity	and	may	function	in	modulation	of	neuronal	excitability,	synaptic	plasticity,	neurite	outgrowth,	synaptogenesis,	and	cell	survival.	A	signaling	pathway
involving	guanosine	3',	5'-cyclic	monophosphate	is	activated	by	sAPP-alpha	and	modulates	the	activities	of	potassium	channels,	N-methyl-D-aspartate	receptors,	and	the	transcription	factor	NFkB.	Genetic	mutations	or	age-related	metabolic	changes	may	promote	neuronal	degeneration	in	Alzheimer’s	disease	by	increasing	production	of	A-beta	and/or
decreasing	levels	of	neuroprotective	sAPP-alpha.	Proteolytic	cleavage	of	beta-amyloid	precursor	protein	(beta	APP)	by	alphasecretase	results	in	release	of	one	secreted	form	(sAPP)	of	APP	(sAPP-alpha),	whereas	cleavage	by	beta-secretase	releases	a	C-terminally	truncated	sAPP	(sAPP-beta)	plus	amyloid	beta-peptide	(A-beta).	APP-beta	mutations	are
linked	to	some	inherited	forms	of	Alzheimer’s	disease.	In	such	cases,	the	levels	of	sAPP-alpha	are	reduced	and	levels	of	sAPP-beta	are	increased.	The	sAPP-alpha	may	play	important	roles	in	neuronal	plasticity	and	survival,	whereas	A-beta	can	be	neurotoxic.	sAPP-alpha	is	approximately	100-fold	more	potent	than	sAPP-beta	in	protecting	hippocampal
neurons	against	excitotoxicity.	Secretin	A	polypeptide	having	27	amino	acids	released	by	the	S	cells	of	the	small	intestine	in	response	to	a	low	luminal	pH	(
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