X
AS PER PCI REGULATIONS
FIRST YEAR B. PHARM. | SEMESTER-II

BIOCHEMISTRY

Dr. Mrs. PADMAJA H. AGARKAR
Dr. YOGESH KULKARNI Dr. RAMMOHAN RAO

Buy Now


javascript:void(0)
https://www.kopykitab.com/Biochemistry-One-by-Dr-Mrs-Padmaja-H-Agarkar-Dr-Yogesh-Kulkarni-Dr-Rammohan-Rao

AText Book Of

IOCHEMISTR

As Per PCI Regulations

First Year B. Pharm.
Semester 11

Dr. Mrs. Padmaja H. Agarkar

M.Sc. Ph.D. (Biochemistry)
Dept. of Pharmaceutical Chemistry
R. C. Patel Institute of Pharmaceutical Education and Research
Shirpur, Dist. Dhule

Dr. Yogesh Kulkarni
M. Pharm. Ph.D. {Pharmacognacy)
NMIMS University, Mumbai

Dr. Rammohan Rao

M.Sc. Ph.D. (Biochemistry and Neuroscience}
Principal Research Scientist at Affirmative Health, U.S.A.

Price ¥ 260.00

NIRALI

PRAKASHAN

ADVANCEMENT OF KNOWLEDGE



javascript:void(0)
https://www.kopykitab.com/Biochemistry-One-by-Dr-Mrs-Padmaja-H-Agarkar-Dr-Yogesh-Kulkarni-Dr-Rammohan-Rao

BIOCHEMISTR‘I’ ISBN 978-93-87397-43-9

Third Edition :  January 2019

© :  Authors

The text of this publication, or any part thereof, should not be reproduced or transmitted in any form or stored in any computer
storage system or device for distribution’ including photocopy, recording, taping or information retrieval system or reproduced on any disc,
tape, perforated media or other information storage device etc, without the written permission of Authors with whom the rights are
reserved. Breach of this condition is liable for legal action.

Every effort has been made to avoid errors or omissions in this publication. In spite of this, errors may have crept in. Any mistake, error
ot discrepancy so noted and shall be brought to our notice shall be taken care of in the next edition. It is hotified that neither the publisher
nar the authdrs or seller shall be responsible for any damage or loss of action to ary one, of any kind, in ary manner, therefrom.

Published By : Polyplate Printed By :
NIRALI PRAKASHAN YOGIRAJ PRINTERS AND BINDERS
Abhyudaya Pragati, 1312, Shivaji Nagar Survey No. 10/1A, Ghule Industrial Estate
Off J.M. Road, Pune — 411005 Nanded Gaon Road
Tel - (020) 25512336/37/39, Fax - (020) 25511379 Manded, Pune - 411041
Email : niralipune@pragationline.com Mobile No. 9404 23304 1/9850046517
> DISTRIBUTION CENTRES
PUNE

Nirali Prakashan 119, Budhwar Peth, Jogeshwari Mandir Lane, Pune 411002, Maharashtra
(For arders within Pune) Tel : (020) 2445 2044, 66022708, Fax : (020) 2445 1538; Mobile : 9657703145
Email : niralilocal @pragationline.com
Nirali Prakashan : 5. No. 28/27, Dhayar, Near Asian College Pune 411041
(For orders outside Pune) Tel : (020) 24690204 Fax : (020) 24690316; Mobile : 9657703143
Email : bookorder@pragationline.com
MUMBAI
Nirali Prakashan : 385, SV.P. Road Rasdhara Co-op. Hsg. Society Ltd.,
Girgaum, Mumbai 400004, Maharashtra; Mobile : 9320129587
Tel : (022) 2385 6339 / 2386 9976, Fax : (022) 2386 9976
Email : niralimumbai@ pragationline.com
> DISTRIBUTION ERANCHES
JALGAON
Nirali Prakashan : 34, V. V. Golani Market, Mavi Peth, Jalgaon 425001, Maharashtra,
Tel : (0257) 222 0395, Mob : 94234 91860; Email : niralijalgaon@pragationline.com
KOLHAPUR
Nirali Prakashan : New Mahadvar Road, Kedar Plaza, 1% Floor Opp. IDBI Bank, Kolhapur 416 012
Maharashtra. Mob : 9850046 155; Email : niralikolhapur@pragationline.com
NAGPUR
Above Maratha Mandir, Shop Mo. 3, First Floor,
Rani Jhanshi Square, Sitabuldi, Nagpur 440012, Maharashtra
Tel : (0712) 254 7129; Email : niralinagpur@ pragationline.com
DELHI
Nirali Prakashan : 4593/15, Basement, Agarwal Lane, Ansari Road, Daryaganj
Mear Times of India Building, New Delhi 110002 Mob : 08505972553
Email : niralidelhi@pragationline.com
BENGALURU
Maitri Ground Floor, Jaya Apartments, No. 99, 61 Cross, 67 Main,
Malleswaram, Bengaluru 560003, Kamataka Mob : 9449043034
Email: niralibangalore@pragationline.com

Other Branches: Hyderabad, Chennai
Note : Every possible effort has been made to avoid errors or omissions in this book. In spite this, errors may have crept in. Any type of error
or mistake so noted, and shall be brought to our notice, shall be taken care of in the next edition. It is notified that neither the publisher, nor
the author or book seller shall be responsible for any damage or loss of action 1o any one of any kind, inany manner, therefrom. The reader
must cross check all the facts and contents with original Government notification or publications.

Nirali Prakashan

Nirali Prakashan

niralipune@pragationlinecom | www.pragationline.com

Also find us on || www.facebook.com/niralibooks



javascript:void(0)
https://www.kopykitab.com/Biochemistry-One-by-Dr-Mrs-Padmaja-H-Agarkar-Dr-Yogesh-Kulkarni-Dr-Rammohan-Rao

This book is dedicated to Dr. Hemant S. Agarkar.

Eamestly blissful for his constant encouragement and incessant guidance.

Authors


javascript:void(0)
https://www.kopykitab.com/Biochemistry-One-by-Dr-Mrs-Padmaja-H-Agarkar-Dr-Yogesh-Kulkarni-Dr-Rammohan-Rao

Preface

I feel a deep sense of gratitude to find overwhelming response to all seven editions of
my book*-, “Biochemistry: Basic and Applied". This new, book entitled "Biochemistry” is
orchestrated according to latest PCI (Pharmaceutical Council of India) Syllabus. The book
provides systematic coverage of basic, clinical, applied and molecular aspects of
biochemistry which can be viewed as standard textbook as well as a review before
examination.

Sound knowledge of Biochemistry is imperative for students to understand the
significance of molecular aspects of life processes in biological science. One has to accept
the fact that biology is fast becoming a molecular science. A student can easily keep pace
with latest advances in the subject by learning biochemistry thoroughly which deserves a
special place in pharmaceutical and medical science.

New topics included in this edition are:

(i) Diabetes and Insulin

(il Metabolism of cholesterol into (a) Bile acid, (b) Vitamin D, (c) Steroid hormones

(i) Substrate level phospharylation

(iv) Glucose-6-phosphate dehydrogenase deficiency

(v) Decarboxylation of amino acids

(vi) Catabolism of heme (bilrubin production), hyperbilirubinemia, Jaundice

(viiiy Catabolism of nuclectides, hyperurecemia and gout.

(IX) Role of Cyclic AMP

(X) Energy coupling reactions

I do hope in addition to pharmacy, medical, dental, veterinary, microbiology and
biotechnology students will find this book a worthy reference.

I am grateful beyond measure to my guru, reverend professor S.B. Gokhale for his
blessings and guidance in the venture of of the book.

Thank you to wonderful team of Nirali Prakashan specially Mrs. Manasi Pingle, Mr. Akbar
Shaikh, Mrs. Prachi Sawant and Mrs. Roshan Khan for their earnest efforts behind making
every edition beautiful and error free.

And most of all, I would like to express my sincere gratitude towards respected
Mr. Jigneshbhai Furia of Nirali Prakashan for his guidance and support which is beyond
reckoning. I cannot complete preface without thanking profusely my valued coauthors
Dr.Rammohan Rao and Dr.Yogesh Kulkamni for their timely help.

I do hope that students will find this book “Biochemistry” equally helpful like its previous
book "Biochemsitry : Basic and Applied".

Dr. Padmaja Hemant Agarkar
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Previous Editions

Following List Displays Publication Years of all previous Editions of the
Book, ‘Biochemistry: Basic and Applied".

Edition No. Year

I Edition May 2004

™ Edition June 2005

m™ Edition October 2006
V" Edition August 2009

V" Edition September 2011
VI Edition October 2013
vI'™ Edition July 2015
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Syllabus

Unit] [08 Hours]

» Biomolecules: Introduction, Classification, Chemical Nature and Biological Role of
Carbohydrate, Lipids, Nucleic Acids, Amino Acids and Proteins.

» Bioenergetics: Concept of Free Energy, Endergonic and FExergonic Reaction,
Relationship between Free Energy, Enthalpy and Entropy; Redox Potential.

Energy Rich Compounds; Classification; Biological Significances of ATP and Cyclic AMP.
UnitII [10 Hours]
s Carbohydrate Metabolism: Glycolysis - Pathway, Energetics and Significance.

Citric Acid Cycle - Pathway, Energetics and Significance.

HMP Shunt and its Significance; Glucose-6-Phosphate Dehydrogenase (G6PD)

Deficiency.

Glycogen Metabolism Pathways and Glycogen Storage Diseases (GSD).

Gluconeogenesis - Pathway and its Significance.

Hormonal Regulation of Blood Glucose Level and Diabetes Mellitus.

* Biological Oxidation: Electron Transport Chain (ETC) and its Mechanism.

Oxidative Phosphorylation and its Mechanism and Substrate Level Phosphorylation.

Inhibitors ETC and Oxidative Phosphorylation/Uncouplers.

UNIT II [10 Hours]

» Lipid Metabolism: B-Oxidation of Saturated Fatty Acid (Palmitic Acid).

Formation and Utilization of Ketone Bodies; Ketoacidosis.

De Novo Synthesis of Fatty Acids (Palmitic Acid).

Biological Significance of Cholesterol and Conversion of Cholesterol into Bile Acids,

Steroid Hormone and Vitamin D.

Disorders of Lipid Metabolism: Hypercholesterolemia, Atherosclerosis, Fatty Liver and

Obesity.

» Amino Acid Metabolism: General Reactions of Amino Acid Metabolism:
Transamination, Deamination and Decarboxylation, Urea Cycle and its Disorders.
Catabolism of Phenylalanine and Tyrosine and their Metabolic Disorders
(Phenyketonuria, Albinism, Alkeptonuria, Tyrosinemia).

Synthesis and Significance of Biological Substances; 5-HT, Melatonin, Dopamine,

Noradrenaline, Adrenaline.

Catabolism of Heme; Hyperbilirubinemia and Jaundice.

UNIT IV [10 Hours]

* Nucdleic Acid Metabolism and Genetic Information Transfer: Biosynthesis of Purine
and Pyrimidine Nucleotides.

Catabolism of Purine Nucleotides and Hyperuricemia and Gout Disease.

Organization of Mammalian Genome.

Structure of DNA and RNA and their Functions.

DNA Replication (Semi Conservative Model).

Transcription or RNA Synthesis.

Genetic Code, Translation or Protein Synthesis and Inhibitors.

UNITV [07 Hours]

» Enzymes: Introduction, Properties, Nomenclature and IUB Classification of Enzymes.
Enzyme Kinetics (Michaelis Plot, Line Weaver Burke Plot).

Enzyme Inhibitors with Examples.

Regulation of Enzymes: Enzyme Induction and Repression, Allosteric Enzymes

Regulation.

Therapeutic and Diagnostic Applications of Enzymes and Isoenzymes.

Coenzymes - Structure and Biochemical Functions.
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13.13 Ribozymes 13.24 carbohydrates than any other ggﬂ%_compounds.The very meaning of term carbohydrate
' 13'14 Enzymes in Diagnosis 13.25 is hydrates of carbon. In the course of time, many, other compounds have been discovered,
1315 Enzymes of Pharmaceutical and Therapeutic Importance 13.25 that have general properties of qarbohydrates, but contain nitrogen, phosphorus and sulfur
: icti 13.28 ; in addition to carbort, hydrogen and oxygen. There “are several non-carbohydrate
13‘16. Restnctlon Enzymes ‘ compounds like acetic acid [CH;COOH], lactic acid [C3HgO3), which can also be called as
¢ Questions . _ ) 13.29 | hydrates of carbon. Moreover, most abundant cellular sugar, deoxyribose, has the molecular - -
Index _ . 1-14 formula CsHi0Q, rather than CSHmOs Therefore, all carbohydrates cannot ‘be called as
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Carbohydfates are rmportant constituents of the cell structure in.the form of
_glycolipid, glycoprotems, ‘heparin; cellulose, starch etc.
i 2. -Carbohydrates serve as an lmportar_rerce as well as a store of energy.
: 3. Carbohydrates are important starting material for many organic compo'unds like
ammo acids, nuclelc_ac—ld,and_lﬂds_
4, Carbohydrates are the first storage form of energy, in the form of glycogen to
- compensate for immediate energy demands of body.

!

i 5. Carbohydrates are an important raw material for the product ,on,of_pmducls__ke
i glgco e, maltose, en Z s, alcohol, acrdsetc
(
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Biéch emistry (B.Pharm. Sem. 1) Chemistry of Carbohydrates

There are four major groups of carbohydrates:
_ 1, Monosaccharides, 2. Disaccharides, 3. Oligosaccharides, 4. Polysaccharides.

1.3.1 Monosaccharides: (Synonym - Simple Sugars)
They have the general formula Cn(H.0)n- They cannat be further hydrolysed into simpler
forms. '
Monosaccharides are further subdivided into different classes depending on the number
of carbon atoms or functional group. -
_(A) Classification of Monosaccharides based on Functional Group :
Aldoses: Aldoses are those monosaccharides havirg the (- C = Q) aldehyde as one of

H

their functional groups. e.g. glucose, galactose, glyceraldehyde.
0

. I
Ketoses: Ketoses are those monosaccharides having the (- C -) keto group, as one of

' 'their functional groups e.g. fructose, dihydroxy acetone, -ioulosa. )

Structures of some aldoses:

H——?—-—OH H—'(I3—OH H—C-—OH H—C-—OH
' | |
CH,OH H—C—OH HO —C —H HO —C —H
. ' : |
D Glyceraldehyde CH,OH H—C~OH HO — CI —H
D Erythrose CH,0H H— (I: —OH
' B D Xylose CH,OH
- . @ D Galactose
Examples of aldoses of biochemical importance
. Structures of some ketoses: ‘
"~ CH,OH CH,0H CH,OH CH,OH CH,OH
" CHgOH HOCH H—(lJ—OI-_I HO—C—H HO —C—H
 Dlhydroxy acetdne  HCOH H—C—OK H—C~— OH H—C —OH
CH,0H CH,OH H— r|: —OH H— ? — OH
D-Xylulose D-Ribulose CH,OH H—C—OH
' ] |
D-Fructose CH,OH

D-Sedoheptulose

Examples of ketoses of biochemical importance
' Chp1l|12
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(B) Classification owlohosaccharides based on the Number of Carbon Atéms '

| Number of Atoms | _ Name Example , |
3 | Triose Dihydroxy acetone, Glyceraldehyde
4 i Tetrose Erythrose
5 }! Pentose Ribulose, Xylulose, Ribose
6 i Hexose Glucose, Fructose, Mannose, Galactose
7 ! Heptose Glucoheptose, Galactoheptose, Sedoheptose

Classification of monosaccharides can also be done according to the number of carbon
atoms present in their structure.
Trioses :
Glyceraldehyde ‘and dihydroxy acetone are examples of trioses. These -two
monosaccharides are formed in the glycolytic pathway. 3-Phosphoglyceraldehyde is another
triose and is found in the hexose monophosphate (HMP) shunt pathway.
Tetrose

An example of tetrose, erythrose 4-phosphate is formed by HMP shunt pathway.
Peritoses B

Ribose and deoxyribose are examples of pentoses. These two pentoses_are important '

constituents of nucleic acids. Xylulose and ribulose are ketopentoses.
Hexoses .

Glucose, galactose, fructose, mannose etc. are examples of hexoses of which glucose is
the fuel of life. Galactose is a constituent of lactose (milk sugar). Fructose is found in fruits,
a constituent of sucrose, and mannose is a constituent of plant

honey and as
polysaccharides.
Heptoses ‘

Sedohepiulose is a ketoheptose existing in the plant kingdom. Sedoheptulose-7- -
phosphate is one of the intermediates of the HMP shunt. The same compound is one of the

products of photosynthesis.

eoisomers or G

Stereoisomers; Stereoisomers are compounds which have same structural formula but
differ in their spatial configuration. ‘

The presence of asymmetric carbon atoms in the compounds allows the formation ‘of
such isomers.
1.4.1.1 Asymmetric Carbon Atom

The carbon atom to which four different atoms or groups are attached is called as
asymmetric carbon atom..

Thus, it is the number (n) of asymmetric carbon atoms in the compound which
determines the number of possible isomers of the compound. Thus, galactose with 4

asymmetric carbon atoms has 21 i.e. 2% = 16 isomiers.

Chp1]13



Chemistry of Carbohydrates

Blochemlstry (B Pharm, Sem. 11)

.'1.4.2 Cis.and T ins Isomerism
' Compor,md s with double bionds. show this type of isomerism. Rigidity of double bond,
resulting in:restriction in rotation about the carbon-carbon double bond is responsible_for
- geometncal isomerism. Cis; lsomer is.one i which two similar groups are on the same side

" of the doublé bond.
| o N

. \\ /
. |HOOC H : H
Fumaric acid- (Trans-structure)
Trans isomier-is one in.which two si

bond,

143D ana LIsomerism.
The Diand L isomers are:mirror. images of each other. All the naturally occurring

monosaccharides of : mammalian -tissues _are mostly of D-configuration. All the cellular

enzymes:are. specmc for D-series.of monosaccharides. ' ‘
The spatlal ‘oHentation of —H and ~OH groups.on the carbon atom that is adjacent to

-+ terminal primary alcohol carbon (e.g. Cs of glucose) determines whether the sugar is D or L
" series. .

Q

(2]

Maleic acid (Cis-structure)
imilar groups are on the opposite side of the double

H—C=0 H=— (l: (o}
. H—’-clz-OH HO—C—H
| |
"HO—C—H H—C—OH
I | .
H=C —OH HO—?—H
H—C—OH HO — T —H
|
CH,OH CH,OH
D-Glucose L-Glucose
14331 Optlcal Activity < of Sugars
When a beam of: polaris ht.is ed.throu tion of aptical isomers, it will-be
rota ght or'le m dextro_rotatery (+) is used for compounds that

- rotate"th iplane of m!ggse_(ijgbijo the right i.e. clockwise and levo rotatory {=) is used for
: compoundsrthat rotate‘thie plane of po jnsedJJghting,ﬁ,l . anti-clockwise.
 'Optieal isomers: Optical isomers are a type of stereoisomers. mers. The unique feature of
optical isomers is that they have the: ability to rotate plane polarised light. ThIS property is

referred-to:as optical activity.-
1.4. 3.2.D; mixture (Racemic: mnxture)

The mikture that contains: equal amounts of dextro rotatory and levo rotatory isomers is
" called as D-L mixture or.racemic mixture.

Such.a mixture has.no optical-ativity as the optical activity of one isomer is cancelled by
the otheHsomer Synthet:cally produced compounds are generally racemic.

‘Chp1]14
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14.3.3 Resolutlon

SyntheSIS of an optically active compound produces a ‘mixture of both (+) and (~)
isomers m equal amounts. Such a mixtureis called- racemlc mixtare orracemate. :

The | separation of optlcally active isomers -frorm the racemic mixtare is -called as -
resolution. The mixture is resolved into- optically “active counterparts or compotinds
(+ and '~ isomers). Resolution is “of two types = @) Chemncal resolution, -(2) Enzymatuc
resolutlon '
144 Eplmers :

Glucose, galactose and mannose are called: as the. epumers of each other. They are
formed by interchange of the -OH and -H,.on- ‘the- carbon atom-2 or 4 of glucose Enzyme
eplmerase is responsible for the interconversions: of eplmers

Structure of Epimers:

H—-C=0 H—C=0 H— 'C 0 -
| — -
H]—-(|3-70H [ H—c—oH| |Ho G H]
i 1 :
HOi~C—H HO —C—H HO'— C -H ‘bglucose and mannose are
- —] | ~gpimers at C, whils glucose.
|HO;—IC—H [Hf-clz—_OH' H—-C—OH _and.galactose are oo
+ : | ‘\'épiners at C,
H‘_?—OH H —~C—0OH H—C -<-OH
CH,OH CH,0H ) CH,OH
D- Galactose ‘D-Glucose D-Mannose -

145 Pyranose and Furanose Ring Structures

0 U

Pyran . Furan )

ng structures of sugars were proposed:by. Haworth in 1929 in whlch all sugars forming
six membered rings are called pyranose from their relation to pyran-and name furanose was
given to those sugars, formmg a‘five: membered ring Pyranose and furanose forms of the
glucose are given below.

Structure of glucose pyranose and -furanose forms

CIQVHZOH‘
-H-C-OH O

CH,OH

u-D-Glucopyranose . a-D-Glucofuranose

Chp 1|15
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146 a- and B Anomersof D-glucose.

" The cyclic structure of glucose is retained in the solution. But isomerism takes place’

around thecarbon atom 1. This oceurs along with th2 optical rotation by which the positions

- of H and —OH groups-are changed-around carbon number 1. o and B cyclic forms of glucose

- are called as anomers; They. differ-from each’ othe- in configuration only at C; known as
- anomeric carbon atom, The physical and chemical properties of anomers are different.

‘Mutarotation: Intraconversion'of o and . glucase in solution along with the change in

their optical activity is called as:mutarotation. If can be defined as "the change in the optical

rotation due to int’er,conv'e'rsiqh of o and P forms of D-glucose to form dn equilibrium’

- mixture’.

| H
M C.é___.

H—-é——OH H——CI:--OH

HO—IIC—H o HO—%I——H o

H—C —OH H—C—OH

_H—CI: H—C———
LHZOH CH,OH

q-D-GIucos‘e

.

p-D-Glucose

‘ 1.4.7 The Aldoses and Ketoses

Glucose has the same molecular formula.as tha: of the fructose. But both of them differ

from each-other with respect to their structural formula. Glucose is an aldose sugar due to

the. presence of aldehyde grotp and fructose is a ketose sugar due to the presence of the
-keto group in its structure. S - . :

- Chemical structures of D-glucose (aldohexose) and D-fructose (ketohexose) are given

pelow:

: © CH,OH
H—C—OH

HO—C —H HO—C—H

Hoe C— oH H— cl: — OH

H—C— OH H —7(‘: — OH

biom o

(Aldohéxoae) (Retohexoss)

Chp 1|16
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QOSIDES, AR SO e .
A condensation reaction between sugar and hydroxyl group of other:compounds, also
called as a aglycone, forms a compound known as a glycoside. The 'aglycén,e'may or may
‘not be another sugar. If the carbohydrate portion is glucose, the resultiég compc'wund is
undergoes condensation glucoside, if galactose the compound formed is called as
galactoside. One of the important properties of monosaccharide is its: ability to form -
glycosides. ‘ : i
Candensation of the reducing sugar with dry methyl alcohol in the presence of catalyst
like dry HCI results in glycoside formation. o

L]

Glycoside Formation:

H - (l} =0
H— rT‘ —oH
" HO~C—H HCI
| + CHOH ———*
H—C—OH _ -
Methyl alcohol”
H~—~C—OH )
] -
EJHZOH Methyl p-D-Glucopyranoside
+
Glucose ’ R )

CH,OH

H (0],]
Methyl a-D-Glucopyranoside

Some examples of aglycones are as follows: » g -
methyl alcohol, glycerol, other sugars and sterol. _ :
Glycosides are found in many species, in animal tissues and in many drugs. An antibiotic -
like streptomycin is a glycoside. Some cardiac glycosides are very important in medicine
bacause of their action on the heart. All the cardiac glycosides c(_:nt'a]n steroid as the
aglycone component. These glycosides are obtained from. digitalis- e.g. digoxin and
sircpbanthus e.g. ouabain, are inhibitors of Na*-K* ATPase.of the cell membrane. '

These sugars are companents of glycopr’otei'ns, gangliosides and glycosa _
Sugars containing amino groups are called as the amino sugars, Examples o amino-
sugars are D-glucosamines, D-galactosamine and D-mannosamine. @ .
Chp1|17. -
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~ Several antibiotics contain amino sugars eg. erythromycin and carbomycin,
Erythromycin contains dimethyl amino sugars. Carbomycin contains 3 amino-sugars
eg. 3 amino D-ribose. The antibiotic activity of the drug is due to the presence of amino
s'uggrs_.‘Glucosamine is also a constituent of hyaluronic acid.

Sk Y 5%
Hydroxyl group attached to the ring structure of these sugars has been replaced by
hydrogen atom. e.g. deoxyribose sugar is found in the DNA (nucleic acid). Deoxy sugars

‘cannot form osazones. These sugars are very unstable and form resins.
. H

. |
T
OH

CH,OH
H 2

O

CH,OH,0 coo~

H H H OH
OH H
HO OH
D-Z-I(’;_?:ymr‘i)bose " D-ribose (B-form) N acetyl neuraminic acld

CH,OH

aD-Glucosamine

Structures of few monosaccharides and monosaccharide derivatives
. —

most important monosaccharide in the boéy. Ii |s ti')é. most
widely distributed sugar in the- body. The molecular formula of glucose. is CgHy,06 The
structural formula of glucose was given earlier in the chapter,
1.8.1 Structure of Glucose '
The molecule of glucose contains five -OH groups.
_ .The presence of five hydroxyl groups is confirmed due to the formation of a pentacetyl
derivative on acetylation. It gives the following set of reactions:

Glucose -m Sorbitol ALY
T Oxidati

Glucose _xnd_atlo_n) Gluconic acid - (1.2)
HCN

Glucose —————— Heptylic acid )

_ ' Killiani Reaction
A!I three reactions of glucose indicate the presence of (-C-H) group.
: - . li
0

Chpl]18
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Killiani reaction involving reaction with HCN, hydrolysis of cyanohydrin and reduction
with HI gives normal heptylic acid, which is a straight chain compound. This confirms that
glucose is also a straight chain compound. : _ '

However, straight chain structure of glucose is unable to explain the following
properties: :

1. Mutarotation of glucose.

2. No compourid formation with NaHSOs. _

3. 'No restoration of colour with Schiff's reagent. :

4. Formation of two isomeric glucosides with methyl alcohol and dry HCl gas. -

In order to explain the above properties of glucose, Fischer suggested that glucose
molecule must be existing in the ring structural form..Both six membered ring and five
membered ring are possible and their existence has -also -been proved experimentally. Six
membered ring i.e. a pyranose form is more stable. Further, glucose exists in o, and 8 forms

too.

ARS B2s: A>EO N ’
1.9.1 Reduction . . _
Monosaccharides are reduced to their corresponding alcohols by reducing agents such
as sodium amalgam. '
Reduction
Na/Hg
Reduction
Na/Hg
Reduction
Na/Hg
Reduction
Na/Hg
1.9.2 Oxidation )
Oxidation of the aldehyde group of the glucose forms aldonic acids. If the aldehyde
group does not participate in the reaction and if the primary alcoholic group is oxidised then
uronic acids are formed. The oxidation of glucose gives-glucuronic acid under the following
sets of conditions. :
Oxidation of Glucose:

Glucose > Sorbitol (g]uatol) _ .

Galactose > Dﬁlcitol {galactitol)
Mannose > Mannitol

Fructose > Mannitol + Sorbitol

COOCH o] H

H—C=0 COOH : C= -C=o
H—(ID—OH H-(|:—OH H—_cl—OH H,0 H—clm ' H—cI:'-OH
HO—.('D—-H ﬂ_’HO—-(l:—H ._F_‘&HO—(IJ—H_Z’HQ—(I;—H' Ol‘lﬂHO—-[C——H
H—(|3--OH M0 H—(ID—OH H—CI:-OH H-<I:——-| H—(I:--OH'
H—C—OH H—C—OH H—(lJ—OH H—(!J—OH H—(I.'}—OH
(!.IHZOH (!JHZOH <|300H . <|3_OOH 'COCH
D-Glucose Gluconic aéld - Saccharic acid Sacqharolactdne Glucuror_:lcacld

Chp1|19 -
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1.9.3 Heat :
Glucuronic acid on heating produces lactones. These are cyclic structures which
. ".resemble pyranoses and furanoses.
1.9.4 Alkali ’
Monosaccharides react in various ways with alkal:
(a) In dilute alkali, sugar will change to the eyclic o~ and B- structures with equilibrium
between two isomeric forms.
On standing the rearrangement will occur which produces an equilibrium mixture of
glucose, fructose and mannose through enediol form.
(b) Sugar produces a sefies of decomposition products in concentrated alkali. Yellow
and brown pigments are developed and salts may be formed. Many double bonds
" between carbon atoms are formed, C-C bonds (carbon to carbon) may &lso rupture.
1.9.5. Osazone Formation B
"+ On addition of a mixture of phenylhydrazine hydrochloride and sodium acetate to sugar
solution and heating in the boiling water bath, crystals are formed. "he reaction takes place
between carbony! group (aldehyde or ketone) and next adjacent carbon with the N of
" phenylhydrazine. The reaction with the aldose is shown below. Th2 hydrazore so formed
reacts with the two additional molecules of phenylhydrazine to form osazones. The ketones
also show a similar reaction.
_ Osazone formation of Glucose:

" H—C=0 H—(13=N.NHCGH5
|
H—(f—-OH H—C|3=N.NHCSH5
HO —C—H : : 3 CHOH
[ + 3 (H)N—NH=—CgHs) — |
H=— (i'i —OH S © CHOHW
H--C—OH CIIHOH
CH,0H CH,OH
D-Glucose Phenylhydrazine Osazone

1.9.6 Strong Mineral Acids_
Glucose on treatment with strong mineral acids gives levulinic ac d.

C=0
|
H— (.I'I —OH CI-IOOH
'HO — (|3 —H " Strong Mineral Acid (l?Hz
H—C—OH CH
[ HCOOH [?
H—= (‘3-— OH . C}: =0
"CH,0H CHy
D-Glucose Levulinic acid
Chp1]110
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1.9.7 lodo Compounds
Aldose sugar on heating with concentrated hydroiodic acid (HI) loses all its oxygen and
is converted into an iodo compound. : '
. CgH1206 + H —— C6H13l
Glucose lodohexane

1.9.8 Ester Fermation
The presence of hydroxyl group in sugars allows the reaction of esterification. All

frae - OH groups are esterifiable.

15 BISACCHARID o : i
Disaccharides are composed of two monosaccharide units joined by a glycosldic bond.

Some commonly occurring disaccharides are; -

(1) Sucrose = 1 molecule of glucose + 1 molecule of fructose. ~

(2) Lactose = 2 molecule of glucose + 1 molecule of galactose.

(3) Maltose = 1 molecule of glucose + 1 molecule of glucose.

(A) Sucrose:

124

It is present in sugarcane, carrot, honey, pineapple, beetroot etc. It does not exist in the .

human body. The enzyme sucrase also known as invertase hydrolyses sucrose to glucose
znd fructose. The molecule of sucrose is formed by glycosidic linkage between aldehyde
group of glucose and keto group of the fructose. There is no free aldehyde or ketone group
available in the sucrose molecule. This is the reason why sucrose is a non-reducing sugar.'It
Joes not exhibit mutarotation and does not exist in & and B forms. It is unable to form
ssazone with phznylhydrazine, It is also unable to reduce Benedict's reagent, Fehling's
solution or Barfoed's reagent.
It is also known as invert sugar due to the following reasons:

The specific rotation of the sucrose solution is.+ 66.5. This rotation changes to -19.5°

during hydrolysis. This is: because levo rotation of fructose (a hydrolysis product) is greater’

than dextro rotation of glucase. Sucrose is known as invert sugar because of the inversion In
the specific rotation due to hgdrolysis.
H,OH

HOH,C O

H
H H
OH H “
OH [ f , CH,0H
H OH OH H
Glucose Fructose

Sucrose ' N
(a-D-glucosyl (1—-2) p-D-fructose) '

(B) Lactose:

Lactose is aso known as milk sugar. It is made up of a molecule of glucose and a -

molecule of galactose. It is formed in lactating mammary gland. It is present in milk. The
enzyme lactase hydrolyses it to glucose and galactose. Lactose has free aldehyde group of
glucose. The free aldehyde group of its constituent galactose is engaged in _glycoslduc
linkage with the 4th carbon of glucose. It is a reducing sugar. It shows mutarotation. It can

also exist in o end B forms. It can reduce Benedict's solution, Fehh'ng's SO’UtiOH, BﬂlfO@d'S;-

reagent. It can also form osazone with the phenylhydrazine.
Chp1]111
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Géla'closé _ ‘Glucose
Lactose '

(B-D-galactosyl (1 -—>4) B~b-glucose)
. (C) Maltose. :

Maltose is found in, germmatmg seeds cereals and malt. It is made up of two molecules |

- of,:;g'i 5e. pMalto'e. is fo:med during . ‘hydrolysis  of starch by the enzyme diastase.
che i altos .IS gluc yse oc-glucosrde Enzyme ‘maltase hydrolyses maltose to glucose.
It h“as fr aldehyde groups and hence shows mutarotation: Tt can exist in « or 8 forms.

Maltose can- redice: Fehlmg and Benedlcts solutions being a reducing sugar. It forms an
osazone w1th phenylhyd razine.
H
'l>'
OH

|
OH

Glucose Glucose

Maltose

oo {a-Dsglucosyl.(1— 4) a-D-glucose)

(D) -Isomaltose:’ Another disaccharide obtained during the hydrolysis of certain
p_olysacda,and_es like glycogen, amylopectin and dextran. It is similar to maltose except it has
an q.(l'-_» 6) linkage.

Glucose

Glucose

H OH

Isomaltose
{a-D-glucosyl (1 - 6) a-D-glucose)

Chp1]112
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Long chains: of monosacchand - joiny

‘which contain only"s"in'glfe ,
dextran, cellulose etc.
more -

1. HomopolysaccharldeS' These: are: very.large-émolecul

type of monosaccharide componen ; ‘glycoge

2. Heteropolysaccharldes These .: My 55 12 e formed from one - or

'monosacchande component as thelr basic: unlts e g hepann, chondromn, sulphates,
;hyaluronlc acid, murein etc. v :

The. major storage. polysacchandes are glyco”en {in animals),. starch {in plants) and.'

dextran (in yeast and -bacteria). Glycosaminogly¢ans s 2 mucopolysacchande Cellulose isa

structur’al polysaccharide found in plant cell walls. -

(A) Glycogen (Animal. Starch) . .
Glycogen is a storage polysacchande and :is found iny ammal tissues. lt is & branched
chain polysacchandes made up of glucase as:a basic: un|t Glucose molecules are’ lrnked by'
o (1 — 4) bonds with o (1 — 6) branch points, The: branching in glycogen makes it.more
accesS|ble to glycogen phosphorylase during its. degradation..It is also referred to as the:
ammal_starch ’ :

Structure of Glycogen:

b

a (1—=6) linkage. .

«(1— 4) linkage °CH,OH

*CH,OH

w—a (1—+4) linkage

|<— a(1—-6)linkage

SCH,0H ScH, SCH,0H - .
K“ : i : (Where, @ represents glucose)
o=~ llnkage ' '
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Chemistryiof Carbohydrates

. (B) Starch;

Starch Is formed of an a glycosrde chain. Such a compound, yielding only glucose on
hydrolysis, is a :homopolymer called glucan. It is the most important food source of
carbohydrate and'is found in céreals, potatoes, legumes and other vegetables. The two chief
constituents of starch are. amylose {15-20%) {amylose is a non- branching helical structure)

and-amylopectin which contains -branched chain composed of 24-30 glucose residues united
" by (1 — 4) linkage In the ¢chains and by (1.— 6) Irnkage at the branch points.

‘Structure of Starch:

. (Amylose and Amylopectin) .

(Amylopectln) (Branched-“r-halns composed of glucose unrls joined together
by a (1<=4) linkega chalns and.a (1 -=6) llnkage at the branch points

ool Amylose f

'@ -.giucose-i

- (Amylos) (hon-braizhing helical structure)
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(C) Cellulose:

Cellulose is the chief constituent framework of plants. It is- msoluble and consists of -

B-D-glucopyrancse units linked by f (1 — 4) bonds to-form long ‘s,t_r,arg,ht chains

strengthened by cross-linked hydrogen bonds. It is also known as stru'ctural“ polysaccharide .

Cellulose cannot be digested by many mammals including human, because of the absence
of a hydrolase that attacks the B linkage. Thus, cellulose is an important source of fibre in the
diet. Cellulase, a1 enzyme that degrades cellulose is absent in mammals, but it is produced

by some bacterie, fungi, protozoa and herbrvorous anrmals

Chemistry of Carbohydrates

Hence, the name g!u- osaminoglycans. They consist. of- repeated drsaccharide:umts in which ‘

uronic acid is lir <ed glycosidically to 3-position of an: acylated amino sugar' They. are acidic -

and occur in association with peptide group. eq. r-yaluromc acrd chondrmtm, sulphate,
heparin etc. Muzopolysaccharides are gelatrnous _substances of hrgh molecular welght
(upto 5 x 105) tr-at both lubricate and serve as a sticky cement.” '

Structures of same complex polysaccharides:
coo”

—0
HOO% 0. g HNecOiCH, |
B-Glucuronic acld N~acet_yl;:gluooaemrne
Hyaluronic acid

L H OH . . ~In
p-Glucuronic acid N-acetyl galactosamine 4 sulphate

Chondraitin 4 sulphiate
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" (A) Chitin:

It is an important polysaccharide of invertebrates. It is found in exoskeleton of
crustaceans and insects. Structurally, chitin consists of N-acetyl D-glucosamine units joined
by B (1 — 4) glycosidi¢ linkage.

(B) Hyaluronic Acid:

¢ Itisa heteropolysaccharide composed Qf alternating units of D-glucuronic acid and N-
5cety| D-glucosamine. The two different monosaccharides are linked by a B (1 —)'.3) bond to
form a disaccharide and a heteropolysaccharide. Hyaluronic acid contains repeating units of
the above mentioned disaccharide, that is linked by B (1 - 4) to the next.

Hyaluronic acid is water soluble, but it forms a viscous solution. It is found in the viterous
humor of the eye and umbilical cord. It is also present in the synovial fluid of the joints

where it acts as a lubricant.

(C) Chondroitin Sulphate:

This heteropolysaccharidg is made up of repeating units of disaccharide made up of D-
glucuronic acid and N-acetyl D-galectosamine sulphates linked by a B (1 - 3) bond. Each

disac¢charide molecule is linked by B (1 — 4) to the next.

Chondroitin sulphate is very abundant in cartilage tissue and skin.

(D) Heparin:

Hep_'arin is composed of alternating repeating units of N-sulfo-D-glucosamine-6-sulfate -

and ‘glucuronate-2-sulphate linked by o (1 — 4), & (1 — 4) linkage. It may contain .

ioduronate in place of glucuronate.

Heparin is a natural anticoagulant secreted by mast cells in the lungs, intestinal mucosa
and is found in the blood, spleen, kidney, liver etc. Another function of heparin is release of
enzyme lipoprotein lipase. The enzyme is helpful in clearing the turbidity of lipemic pl'a\sma.
It prevents the blood clotting by inhibiting conversion of prothrombin to thrombin. Heparin

is also given intravenously to bone fracture patients to avoid the danger of clot formation

“prior to surgery.
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N-sulfoglucosamine-6-suifate

D-glucuronate-2-sulphate

Heparin

These are proteins containing the carbohydrates in varying amounts. The carbohydrates
are attdched as short, long, branched or unbranched chains. The carbohydrates are
covalently bonded to proteins. Glycoproteins occur in tissues, “nucleus, secretion; of
respiratory tract, vagina, uterus etc. The other glycoproteins include plasma proteins, blood

group substances etc. -
' " QUESTIONS

L Expiain the term carbohydrate. '

2. Give detailed classification of carbohydrates.

3. 'Write short notes on the fdllowing:
(a) Non-reducing sugar (sucrose)
(b) Lactose
(c) Glucosaminog_lycans
(d) Structure of starch and glycogen.

4, Explain the term isomerism. Give the salient features of sterecisomerism in
carbohydrates.

S." Define - mutarotation.

6. Why is sucrose known as invert sugar';’

7. Define epimer. Give the examples of the same.

8. What is the difference between disaccharide and polysaccharide?
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‘0.’ Which test will you perform to detect the presence of reducing sugar? Explain the Chdj?t@?’ Z

principle of the same test. 2

10. Give an account of biological importance of glucose. S r H EMIST RY 0 F
i s A

11. Describe structure and function of mucopolysaccharides.

12. Discuss the structure and function of homopolysaccharides. | ) AMIN 0 ACIDS AND P ROTEIN S )

13, Qutline the salient features of the importance of glycosaminoglycans.

14, Def.me a glycoside. Explain the glycoside formation with a neat labelied diagram. ,; ) « LEARNING OBJECTIVES « ,
15. What is the biological significance of glycoproteins? | . 51-:,-;pt’.1in what Amine Acids are and their Rple in Protein Formation .

16. Explain the action of phenylhydrazine on the glucose molecule. f * Undorstind Strustural Classification of Amino Acid
: mEE o Recognize various ways of Classification of Amino Acids and Proteins o
w  Appreciate Hiochzmical importance of Proteins

v Understand various Levels of Structural Organization of Proteins and its Significance

2.1 INTRODUCTION -
Amino Acids
Amino acids ace @ group of organic compounds containing two functionai groupS,
. S carboxyl (=COOH) and amino (-NH,).
P . B : :n o emino acids, both groups are attached to the same carbon atoms.
H
!
R—C—COOCH
I
NH;
Representaticn of Amino Acid Structure
Amino acids play central roles both as building blocks of proteins and as intermediates
! in metabolism. There zre about 300 amino acids occur in nature. Only twenty amino acids
are found in prceeins. The exact sequence and content of amino acids in proteins- is~ .
determined by the sequence of bases in the gene that encodes the protein.
The side chain R iz different for all 20 amino acids found in proteins. The amino acids
mastiy exist in ionised “orm in the biological system. - s : s
H .
|
| ‘ R—C—COO
I
NH;*

]

S NV S
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: Chemistry of Amino Acids and Proteins

'her than’ unlomzed molecuies. In the dipolar- form of an
“group is ionized (~NH;"):and carboxyl group is dissociated

tlon';state of -ammo acnd changes with the pH. In an acid solution, the -
nlzed nd the amino group is: IOanEd (—NH; )(e g. at pH 1)

'a' no groupis unionized (-NHy).:
atio state ofa ammo acid’ depends on the pH.

N T : “NH, NH,
S . i
H o cogH <"—'-“ H—C—C00 .e-——-——f H~—C—C00

A + H | +H !
R . . R R
(Predomlnant B (Predommant (Predominant
g} form dt pH - 7) form at pH - 10)

Structure

Group
unique to
amino acid

hatic fidechains

~H=—CH=C00
'r!JH';
CHy—CH— co0
N
o contd. ..,
-';Ehp'z'l 2.2

[P TSP P

Biochemistry (B.Pharm. Sem. 1)

T T S

3. Vatin‘e. Vv ~Val THC

|

t BranChed

4, Lekélcine N L Leu e s o
3 ot ) CH— Oty miOH = 000" | ghein.” -
5. Isogleucine I e .| GHa N\
Lo : H,\ o _B_ra’n‘chéd
CH._(i:H- coo .. chain
HyC NH:":

i Am%ino acids containing hydroxyl.group

6. Serine s | ser

+

|- -

CHy — CH = €00’

Hyd'_rdxyf; N

7.. Threonine | . T Thr

HiC = <I:H (I)H-COO
. OH NHs

Hydr‘o_xj\*

Tyrosine Y Tyr

(This @mino acid is also a member of
! aromatic amino acids).

Pheno!

m. Sulfur containing amino- acads x

8. Cysteme | ¢ Cys

|- cHy = F|3H.-;*§¢,°d°f .

Sulfhydral -

9. Cystine.

Disulfide

110, Methionine M Met .

‘(':‘H, <= CHy == CH#C00 ™
S-=CH, - -NH;"

Thicether - |

CQ’/ltd. :-- I .

R
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e

o - I II Imino acrds : R
xv ACldIC amino acids’ and thelr amides : .21 Proline | P ‘ Oro Hz.c"—"_CHz: .
B - R 8 " 'i . f
B 1,1.‘ Aspartic D. 1. Asp- OOC CH,—'CH —~Co0" . ﬁcarboxyl ! .: : HZC\_N P -
- ; . - z :- ~C00
Ny NS IR I B _ : ! e W
o e : ‘HjNii= G ~=CH, — CH -~ COO o 1 1. Amineo acids with aliphatic side’ chams. Structurall simplest: amln
12'_A5p§ra:9'"e NopRsne s o Amide ; alanine, vaiine, Ieucm: isoleucine' belong to- this. cléss 1?hey ‘¢ onoamino,
o : - - '.odr'::'-é-:cﬁ — -:CH—COO' _ monocarboxylic groups. The valine; Ieuc_me,.ls_ollenge have br he halgism ‘their
| Gutarbic | EfGu o L  carboxyl y 0 stuaue AR
ad | 1 E NH; L S " 2. Hydroxyl group containing amino acnds._Senne threonme and tyrosme are
: ) P V‘O'v ' : C hydroxyl group containing amino-acids of whlch tyrosine is- also cIassxf'ed ‘under
14 Gutamine | Q | Gin | I - - |Amide 1 zromatic 8 ino acids. |
I R - HzN—-C—CHz"CHz‘—?H"'COO § 3. Sulfur containing amino acids: Cysteine, cystine and methiofine are members of
: - ' , NHa‘ . . ‘ g . this class. They are characterised by the presence of sulfhydryt, disulfide and -
I e S = — _ ‘ thioether group respectively. Amino acnd cystine‘is formed by. condénsatlen of two E
V. Basic amino acids ] _ rholecules of cysteine. . i
L | CHy—CH, =—CHy — CH,—CH~CO0™ & ; 4. Acidic amino acids and their amides: Aspartic acid and’ glutamtc acid are
- +15. Lysine ; K Lys | LH. ' rlle » _ éeAmmo ‘ dicarboxylic monoafino acids. While - asparagine and glutamme’ re respectnve'
Ly . : S R NHS—-CH o —cH-a—COO' ' k amines of these dicarboxylic acids: They are‘acidic amino acids. , .
: [16.Arginine 1 R -} Arg | ’. 2 R ! Guanidino 5. Basic amino acids: Lysine, arginine, histidine are dibasic, monoc,, boxyhc amino
S SR f’NH _ . NH, . : ‘ acids. Presence of one more amino' group makes them basic in: nature Histidine
b . . S | NHy : B contains imidazole ring. : E % '
: ;’f o R T I CHZ-CH coor l i I 6. Aromatic amino acids: Amino acids phenylalamne, tyrosme and: tryptophan are -
ll;.»Hlserqrne- rH b HisT sl gy N NH. ilmucrazole o characterised by the presence of aromatic ring, The: phenylalanme and: tyrosme
5‘,...,. — S " 3 : - contain benzene ring and tlyptophan contain indole #ing. His i 3 ed- »
VL Afomatic amino acids R R B : ~ in here. But owing to its basic nature, it is also corisiderad: unde"‘?basm amino-acids. - - &
S TN T _ r 7. Imino acids: Presence: of secondary amino graup in -proline imake it imino acid. -
‘ 1-8{ Phenyl F- 5l Phe i v CHz—?H—COO Benzeneor |-} Hydroxyletion of proling converts'it into hydroxyprolme Hydroxyproime isithe active. -
" alanine ' i i NH;' phegnyi E component of cross linking of collagen. g S ; o
B R B T . _ = - : , ! 2.3.2 Classification of Amino-Aclds-based on' Polarlty (Chemlcal Nature) ,
19.Tyrosine | Y op Tyr | i'*"(5’—'<;_\>"‘3Hz-—Cl”"—COO" - |Phenol { The nature of R group attached to amino-acids determines-the polars nature 'of amino - .~
IR [ EE L NH, P acuds The amino acids may be divided into two broad groups :on: the basus Of polar nature- of
|20 Tryptophan | W | Trp:f - ki THT coo Indole 1. Non-polar amino acids: They are also known aé hydrophobtc or water hatmg amino* "
S ' NH, ' acids. The absence of charge on the R groups of these amino- a""ds ' kes them noni- S
SRS D _ polar am no acids, The:amino acids galanme Jeucin ' v
R . -. R contd. .. phenylalerine, tryptophan ‘and prollne re e
: ' ChpZ|24 _ . ‘ - SRR Chp2I25




Biqchemistry (B.Pharm. Sem. Il) Chemistry of Amino Acids and Proteins

2. - Polar amino acids: They are also referred to as hydrophilic amino acids. The-amino
acids like arginine, aspargine, aspartic acid, cysteine, glutamic acid, glutamine,
glycine, histidine, lysine, serine, threonine are in this class of amino acids. These
amino acids may contain no-charge on their R groups e.g. glycine, threonine etc. or
they may contain positive side chains of R groups e.g. lysine, arginine and histidine.
Amino acids like aspartic acid and glutamic acids are characterised by negatively
charged R side chains.

2.3.3 _Classiﬂcation Based on the Nutritional Requirement

In this way of classification, all 20 amino acids are divided into two.groups viz.

1. Essential (or indispensable), 2. Non-essential (dispensable) amino acids.

Our body contains sufficient biochemical machinery in terms of enzymes, co-enzymes
and favourable cellular sites to support the complete synthesis of non-essential amino acids.
Thus, non-essential amino acids are not a necessary component of diet.

The number of essential amino acids changes from animal to animal. Humans can

_produce. 10 of the 20 amino acids and others must be supplied in the food. :

Non-essential amino acids Essential amino acids
Alanine Arginine® 5
Asparagine Histidine
Aspartate Isoleucine
Cysteine Leucine
Glutamic acid Lysine
Glutamine Methionine’

Glycine Phenylalanine’
Praline i Threonine
Serine g g Tryptophan
Tyrosine . Valine

“These amino acids are considered as essential, although they are synthesised by humans,
because, of the following reasons:

Arginine The rate of synthesis is insufficient to meet the growth needs of
the body.

Methionine It is required to produce cysteine if the latter is not adequately
available in the diet.

Phenylalanine It is required to produce tyrosine if the latter is not adequately

_ ) available in the diet.

If our body fails to produce even one of the ten essential amino acids then it resuits in
the degradation of muscles. This way, the body tries to obtain that one amino acid. It is
important to note that unlike fats and carbohydrates, human body doss not store excess
amino acids. Hence, amino acids i.e. proteins must be present in the food everyday.

Most micro-organisms and plants are able to synthesize all amino acids on their own.

The enzymes meant for metabolism of essential amino acids are specific to L amino acids
only.

Chp 2|26
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2.3.4 Based on the Nature of Metabolic End Products, Amino Acids are Classified into
Two Groups . S
1. Glucogenic (glycogenic) amino acids: A group of amino acids whose carbon
skeleton is finally c_atabolised,to pyruvate or one of the intermediates.of TCA cycle
.+ like oxaloacetate, fumarate, succinyl CoA and a-ketoglutarate. These intermediates
are substrates for gluconeogenesis leading to formation of glucose or glycogen. -
2. Ketogenic amino acids: Amino acids whose carbon skeleton is metabolised
(catabolised) to acetoacetate or acetyl CoA which can be converted to fat (e.g. fatty
acids or ketone bodies). ' : ‘ .
Some of the amino acids are both glycogenic as weli as ketogenic as they can serve as
precursors for both, glucose or fat. * ' S
The details of catabolism of amino acids to amphibolic intermediates are given
below:’ ' : .

1. Acetyl CoA and acetoacetate Tyrosine,' Phenylalanine, Tryptophan, Isoleucine,

Leucine, Lysine.

2. Oxaloacetate "~ Aspartate and Aspargine

3. Fumarate . - Phenylalanine, Tyrosine

4. Succinyl CoA - Methionine, Isoleucine, Threonine, Valine.

5.- o-~ketoglutarate - Glutamate, Glutémine, Arginine, Histidine, Proline.
6. Pyruvate - Alanine, Cysteine, Glycine, Hydroxypr'oline, Serine

and Threonine.

Table 2.2: Classification of amino acids on the fate of cafbon skeleton

Glycogenic (glucogenic)

Glycogenic and Ketogenic

Ketogenic

Alanine
Arginine
Aspartate
Cysteine
Glutamine
Glutamate
Glycine
Histidine
Hydroxyproline
Methionine
Proline
Serine
Threonine
Valine

Phenylalanine
Isoleucine
Tyrosine
Tryptophan

Lysine
Leucine
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T e T e

(;) Peptides and Proteins: 20 amino acids are commonly fouad in proteins. Thesg
twenty amino acids are linked together through peptide bond forming peptides

“and proteins. The chains containing less than 50 amino acids are called peptides

~ while those containing greater than 50 amino acids are called proteins.
(b) Proteins can be defined as *high molecular weight mixed colymer of 0. amino acids;
joined together with peptide linkage {(- CONH -Y.

- Biological Role of Proteins:

. Proteins contain carbon, hydrogen, oxygen, nitrogen and sulphur as major constituent:.
Some proteins also contain phosphorus as the chief constituent. Proteins are présent as th=

" main constituent of all living matter. Proteins are among the central molécules of.biology. In

fact, along with nucleic acids, they are the most essential as virtually all the chemicel

functions of the living cell are performed by proteic enzymes (there are a minority of RNA-

based enzymes also). In addition, most of the scaffoldings that hold cells, chromosomes an«

“other molecules together are made up of proteins. Proteins transmit and commute signals .
“from the external environment to cell interior, duplicate genetic information, transform thz

energy in light, carry out chemical reactions with tremendous efficency, transport molecules
between cell compartments etc. In a way, proteins constitute the most complex, precise and

“minute example of nanotechnology known by humans. Proteins are the most perfect

nanomachines.
Proteins make up over 50% of the solid components in the cell and -ange from small

- simple peptides e.g. neurotransmitters, to large complex structures, e.g. haemoglobin.

2.4.1 Biochemical Importance of Proteins

1. " Proteins are basic constituents of cytoplasm of the cell. v
2. 'Proteins are fundamental constituent of the structural and functional organisation of
the cell. '

3. Chemically enzymes are proteins.
. Many of the hormones are proteins.
5. Proteins play a major part in the transport of the O, and CO, by haemogiobin ard
" special enzymes in red blood cells. .

6. Proteins like thrombin, fibrinogen etc. participate in “he blood clotting as clottirg
factors.

7. - Antibodies are proteins by nature, which act as defence against infections.
Some proteins like actin and myosin éarry out mechanical work in the muscle.
A protein rhodopsin of retina carry out the function of sensing the light.

10. Plasma proteins function in the homeostatic control of the volume of the circulatir g
blood and that of the interstitial fluid. '

Chp2|28
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55 CLASSIFICATION OF PROTEING 77 ™0

Chemistry of Amina Acids and Proteins

Proteins can be classified by two ways:
1. On the basis of their solubility.
2. According to incrsasing complexity of their structure.

2.5.1 On the Basis of Solubility

(a) Fibraus proteins: These proteins are fibrous in nature. Basically, fibrous proteins

are iong linear chains of proteins held together by intermolecular hydrogen bonds. -

Hydralytic preteolytc enzymes are not able to digest fibrous proteins. Proteins of
skin—collacen. hai~keratin, silk-fibron are examples of fibrous proteins.

(b) - Globular proteins: These are highly branched condensation products of basic and
acidi- amino acids. Polypeptide chains are held together by cross-linked groups.
Globular proteins are soluble in water and in dilute acids, alkalies and salts. Globular

-proseins ir clude some hormones, enzymes and O, carrying proteins.

2.5.2 According to Increasing Complexity of Their Structure

1. Simple proteins: These proteins yield only amino acids on their hydrolysis.

(a) Albumins These ae scluble i'p water. They are coagulated by heat. They can be
pracipitated by h gh slt concentration. .

(b) Gobulins: These are insoluble in water. They are coagulated by heat. They are
precpitatad by half saturated salt solutions. Examples are plasma globulins, serum
glotuilins, viteli~, tuberin, legumin, myosinogen etc. i

(c) Glutelins: These are insoluble in water but are soluble in acids and bases. They are
coagulated by neat. e.g. oryzenin (rice), glutenin (wheat).

{d) Prolamines: These are insoluble in water, but soluble in ethanol. These are not
coaculated by heat. e.g. gliadin of wheat, zenin (maize) ete.

(e) Protamines: These are soluble in water. They are not coagulated by heat.

e.. salmine from salmon sperm.
(f) Sclero proteins (albuminoids): These are water insoluble proteins with \a
characteristic. e.g. a keratin (protein of hair, horn, nail) and collagen (protein of skin,

. bor= anc tendons).
2. Conjugatad proteins: These proteins are characterised by presence of non-protein

groJp united with the protein molecule. The non-protein part is also called as prosthetic
group. Few of the exz mrples of conjugated proteins are: :
{a) Mucleoproteins
(b) Lipzprot2inz

{¢) Chromoprotein
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(d) Phosphoprotein
(e) Metalloprotein
(f Glycoproteins
(g) Flavoproteins

.Proteins are made up of many amino acids, which are covalently bonded to each other.

This covalent backbone of proteins is actually made up of hundreds of individual bonds. The
covalent, peptide bonds are rigid in nature. The free rotation, or even the fraction of rotation
of each bond is not possible. This is the reason why there are limited number of three
dimensional structures of protein.

pifferent Levels of Structural Organisations of Proteins

Primary ) Secondary Tertiary Quaternary
Structure .- Structure Structure Structure

a-Helix Polypeptide “ Assembled
chain Subunit

Fig. 2.1: Structures of proteins .
"Each protein has specific chemical or structural function and its own unique three
dimensional structure.
~ The spatial arrangement of atoms in a protein is called conformation.
1% The proteins in their functional conformation are called native proteins.
To understand the function of proteins, the protein structure can be considered at four
levels: _ ) '
(a) The primary structure: It defines the sequence of amino acids and sites of
- disutphide bonds.
“(b) The secondary structure: Refers to regular repeating arrangements in the space of
- adjacent amino acid residues in the polypeptide chain.

e e s T T T L

(). A supersecondary structure: A stable gathering of several elements of secondary ’

structure Is sometimes referred to as supersecondary structure.

e ——
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* Rao ;and Rossmann (1973) were the first-to observe that some. structural components
comprising of few alpha-helices or beta strands were frequently repeated within the
structures. called “supersecondary structure” (intermediate to secondary and tertiary
structuré). "Green Key" is another seconda'ry structure. Levitt and Chothia (1976) were first to
classify proteins on the basis of structural comparisons:

‘Al oz The tertiary structure of these molecules is composed of only alpha helix

* bundles. For example, myoglobin. ' ‘

"+ All B: In these protein molecules, all strands are beta sheets. Beta sheets can be
parallel or anti-parallel. For example, immunoglobulin, )

+ o+ p: These proteins contain a random mixture of alpha.and beta structures.

"+ o/B: Generally, these proteins-are made up.of a large number of beta-alpha-beta
units. Beta strands are parallel and alpha and beta strands occur’consecutively.
Many enzymes are alpha beta proteins. ' :

(d): Tertiary structure: It refers to spatial relationship among all amino acids in
polypeptide. It can also be called as the complete three-dimensional structure of
polypeptide. - '

The boundary between the secondary and-tertiary structure is not always clear. Many
second?ary structures are found to be present within the three dimensional structure of large -
proteins. . ‘ . ‘
(e) Quaternary structufe: Proteins contafning more. than one polypeptide chain
exhibit. a fourth level of pratein structure called quaternary structure. This level of structure
represents the spatial arrangement of polypeptide subunit and nature of the interacting
forces between them. i

(f) Domain: This refers to a compact region including perhaps 40 to 400 amino acids,
that is-a separate structural unit within a larger pblypeptidé chain.

.'Pevptide bond: Linear sequences of amino acids in proteins are linked together-by
peptide bonds. Peptide bond is a chemical covalent bond formed between o-amino group
of one amino aci¢ and a-carboxyl group of another. _ :

The peptide bond shows partial double bond character due to the closeness of the
carbonyl carbon-oxygen double bond, allowing resonance structure. _

A peptide unit made up of CO-NH atoms is thus relatively rigid and planar. Although
free-rotation can take place around C~N and C-C bonds permitting 'a'dja'cent peptide units to
be at different angles giving rise to different levels of structures of protein.

2.6.1 Primary Structure of Protein ' .

The primary level of structure in a protein is the linear sequence of amino acids joined

together by peptide bonds. The sequence of amino acids in the primary structure is
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. determined by the sequence of ‘nucleotide bases in the gene encoding protein. Primary
structure also reveals the location of any other covzlent bond. There are primary disulfide

- bonds between cysteine residues that are near to ezch other in space but away from each

B chaln

. other in linear amino acid sequence. These disulf de covalent cross iinks can take place
between two separate polypeptide chains or betweer different parts of the same chain. They,

are formed by oxidation of SH groups on cysteine residues that are exposed to éach other in
space. The disulfide so formed is called as the cysteins residues.

e.g. Primary structure of Insulin - as discovered kv Sanger is as follows:

A chain § §

. . |
: Gly-lIo-VaI-GIu—GIn-Cys-Cys-A|a-Ser-Val-(_.‘.ys-Ser-Leu-Tyr»GIn-Leu-GIu-.Bsn-Tyr-Cys-Asn
: 5 & 21

10 1
S

/
]

— ) = )

'Phe-VaI-Aan—Gln-Hls-Leu-O/s-Gly-Ser-HIs-Leu-Val-Glu-Ala-Leu--'I'yr‘Leu-VaI-Cys-GIy-GIu-Arg-Gly-Phe-Phe-Tyr-Thr-Pro-Lys-Alo
o 5 0 15 20 21 0

10 .
Fig. 2.2: Amino acid sequence of bovine insulin
The figure below represents the formation of disulfide bond between two cysteine

_residues with formation of cystine.

-~ eoon coo” coo™ - co0”
. |l | Oxidation ] s .
" W C o O, o] +[SH]— OMy— C—H === H— G — CH, —[5 -~ 5| City r C—H + 2
A I — !+ Reduction U S,
NHy NHy NH; - . ' NH,
Cysteine . Cysteine Cystine

The determination of the complete iprimary structure can be carried out by the following
stages viz. 3
() Purification

' (i)  Determination of amino acid composition by means of acid, alkali or enzyme

peptidase to its constituent amino aczs, which are then separated by ion
. _ exchange chromatography followed by reaction with ninhydrin.
(iiiy -End-group determination e determination of N terminal or C terminal amino
: acids of polypeptide chain by various stancard methods. '
The significance of the primary structure ¢an bé sited with the example of the primary
structure of haemoglobin. ’
Poiypeptid_e of haemogiobin § ~contains the following amino acids: .
His ~ Val - Leu ~ Leu ~ Thr - Pro = Val ~ Glu - Lys - B chain ;
"Polypeptide of haeroglobin A= contains the fol owing sequence of amino acids:.
His ~ Val - Leu ~ Leu ~ Thr - Pro-~ Glu - Glu - Lys ~ B chain :
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If in  chain of haemeglobin A there is valine amino acid in place of glutamic acid, this
gives rise to a different haemoglobin- known as -the haemoglobin S and the individual
showing such a genetic defect suffers from a genetic disease known as sick cell anaemia,

From the abeve example we can understand the importance of the primary structure in
determining the property of the proteins. '

2.6.2 Secondary Structure of Protein

The regular {olding cf the regions of the polypeptide chain gives rise to a conformation
called as the secondary structure of protein, .

Most commanly occurring protein folds in terms of secondary structures are ~ a helix
and B sheet. ' .

Linus Pauling and Robert Corey predicted the existence of these structures (1951) long
before the 1st protein structure was elucidated.
2.6.2.1 o-Helix

<«+— 3.6 amino acid rasidues
per turn

5.4 A° pitch

!

Fig. 2.3: Secondary structure a~helix

(H - - - . O) intramolecular hydrogen bonding
Amino acids are found in regular helical conformation. The central strength of the helix
oceurs in the stubborn, non-rotating peptide bonds. It represents a pack of regular coiled
structure of pa ypeptide which contains amino acid side chains positioned outward, away

from the centra axis. ' .
The H of amino group forms a hydrogen bond with the carbonyl O, of the every fourth
amino acid. The direction of hydrogen bond is parallel to the axis of the helix. Each turn of

the helix contains nearly 3.6 amino acids which cover the distance of 0.54 nm. And. the

spacing of each amino acid is 0.15 nm, along the helix axis,
Chp 2] 2.13
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o helix represents a stable conformation with the lowest energy. There are two types of
o helix viz, right handed-helix and left handed helix. The right handed helix is more stable
than the left handed helix. : .

Amino acid proline is generally not found as a constituent of ¢ helix as it is unable to
form the correct system of hydrogen bonds owing to the absence of H atom attached to

nitrogen atom (the N in proline is engaged in the ring). Actually, proline is found at the end -

of the helix, which changes the direction of the helix thus terminating the helical structure.
Large number of hydrogen bonds produced by carbony! (O) and amino (H) (except the
last and the first peptide bonds) together give the helix stability.
eg. 1 Amolecule of myoglobin has 8 o helixes.
2. Keratin - the hair protein is an example of a helix conformation.

.6.2.2 P-pleated sheet
2.6 ZﬁpeaesNe aC

I 1 1 i
{ | I ]
! ! ! ! Parallel
1 1 | I
! | | I
N i 1 | 1 -
N— i 7 —>C
| | | }
| ] 1 1 Antiparaliel
1 I g I
! 1 1 I
C - ! ] 13 1 N

B-pleated sheet. The side chain groups (R) are not shown.
'+ Aand B are antiparallel: the two strands are in opposite orientations.
« Band C are parallel: the two strands are in the same direction
Fig. 2.4: Polypeptide chains (having polarity) p-pleated sheet form
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— CH——C =YV <— Polypeplid
N -~ 'f 1 1 chain
C H
R / 2 i i
SeH |
S : '
N—H | |
| ! te— Hydrogen
0=C | | bond
P i i -
CH ! '
RN 0 H
N ~ il |
H/ C —— CH——N —"\V
r . |
R . .

Fig. 2.5: Folding of polypeptide chain in B-turn

This conformation consists of nearly straight extended polypeptide chains held together
by hydrogen bonds. The backbone of the polypeptide. chain is extended into zigzag rather
than a helical structure. The hydrogen bonding takes place between different polypeptide
chains or in different sections of the same polypeptide chain. The actual structure of
B-pleated sheet represents amino acid residues coming out above or below the sheet.

Adjacent polypeptide chains of B-pleated sheets can be parallel or antiparaliel.
depending on if they run in the same direction or in the opposite directions respectively. The

distance between one o, atom to next is 0.35 nm. The sheet can close to form a B-barre! .

shape. : )
e.g. Protein - silk fibrin consists of almost all stacks (arranged side by side) of antiparallel
B-pleated sheet or else, B.turn or hairpin loop is observed when polypeptide folds itself in
reverse direction as seen in the globular proteins e.g. all peptide linkages of B-keratin
participate in intrachain hydrogen bonding. _

In B-conformatiori, the hydrogen bonds can be either intrachain or interchain between
peptide linkages of the adjacent polypeptide chain. . L

Some exatnples of B-keratin such as the silk fibrin and protein of spider web have very
high content of Gly and Ala residues. '
Stability of Secondary Structures:

The o-helix and B-conformation are stable because steric repulsion is minimized and
hydrogen bonding is maximized.
2.6.3 Tertiary Structure of Proteins

Three_dimensional arrangement of protein structure is known as tertiary structure. e.g.
The protein’ myoglobin represents the tertiary structure. The compact structure contains
hydrophilic group on the surface of the protein molecule with' hydrophabic side chains
towards the interior of the molecule. .

Chp2]2.15
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The types of bonds which are the integral part of the tertiary structure are:

1. Hydrogen bonds

2. lonic interactions

3. Disulfide bonds .

4. Hydrophobic interactions '

5. Hydrophilicinteractions. _

The tertiary structure also imparts stability to the molecule and also represents three
dimensional, biologically active conformation (a native conformation),

The enzymes like lysozyme, nuclease, a-chymotrypsin having one, two and taree chains
respectively are examples of native tertiary structures. Cytochrome C, ribonuclease also
exhibit tertiary structure. X rdys are used to reveal tertiary structure of protein.
2.6.3.1 Denaturation of Proteins

The three dimensionally folded structure of protein can be opened up or unfolded by,
extremes of pH, heat, light, ultraviolet'light, or by chenicals such as acids or alkali or organic
solvents, synthetic detergents or vigorous mechanical shaking.

This urifolding process is referred to as denaturation. The denaturatron can be reversible
in some cases or it is irreversible in ‘many other cases,

The protein loses its secondary and tertiary structure durmg denaturatlor but prrmary
structure of protein is maintained.

A denatured protein Joses its biological activity as well as solubility. But chem:cal activity

_of various proteins is increased ‘due to large expcsure obtained to the various functional

groups in protein.
The boilirrg'of egg denatures the tertiary structure of the protein albumrin and is an
example of irreversible denaturation. Whereas the treatment of ribonuclease with urea and

- mercaptoethanol denatures its tertiary structure due to breakdown of the disulfide linkage
- and .uncoiling of the polypeptide chains. The same denatured protein on slow reoxidation °

with urea is converted into its native, original tertiary structure.
2.6.4 Quaternary-Structure of Proteins-

Some proteins contain two or more polypeptides chain held together by non-covalent
interactions. Such a structure is called as the quaternary structure of protein.

The individual polypeptide chains of a quaternary protein is called as thé subunit or
monomer. _ .
~* These monomers are bound to each other to form a quaternary structure. There are
different types of forces which can bind these monomers. They are of four types:

1. Ionic bonds _

2. Hydrophobic interactions

3, Hydrogen bonds

4. Covalent linkages e.g. disulphide bonds.

Chp2]216
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The oxygen carrying protein of erythrocytes, haemoglobin is one of ‘the’ well kriown
exarrgle of the multisubunit protein. Haemoglobin exists in quaternary structure in native
form. -t is made up of four polypeptide chains namely o, and B, (i.e. two identical a chains
anc two identical B chains). Each chain binds a haem group. There are very minute
differences in twisting between the o-chain and B-chain. These differences are due to
differences in primary structure. Four globin chains make up a regular tetrahedral
arrancement in the quaternary structure of haemoglobin.

Another example is enzyme phosphorylase. It contains four identical subunits. Many
enzymes are aciive when present in their quaternary structure form. These enzymes lose
their catalysic activity in absence of their quaternary structure. Many multisubunit proteins
serve requlatory functions. Their activities are altered by the binding of certain small
mclecules.

Erzymes like tactate dehydrogenase aspartate transcarbomylase also exist in quaternary

" confa-mations.

The larger and more complex multisubunit protein is the enzyme RNA ponmerase of £
col’. It is responsible for the initiation and synthesis of RNA chain.

So we can conclude that arrangements of proteins and protein subumts in three

dxmenswnal complex constitute a quaternary structure.
X ray analysis is necessary for revealing the complete structure of some quaternary
proz=ins.

SROTEIN:FAMILIES -+

Evolutionary related proteins are grouped together into families. Amino acid residue
similarities between proteins of the same family is 30% greater. In some cases although
amino acid rasidue similarity does not exist, still there is close similarity between protein
function, For example, globins form a family but some members have sequence identities of

onv 15%.

Some proteins have very low amino acid similarity but their functional and structural
properties suggest a evolutionary connection and such proteins are placed together in-
superfamilies. Criteria used for grouping proteins into a superfamily are not clear. Some of
the criteria are extreme structural similarity, a similar mechanism or a simitar binding site. -
Many times, proteins grouped in a superfamlly may show only 5 - 10% amine acid sequence

similarity.
QUESTIONS

1. Describe the classification of amino acids along with their structures.
2. Give an account of the classification of proteins with suitable examples.

3. Give a classification of amino acids on the basis of nutrition.
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4. Write a detailed note on the various levels .of organisation of protein structures with

suitable examples,

Explain the classification of proteins with suitable examples.
Write notes on:

(a) Zwitter ion. -

(b) Isoelectric pH of amino acids.

{¢) o-helix. :

(d) Tertiary structure of protein. h

7. What is the importance of primary structure of protein?

10.

Explain in detail the structure of B-pleated sheet.
What is meant by secondary structure of protein? Add a note on the «-helical

_ structure.

Why do we call some amino acids as giucogenic and some as ketogenic? Enlist the

members of glucogenic and ketogenic amino acids.

RBOR
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CHEMISTRY OF LIPIDS |

+ LEARNING OBJECTIVES ¢
o Understand Unique Nature, Function and Structure of Lipid Molecules.
o Appreciate Biological Role of Lipids and their Structural Diversities.
»  Recognize Parameters to which can Qualify various Lipid Molecules.
o Role of Glycerol and Other Alcofials in the Structure of Lipids,
o Know Importance of Lipid from different Sources.

Lipids can be defined as ‘a chemically diverse group of organic compounds, insoluble in
water, soluble in organic solvents (like alcohol, ether) and performing diverse biological
functions'. ' '

The name lipid is derived from the-Lipos (in greek - Lipos means fat). Lipids represent
most important storage form of energy. They also play major role in" the cellular
infrastructure and many other biochemical functions. ’

One important distinguishing characteristic of lipids is: they never exist in the polymer
form like proteins and polysaccharides. On the contrary they are present in the form of

- smaller compounds. .

In our body, fats are much more efficient forms of energy storage ‘compared to
carbohydrates. This is because, fats are highly reduced compared to carbohydrates. This is
obvious because of preponderance of C-H bonds where electrons "belong” to C compared
to C-O bonds where electrons belong to O. Hence, during catabolism there will.be more

" electrons transferred to O, per gram of fat than per gram of carbohydrate, so more energy -

is released (9 kcal/gm fat compared to 4 kcal/gm of carbohydrates).

Also fats are highly insoluble in water, so there is little (if -any) water of hydration
associated with stored fats compared to glycogen. This is the reason, a gram of hydrated fat
yields more than six times as much energy compared to a gram of hydrated carbohydrate.

For example, in a typical 70 kg man with about 11% body fat stored in the abdominal.
cavity, will have about 1,00,000 kcal of energy stored as fat as compared to 600 kcal in

1. Fats and oils, being highly reduced compounds, are used as th
energy in living organisms.

AT
e storage form of
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2.- Liplds function 2s the medium and source of fat soluble vntamlns

3. Phospholipids and sterols make up about half the mass of the- blologlcal membrane
and regulate membrane permeability.

4, Other lipids, although-in small amounts, play an impo-tant role as enzyme cofactors,

light .absorbing -pigment, electron centres, emulsifying agent and hydrophobic

anchors.
5. Lipids play an important role of cellular messenger (phosphatidyl inositol) as well as
-that of cellular metabolite regutator. '

6. Being a component of inner mitochondrial memkrane, lipids partnqpate in the
electron transport chain.

7. Lipids function as the insulators of internal organs of the bod

Lipids can be broadly classified into the following classes:

L Simple Lipids I. Compound or Complzx Lipids

Il Derived Lipids. IV. Miscellaneous Lipids.

V. Neutral Lipids. _ .

I Simple Lipids: '

‘This: class is made up of esters of fatty acid with alcohol. ThlS class is further divided into

two subclasses: ]

1. . Neutral fats and oils (Triacyl glycerol): The esters of fatty acids with glycerol make
‘this class of lipids. The term fat refers to those lipids which are solid at room
temperature. Whereas oils refer to the |IpldS which are in liquid -state at room
temperature.

2. Waxes: Waxes are made up of esters of fatty acids (raving long carbon chain) with
the alcohol other-than glycerol e.g. acetyl alcohol.

II. Compound or Complex Lipids:
These are esters of fatty acids with alcohol containing additional group sych as
- carbohydrate, protein, riitrogen base or phosphate.
This class can be further subdivided-into:

(a) Phospholipid: -Lipids containing -fatty acid and alcohol esters along with the

phosphoric acid and many times a nitrogen base or amino. acid or some"’other
species like inositol.
- (i Glycerophospholipid: These phospholipids contain glycerol as the alcohol,
The examples are lecithin and cephalin,
(i) - Sphingophospholipid: It is characterised by the presence of alcohol
sphingosin e.g. sphingomyelin. '
(b) Glycolipid: These lipids contain a fatty acid, carbchydrate and a nitrogen base. The
‘aleohol is sphingosine. Hence, they are also called as the glycosphingolipids.

Glycerol and phosphate are absent in this class of lipids. e.g. gangliosides,
cerebrosides,
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(c) Lipoproteins: They represent the large molecular complexes of hplds with.proteins.

(d) Other complex lipids: Examples: aminolipids, lipopolysaccharides and sulfolipids
are members of this class.

ML Derived Lipids: _
These represent the derivatives obtained from the hydrolysis of group I and group II
lipids, having the properties of lipids. The examples are fatty acids, glycerol, mono and
diacy! glycerol, lipid soluble vitamins, steroid hormones, ketone bodles.

V. Miscellaneous Lipids:

Large number of compounds show characteristics of lipids e.g. squaline, carotenmds,

hydrocarbons such as pentacesane, terpenes etc. '

V. Neutral Lipids: .
Ungharged lipids are called as neutral lipids, They are monoacyl glycerol, dlacyl glycerol,
triacyl glycerol, cholesterol and cholesteryl esters. Neutral lipids are commonly found.in
cells as storage fats and oils. The reason they are called as neutral lipids is because at
cellular pH they have no charged groups. Usually all neutral lipids are a combination of .
fatty acids with glycerol, as alcohol.

Fatty acids are carboxylic acids with hydrocarbon side chains (the side chain may contain
4 to 36 carbons).

The principal component associated with most lipids is mono_carboxylic acids that have
even number of carbon atoms in a straight chain.

As fatty acids are toxic, they occur to a only limited extent in their free form. Generally,
these acids are found as oxygen esters in the complex lipids e.g. triacyl glycerol, glycolipids
and phospholipids.

Different types of lipids mentioned above may contain fatty acids in the estenfled form.
Most of the fatty acids occurring in common lipids are aliphatic monocarboxylic acid with
even number of carbon atoms ranging from C, to Cy. The fatty acids can also be branched
and dicarboxylic but these are not found so often. A few fatty acids contain three carbon
rings or hydroxyl groups. :

simplest nomenciature of fatty acid indicates the chain length number and number of
double bonds separated by a colon ().

The 18 carbor szturated stearic acid is abbreviated as 18: 0. "he 18 carbon oleic acid
with one double bond is abbreviated as 18: 1. Number indicating total number of double
bonds is then followed by the sign of semicolon (). After which the numbers indicating the

position of double bonds are written which are separated by comma () from one another.

The counting of number of double bond should be from carboxyl end of faﬂy aCId
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50 saturated fatty acid; Stearic acid should be written as 18 : 0, Palmitic acid is 16 : 0 and
unsaturated fatty acid: Arachidonic acid can be written as 20 : 4; 5, 8, 11, 14. It indicates
that there are four double bonds in the 20 carbon fatty acid. The positions of the double
bonds are between carbon 5and 6, 8 and 9, 11 and 12, 14 and 15 respectively.

The table 3.1 gives the list of some naturally occurring fatty acids. The even number of
carbon atoms of fatty acids results from the mode of synthesis of these compounds
involving the condensation of 2 carbon unit acetates. -

The fatty acids are broadly classified as. follows:

(a) Saturated fatty acids

' (b) Unsaturated fatty acids.
Classification of Fatty Acids

The saturated fatty acids do not contain double bonds whereas unsaturated fatty acids
contain-one or more double bonds. Both saturated and unsaturated fatty acids occur in
nature. The fatty acids with one double bond are called as monounsaturated fatty acids and

those with two or more dOUbIE bonds are called as polyunsaturated fatty acids (PUFA).
Cis Trans-Isomerism in Fatty Acids
The double bonds present in unsaturated fatty acid are always separated by methylene

groups. The dOUbll-ie b°”d5('n n?turally occurring fatty acnds are in cis-configuration,
~¢” Ha)s C \ _~ (GH,); COOH

" i

c
7N (cH : c
H (CHy); CH, -CHy(CH), " Sy
g ; \
alle’k;oﬂ:.r") Elaidic acld

(trans form)
" Cyclic Fatty Acids: The fatty acids containing ring in their structure are called as cyclic
fatty acids.

eg. 1. Hydnocapricacid: ! CH(CH,),,COOH

2. Chaulmoogric acid:

CH(CH),,CO0H

The Hydnocapric acid and ChaUlr“OOQ”C acid are cyclic fatty acids present in the

chaulmoogra oil. The chaulmoogra oil was used in the treatment of leprosy.
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Table 3.1: List of some naturally occurring important fatty acids -

Common name Systematic name Abbre- Structural formula
viation
1. Saturated Fatty acids: )
Acetic acid” Ethanoic acid 2.0 |CH;COOH _
Propionic acid n-Propanoic acid 3,0 | CH;CHy COOH
Butyric acid n-Butanoic acid ' 4.0 |CHs CHz CH; COOH
V.aleric acid n-Pentanoic acid 5:0 | CHy=CHy~CHy ~ CHy — COOH
Caproic acid n-Hexanoic acid 60 |GHz— CHy— CHp — CHz — CHz— COOH
Caprylic acid n-Octanoic acid 8:0 |CHz~— CHy— CHy~—(CHp); — CH; — COOH
Capric acid n-Decanoic acid 10,0 |CH3—(CHz)s— COOH _
Lauric acid n-Dedecanoic acid 12:0 | CHy — (CH2)po— COOH
Myristic acid n-Tetradecanoic acid |* 14:0 | CHs (CHia ~ COOH™
Palmitic acid | n-Hexadecanoic acid | 16:0 | CH3{CH)14 COOH
| Stearic acid n-Octadecanoic acid | 18:0 | CH3 (CH)ig COOH
Arachidonic acid | n-Eicosanoic acid 20:0 |©€H; (CHz)la COOH
Behenic acid n-Docosanoic acid 22:0 [CHs (CHz)zo COOH
Lignoséric acid n-Tetracosanoic acid | 24:0 | CHs (CHalzy COOH

The fatty acids that cannot be synthesized by the body and therefore should be supphed
in the diet are known as essentlal fatty acids (EFA).

They belong to the group of polyunsaturated fatty acids (PUFA). They are:

18:2;9, 12 a

CH3(CH,)4, CH = CHCH,CH = CH (CH2)7 COOH
18:3;9,12,15

CHyCHCH = CH CHz CH = CH CH, CH = CH(CH;), COOH -

Lindleic acid
Linolenic acid

Ar'a;hidonic acid 20:4;5,8,11,14
CH3(CH,), CH = CH CH; CH = CH CH, CH = CH CH, CH = CH(CH,); COOH

The arachidonic acid becomes essential if its precursor-linoleic acid is not provided. In
most of the fatty acids, the double bonds have cis-conformation.
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" The structures of the above three fatty acids contain the double bonds beyond carbon 9.

~* Humans lack an enzyme that can introduce double bond beyond Cy to Cyo. This makes these
“three fatty acids as essential fatty acids to human being. However, this- specific. desaturase
enzyme is widespread in plant tissues. High concentration of essential fatty acid is required
“for reproductive functions. '

T/ L e s o ACID:
S rhe Essential Fatty Acids (EFA) are required for the integrity of membrane, both
structurally and functionally. '
) EFA are also essential for prevention of fatty liver. They are also needed for transport of
cholesterol and formation of lipoproteins. . .
" Constant supply of EFA is a must for the synthesis of a group of substances known as
 gicosanoids. - :

EFA have a positive influence on the prolongation of the clotting time and increase the

fibrinolytic activity. The addition of this fatty acid in the diet of the babies cure eczema.
- EFA are also called as skin tonics.
" Daily intake of essential fatty acids in the diet reduces the risk of atherosclerosis.
. 3,6.1 @3 Poly Unsaturated Fatty Acids (o-3 PUFA) =
- Eicosapentaenoic acid [EPA, 20:5;5,8,11,14,17) and Docosa’ Hexa:rnoic acid
[DHA, 20: 6, A% 710.13.16.1%) are two ©-3 polyunsaturated fatty acids present in the fish oils,
They are also present in eggs, milk and other fats but at low concentration. .

However, because of their beneficial effects, designer eggs containing adequate
‘quantities of these w-3 PUFA are being produced in several advanced countries. This is
achieved by feeding chickens a diet (fish oils) rich in @-3 fatty acids. They are not essential
fatty acids. However, EPA and DHA are required for development of brain and for

hotoreceptors present in the. brain. In the body, DHA. is synthesised from linolenic acid, an
essential @-3 PUFA, '
. 3.6.2 Significance of @-3 PUFA

Regular consumption of w-3 fatty acids reduce the incidence of cardiovascular diseases

- and atherosclerosis. They reduce, incidence of inflammatory and autoimmune diseases. They
-+ protect the body, from developing cancer of lung, colon, pancreas and prostrate, '

PR naEuLC e
" The ester of one glycerol molecule with three different fatty acid molecules is called as
" triacy glycerol. ‘

- Il
CHy—0~—C—R,
Il
CH—0—C~—R,

cu,—o—ﬁ—a,
0

(Ry, Ry Ry, represent carbon chains)
A general structure of triacyl glycerol
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Simple triacyl glycerol: These contain the same fatty acid in all three positions. They are

qamed after the fatty acid they contain. e.g. tristearin, tripalmitin containing stearic acid and
palmitic acid respectively.

Mixed triacyl glycerol: They contain two or more different fatty acids. Triacyl glycerols
are nonpolar hydrophiobic molecules, essentially insoluble in water. . :
Biochemical Significance of Triacyl Glycerol

1. Adipocytes c- fat cells of vertebrates store a large amounts of triacyl glycerol as the

fat droplets which occupy maximum space in the cell. :

2. Triacyl glycerols are stored in the seeds of many plants, proViding energy and

biosynthetic precursors for seed germination. C

3. In animals, triacy! glycerol is stored under the skin and serves as an insulation against

very cold temperatures along with its normal use as energy store. "

4. The low density of triacyl glycerols stored in the sperm whales allow the animals to

match the buoyancy of their bodies to that of their surrounding during deep dives in
cold water. .

5. Vegetable cils like corn, olive oil are composed of triacyl glycerol with the

unsaturazed fatty acids.

6. Most of the raturally occurring fats such as those in vegetable oils, dairy prbducts,-

animal fats are complex mixtures of simple and mixed triacyl glycerol.
7. Triglycerols are never a component of membrane lipid.
Biochemical Properties of Triacyl glycerols

1. Saponification:
The ester linkage of triacyl glycerol is hydrolysed by an alkali like NaOH or KOH to
produce glycercl and Na or K salt of fatty acid and this process is called" as the

saponification.
S ification.- :
Triglycerol + 3 KOH aponitication Glycerol + 3 R —COOK'

———)
Soap

The most important property of the soap is its ability to solubilise water insoluble
material (dirt) by forming microscopic aggregates.

" 2. Hydrolysis:
Intestinal lipases carry out stepwise hydrolysis of triglycerols to free fatty acids and '

glycerol. The hyz-olysis of triglycerol is necessary for digestion, fat mabilisation and also
in germinating seed.

3. Rancidity: _
It can be defined as ‘the complete or incomplete oxidation or hydrolysis of fats and oil

exposed to air, light, moisture or by bacterial action resulting in unpleasant taste and

odour’,

Chp 3|37



—— T ——

- Biochemistry (8.Pharm. Sem. II)

The fats coritaining unsaturated fatty acids are more susceptible to rancidity. As oxygen !
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is added across the double bonds, this results in the formation of unpleasant products such

' as aldehydes, ketones, dicarboxylic acids which have offensive odour.
Oxygen brings about the formation of peroxides. The rancid fats are unsuitable for

_...consumptlon

Antioxidants: The group of compounds whuch can prevent the formation of rancidity

are called as antioxidants.

The Vitamin E (tocopherol) is a natural antioxidant, whereas gallic acid, a~-naphthol,
hydroquinones, O- and P-diphenols are synthetic antioxidants. They are added to
commercial preparations of fat. ‘

. Antioxidants are also added to food preparations to increase their shelf life. They are ‘

BHT (butylated hydroxy toluene), BHA (butylated hydroxy anisole) etc.
Tests to Détérmine Purity of a given Fat Sample _
Set of tests described below are useful in detecting the age or freshness of the sample
and presence of aduiterants.
1. Acid number: It represents the number of milligrams of KOH required to completely
neutralize the free fatty acids present in one gram of fat or oil.

The refined oils are free fram any free fatty acids. But the oils on standing for longer -

"periods, decompose due to bacterial lipase or chemical contamination. This gives
rise to free fatty acids.
This decreases the shelf life of fats and increases thelr acid number which makes
them unsuitable for human consumption.

' 2. Saponification number: lt.is defined as ‘the milligrams of KOH required to saponify
or hydrolyse orie gram fat or oil"
Saponification number gives the idea of average molecular size of the fatty acids
present in the given sample. Fats containing more number of short chain fatty acids
show higher sap value or saponification number.
Sap value of some fat samples: .
Butter: 230-240
Coconutoil: 250 - 260

.3. Iodine number: It represents the grams of iodine absorbed by 100 g of fat or oil,
Iodine number is useful to know the relative degree of unsaturation in fats and oil,
The number increases directly with the content of unsaturated fatty acids. Higher
lodme number mdlcates the higher degree of unsaturation of fats and oils.

Chp3)38

Table 3.2; lodine’ numbers of some fixed oals

[" Lipid Sample Iodine Number
Linseed oil 175 - 200
Sunflower oil 125-135

' Cottonseed oi! 100 - 110
. Groundnut oil 85-100
" Olive ol _ . 80-85

- Butter \ 25-28

* Coconut oil ) ‘ - 7=-10

4. Reichert-Meissl (kM) Number: It is defined as ‘volume (mi) of 0.1 N KOH réquiréd
“to completely neutralize soluble, volatile fatty acids distilled from 5 g fat'.
RM number is helpful in testing the purity of the butter as it contains signiﬁcant
amount of volatile fatty acids.
The RM number of butter is in the range of 25-30. But RM numbers of other edible

oils are less than 1. -
One can easily find out any adulteration in the given butter sample with the help of

RM number.

Analytical Methods for Separation of Fats and Fatty Acids

1. Paper Chromatography: It is used for analytical separation of fatty acids in
chloroform (99%) + butanol (1%) using a filter paper soaked in a grease, The water is
used as a mobile phase (reversed phase chromatography).

2. Column Chromatography: The column of silica gel or Hyflow- Supercel is used for
separation of fatty acids. :

3. Thin Layer Chromatography (TLC): It uses glass plates coated with the silica gel G,
or alumina or kieselguhr for separation of fatty acids.

4. Gas Liquid Chromatog_raph'y (GLC): It can be used to separate different fatty acids

~ in the form of their methyl esters, especially of volatile lipid derivatives.

5. High Performance Liquid Chromatography (HPLC): It is a recent techmque
employed for the separation of fatty acids.

6. Specific Hydrolysis: Using acid or alkali and enzyme treatment or combination of
specific hydrolysis with characterlsatlon of products by TLC or GLC often allows the
determination of the structure of hplds

- 7. Mass Spectral Analysis: Mass spectral analysis.of lipids or their volatile derivatives is

very impoitant to determme the length of hydrocarbon chain or position of double
bonds. :
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Phospholipids are complex compound lipids. They contain phospharic acid in additicn
to alcohol, nitrogen base and fatty acids. ,
They are further classifled into two classes glycero-phospholipids and sphingo-
phospholipids: ' '
I Glycero-phospholipids: .

They are also known as phosphoglycendes. They contain glycerol as the alcchol. These
are major components of the cell membra‘ne.' .

All the glycero-phospholipids are derivatives of the phosghotidic acid. They are named

after their highly polar head groups.

(o )

Fatty acld

Glucose or
Galactose

-z

Fig. 3.3 The principal classes of phospholipids

" 1. Phosphotidic acid: It is the simplest of all phospholipids. It is aiso an intermadiate
" product in the synthesis of triglycerols and phospholipids.

o]
| I
CH0 —C—Ry CH,0 —C —R,
0
- S TR G
CHO—C—R, CHO —~C—R,
o 1
7 |5 CH |
CHzo_T_oH CHzo—T'—o"CHz—CHz—N——CH3 i
OH OH : CH, :
head grcup-choline
Phosphotidic acld Lecithin (Phosphotidyl choline)

2. Lecithin (Phosphotidyl-choline): It is a major constituent of the cell membrarie. it is
present in egg yolk brain tissue and a wide variety of animal fats and plants. Its
“chemical structure contains phosphotidic acid attached to the nizrogen base coline.
Choline in the lecithin participates in the transmission of nerve impulse and in
various methylation reactions.
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R.D.S. (Respiratory Distress Syndrome)

Dipalmitoy! lecithin is an important phosphotidyl choline, secreted by lungs. It
functions as a very good surfactant. It prevents the adherence of inner surface of the
lungs due <o its surface tension reducing action. The dipaimitoy! lecithin is not
secreted in some newborns. This causes death of the newborn infants by a disease
called as respiratory distress syndrome.

3. Cephalin (Phosphotidyl ethanolamine):
o o

I |
CH,—0~C—R, CH,—0—C—R,

o} . 0

| 'II
CHO —C —R, Glycerol { CHO —C —R,

o .

l I il '

CHO — P — 0 — CH, — CH, — NH, CH,0 — IID ~— 0 — CH, — CH —COOH.
—_ | '

Ethanolamine

OH OH . NH,
S~ —
Phosphoric acic Phosphoric acid Sartine
Phosphotidy! ethanolamine Phosphotidyl serine’

Cephalins are part of the thromboplastin enzyme.
4. Cardiolipin: Cardiolipins were first isolated from the lipid extracts of the heart tissue.

Cardiolipin is used as an antigen for the VDRL test meant for the detection of
syphilis. Structural formula consists of two phosphotidic acid molecules sandwitched E

by additional glycerol through phosphate groups.
Phosphotidy! glycerol

— 5 —

9 i
CHy—0—C—R, CH;—O—P—0—CH, O
0 HC—OH O

HC—0Q-—C-—R,
f 0o
CH,— O—P —0—CH, oI
L CH,— 0 —C—R,

T

Phosphotidy! glycerol

R

Diphosphotidyi glycerol (cardlolipin) . . o

5. Phosphotidyl inositol: This fraction of phospholipid is present in soyabeans and the-

brain. It also serves as a membrane constituent like other phospholipids. Its

biochemical function deserves a special mention, for its role as a mediator of the
hormones vasopressin and oxytocin. _ ' '

6. Plasmalogen: When C; of glycerol in glycerophospholipid contains attached fatty

acid in ether linkage, the compound so formed is plasmalogen. Generally, C;

contains an unsaturated fatty acid, The nitrogen base choline can be replaced by '

serine or phosphotidyl ethanolamine.
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Ether linkage
OH, ~— 0 —CH =CH—R,

o]
It

CH-—-0—C—R,

i
CHZ—-O—-T——O—CHz—-CHz—NHz
- e e
0 . Ethanolamine
Phosphotidal ethanolamine -
Thus, plasmalogens are glycerol ether phospholipids. Broadly there are two types -
alkyl ether and alkenyl ether. plasmalogens are divided into three classes: choline,
ethanolamine and serine plasmalogens. Choline plasmalogen is found in cardiac

tissues whereas, ethanolamine plasmalogen is found in myelin.
I1. Sphinge-phospholipid:
‘These lipids contain sphingosine, a complex amino alcohol, along with a fatty acid, a

. phosphoric acid and choline, The glycerol is not present in these lipids. In sphingomyelin,
there is an amide (~CONH-) linkage between sphingosine (an amino alcohol) and a fatty

acld. These lipids are present in high' concentration in myelin sheath of neurons. A
sphingosine is formed from a complex series of reactions involving palmitoyl-CoA and
sefine. Cardiolipid, sphingomyeline and psychosine are its derivatives.
. CH== CHI(CH,);,CH,
CH = CH(CH_);,CH, . :

H—C—OH o
H—C—OH ] i
H é NH H=GC—NH—C—R
— = N2
o (l? , . /CH3
- CH, —OH CHZ—-O—T-—-O——CH?'—CHZ-—N—CHB
OH NCH,
OH
Sphingosine Sphingomyelin
Phospholipases:

Phospholipids are degraded by pho_spholipases. These enzymes are found in the
mammalian tissues, snake venom and pancreatic juice. They cleave the phosphodiester
linkage.

There are various phospholipases which exhibit substrate specificities for different
positions in phospholipids. The products of these phospholipases are called as
lysophospholipids. .

Phospholipase A; is an important enzyme. This enzyme is responsible for the release of
arachidonic_acid from the membrane lipids. Arachidonic acid is a substrate for the synthesis
of prostaglandins and leukotrienes. :

1
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Phospholipase A, 0

' ol
H,C—03-C—R,
0

HC—O -~ C—R,;
O ~Phospholipase A;

H,C— O P50 —X

Phospholipase C 0 Phospholipase D
Sites of action of the phospholipases Ay, A, € and D

Glycolipids: (Glyco-sphingolipids)

They represent a class of conjugated lipids. They are present in brain and- spinal chord..
They are important constituents of the cell membrane. Cerebrosides are one of the examples
of simplest glycolipids. : o

Glycolipids contain three different molecules, namely, amino alcohol, fatty acid and a
carbohydrate. The amino alcohol is attached with an.amide linkage to a fatty acid and it is
attached to a carbohydrate with the glycosidic linkage. Glycolipids do not contain
phosphate. o ‘ ‘ _

Glycolipids can'be further classified into: (a) Cerebrosides, (b) Gangliosides.

(a) Cerébroside: It contains a galactose, a sphingosine and a high molecular weight
fatty acid. Presence of sphingosine in the compound, makes them a member of
sphingolipids too. ’

_Cerebrosides are chief constituent of the myelin sheath. There are different types of
cerebrosides due to the presence of different types of fatty acid in the molecule.
eg.- : .

(i) Nervon: containing an unsaturated homologue of lignoceric acid called as
nervonic acid. e
[CH3—{CH,); —CH = CH—{CH,);; —COOH]

(i) Cerebron: containing hydroxylignoseric acid (cerebroinic acid).
[CH;—(CHz)21—CH (OH)—COOH] ' _

(b) Gangliosides: These represent most complex form of the glycosphingolipids. They
are found in the ganglions of brain.

"Structurally, gangliosides are made up of a ceramide, glucose, galactose, N-acetyl
galactosamine and N-acetyineuraminic' acid. They are also known as GM,, GM,,
GM;. Ganglioside GM, accumulates in brain in Tay, Sachs disease. -

N-acetyl galactosamine

GM,: Ceramide — Glucose — Galactose '

N-acetyl neurahinic acid
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It causes mental retardation and muscular weakness. The disease occurs due to

inborn error of metabolism of enzyme — Hexosaminidase.

Sphingosine )
- OH
CHy — (CHp)yp — CH = CH— éH ~CH—CH,0 —C —H
' NH H~—C~ OH
ICO HO — (I:H o
'IQ HO — CIJH
H—C
\_ﬂu
R = (Cy, fatty acid) D galactose

Structural formula for cersbroside

Molecular complexes of lipids and proteins are called as lipoproteins. The protein part of
the lipoprotein is known as apoprotein. This combination of lipid with the protein is helpful
"in the transport of the otherwise insoluble lipids in the blood. The major functions of
lipoproteins are transport and delivery of t-e lipids (triacyl glycerol, cholesterol) to their
different tissue destinations in the body. In zddition, lipoproteins occur as a component of

" the membranes. They are present in the membranes of mitochondria, nuciei, endoplasmic

reticulum and bacteria.
Lipoprotein Structure

Core {central) part of the molecule
Cholesterol

Outside part of the molecule
Apoprotein

] Phbspholipl d Cholesterol ester

Trieylglycerol

_ Fig. 3.2: Lipoprotein complex
Lamellar lipoprotein systems occur in the myelin sheath of nerves and chloroplasts.

_ Structurally, lipoprotein molecule consists of a lipid core (made up of cholesteroyl esters and

triglycerol) surrounded by the cap of apoprotein, phospholipid and cholesterol. The polar
parts of the cholesterol and phospholipids are towards the outside surface of lipoprotein.
This makgs the lipoprotein molecule soluble in the aqueous solution e.g. blood.

giochemistry (B.Pharm. Sem. 1) Chemistry of Lipids:

Classification of Lipoproteins

Various combinztions of lipids and proteins in the lipoprotein molecules, produce the..

lipoprotein particlzs of different densities.

The five major classes of lipoproteins exist in the human plasma and are based on their

separation by electrophoresis or ultracentrifugation.

1. Chylomicrons: These lipoproteins are synthesized in the intestine. They contain
about 99% lipids and 1% concentration of protein. Chylomicrons fraction contains
the highe:zt concentration of lipids and lowest concentration of proteins. They.are
characterized by lowest density and highest size amongst all lipoproteins. :

2. Very low density lipoproteins (VLDL): The site of production of VLDLis liver and

intestine. “hay aré responsible for the transport of only those.triglycerols which are
synthesized 2ndogenously in the body. .

3. Low density lipoproteins (LDL): They are formed from the VLDL in the blood
circulatior.. LDL carries out the function of transport of cholesterol from liver to other
tissues.

4. High density lipoproteins (HDL): HDL are synthesized in the liver. They take part in '

the transgort of cholesterol from peripheral organs to the liver, )
5. Free fatty acid-albumin: Circulation of free fatty acid in the blood occurs in the

form of f-2e fatty acid albumin complex. One molecule of albumin can bind with

20-30 mclecules of free fatty acids. This lipoprotein is not separated by the

electrophcresis.
Electrophoresis of Serum Lipoproteins

Cricin Mobility - - —p
=) {*)
Cathode Anode _
sl K £ 5 .
Chylomicrons  LDL VLDL HOL
Fig. 3.3: Bands of separated lipo proteins by electrophoresis
Steroids _

Compounds zontaining cyclopentanoperhydrophenanthrene nucleus in their structure-.

are called as ste-oids. Steroids are many times found in association with the fat. Fig. 34

displays the numoering and structure of steroid nucleus. Most of the steroids contain side .

chains at the positior 17. Presence of one or more hydroxyl groups on the sterold nucleus

Chp 3314

change them intc: sterols. The compound gains the suffix - (ols).
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Fig. 3.4: Steroid nucleus
d Nucleus (Cydopentanoperhydrophenanthrene)
There are many steroids found in biochemical environment.
They €an be grouped in the following manner:

stert’i

cholesterol, Ergosterol, = Sterols.
Testosterone, Estradiol ~ Sex hormones.
{1, 25, DHCC) or 1, 25 dihydroxycholecalciferol. - Vitamin D.

Corticosterone — Adrenocortical hormone. ;

G|ycocholic acid, Taurocholic acid - Bile acids.

i cho|esterol is found only in the animal kingdom. It is absent in plant kingdom. All the
mal tissues contain cholesterol mainly as a part of cell membrane and also as one of the
nst,tuent of lipoproteins. The egg yolk, adrenal cortex, brain and nervous tissue are rich
urces of cholesterol, Cholesterol is also found in liver, kidney, small intestine and skin in
the moderate concentrations.
ructure

A molecule of cholesterol contains steroid

@ dopentanoperhydrophenanthrene) ring
made-Up of 19 carbon atoms and @
drocarbon side chain consisting of eight
carbon 3toms. It contains double bond at
carbon number 5-and 6. The one hydroxyl Ho
ouP is situated at Cy whereas Cy, and Cy; of
holesterol carries two methyl groups which
numbered Cyp and Cygrespectively.

Bemg an important part of the plasma membrane as well as the membrane of cell
rganelles: cholestersl plays a major role in the membrane permeability properties.
cho[esterol undergoes esterification of -OH group at Cy with the fatty acid.

jochemical Properties

cholesterol was first isolated from bile. It is a yellow coloured crystalline solid. The

tals” of cholesterol have typical notches when observed under the microscope. It is
insoluble inwater and soluble in organic solvents hke.benz.eqe, ether and chloroform.

CarHysOH

Cholasterol
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Cholesterol can be qualitatively identified with the help of many biochemical reactions
like: .
1. Liebermann Burchard reaction.

2. Zak's Test.

3. Salkowski Test. :

A quantitative estimation of cholesterol can also be done using well established
biochemical assays.

Biochemical Role of Cholesterol

1. Being a component of nervous t|ssue, it functions as an insulator cover of the

nervous tissue.

2. It is a major constituent of the membrane lipid and- hence’ dlrectly influences

membrane permeability. -

3 It serves as the important precursor of vitamin Dj, comcosterord hormone, sex

hérmone etc.
Plant Sterol (Ergosterol)

Ergosterol occurs exclusively in.the plant kingdom. It is an important precursor of
vitamin D,. Ergosterol is converted into ergocalciférol, a-compound possessing vitamin D
activity.

Some Other Animal Sterols

7 Dehydrocholesterol and coprosterol or fecal sterol

7 Dehydrocholesterol is formed from cholesterol in the skin fat. The same compound
‘happens to ‘be a precursor of vitamin Dy or cholecalciferol.” Cholesterol entering the

intestines is reduced by intestinal bacteria-into coprosterol,

SR TRIDSSHRIRTE
Sulphur containing |IpIdS are found in brain, liver, kidney. The sulpholipids are made up
of four compounds namely, sphmgosme, fatty acid, sulphuric acid, galactose.
The structural representation of sulpholipid is given below:

CHy— (CHp);; — CH = CH —CH — CH == CH, — 0" .

l I
" OH NH HC

&o _HéOHI
A HOCH 0
HOCH
H—C
o -
cm—o—g—OH
oH

Sulphatide: Structural formula

Sulphatldes are sulfuric acid esters of galactocerebrosides. Excess accumulation of
sulphatides is observed in sulfatide lipidosis {(metachromatic leukodystrophy).-
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Chemistry of Lipids

. QUESTIONS
Give a detailed account of classification of lipids.

Write short notes on the following topics:

(a) Simple lipids

(b) Compound or complex lipids

(¢) Derived lipids

(d) Neutral lipids

(e)  Rancidity and antioxidants

6] phospholipids

(9) L|poprotems

Define fatty acids. Explain the nomenclature of fatty acids.

Explain the term essential fatty acids. Why are they called s3? What.is tre
biochemical role of essential fatty acids?

Explain the terms saponification, hydrolysis, rancidity with refererice to triglycerol.
What is the use of antioxid_ants_? Name some natural and synthetic antioxidants.

_ How will you determine the purity of a given fat sample?

Define the following terms and state the importance of the same:
(a) lodine number '

(b) Saponification number

(c) Acid number -

(d) Reichert Melss! number

which analytical methods are used to separate fats and fatty acids?

10. Define glycolipid. Write a note on the different types of phospholipids.
11. What is meant by lipoproteins? What is their biological significance?
12, Give the structure of cholesterol. What is the role of cholesterol in an eukaryotic cell>
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BIOENERGETICS

+ LEARNING OBJECTIVES +
*  Uwderstand Concept of Free Energy, Coupling reaction, Reduction Potential, Energy Rich
Conponnis,
s Rezogrize Role of Cyclic AMP and AUP in Metabolism.
*  Arpreciate Relationship among Free Energy, Enthalpy and Entropy.
o A:knowledge the Enerdeergonic and Exergonic Reactions.

4.1 DEFIMITION L e
Biaenergetics is ‘the study of energy changes in biological reactions’. These reactions _
take place in the b ological system and are isothermic making use of chemical energy for the

living activities,

4.2:CONCEPT'OF FREE ENERGY: 6
This iz a thermodynamic concept and deals with free energy (G) contents of any
substance Wher. substance A is converted to product B, the difference in the free energy
content of subszance (G) and product (Gy) determines change in free energy (AG); to

positive or negativa guantity.
At/ 8 : T4

-———_) )
AG = Gy - G, OR -AG = Gy-G, ' .. (42) -

If the frez en2rgy change (AG) in the reaction is positive, the reaction involves an
increase in free en2rgy, while if free energy change is negative then the reaction occurs with
decrease in free energy and oceurs spontaneously. Later reaction will occur only.if the )
enargy is provided to catalyse the reaction. The reactions which have negative AG are called
as exergonic reactions and those that have positive AG are called as endergonic reactions.:

Many reacians taking place in our body are endergonic e.g. synthesis, transport of
substances against the concentration gradient or electrical potential gradient. The free
enzrgy change in the following reactions can be studied using thermodynamic propertles of
rezctant A and p'oduct B and can be expressed as:

Reactant (4) T Product (B)
AG = AH-TAS ' a3

Chp4|dl
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where,
AG = Free energy change

AH = Enthalpy change (change in heat content)
T = Absolute temperature at which reaction takes place
.AS =. Entropy change (change in degree randomness or disorder in a system)

- [ the standard state, when pH is-7; temperature is 25°C and the concentration of solute
is 1 molar at 1 atmospheric pressure, the actual free energy change in the reaction can be

calculated by the following equation

(Product[
.. (4.4)

4G = AG”+ RTn. {pctant]

where, AG = Free energy change .
' standard free energy change (with 1 M reactants and products, at pH 7)

4G° =
R- = Gas constant (1.987 x 103 keal x deg'1 x mol™)
T = Temperature (298 °K)
in - Natural Iogarithm {can be converted to logy, multiplying by 2.303)

Enthalpy AH (change in heat content) for the reaction can be measured using
calotimeter at constant pressure. Studying the measurement of entropy change (AS) does
not come tinder the purview-of this book. But, it is understood that if the entropy of product
B becomes Iarger as compared to reactant A, the term TAS becomes positive and reaction

becomes exergonrc ie &G becomes more negatrve

When the rate of forward reaction is equal to the rate of backward reactron the reactron
is said to be at equilibrium. In the state of equilibrium, there is no change in free energy,
ie. AG=0 and the ratio of product [B] to reactant [A] is fixed and denoted by Keq:. Hence,

the-equation (4. 4) becomes

AG® + RTIn{K,) =0 .. (4.5)
AG® = -RT" ln (Keg) ‘ .. (4.6)
When we put values in equation (4.5), the equation becomes
AG® = 1.987 x 298 x 2.303 logy, K, LNy
CAG® = -1363 IOQIO eq .. (4.8)

‘1ation shows the relationship between standard free energy change (AG ) and
stant Keq Hence, we can calculate AG® for any specific reaction. Now, at
'-r_rtratron of reactant and product can be measured. We get K., and
“ee energy change (AG°) can be calculated using equation (4.8). If Keq

or very small, then this method of determining AG® is not useful,

*0 determine very small concentration of reactants and products at
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Biochemistry (B.Pharm. Sem. Il) Bioenergetics

If we consider the K, values varying from (very small) 0.001 to (very large) 1000, the
standard free energy change will vary from +.4089 to — 4089 respectively. If Koq value is
considered as 1 then standard free energy change will be 0. In"this case, the standard free
energy change AG® will be equal to AG. In another words, at standard state, when Keq = 1,
is equal to free energy change (AG). If K, is more than 1, the reaction proceeds with
decrease in free energy. In this case, tendency of the reaction to proceed in the almost
complete: formation of product B. If K is less than 1, very less product is formed because
equilibrium will not be attained unless energy is provided to form the product.

In the biological system, any reaction, occurring at any pH rather than 7, the standard

free energy change is corrected for difference in pH, because equation assumes that the

hydrogen ion produced or reacted will be taken at 1 MorpH =0,

Alternatively, the equilibrium of the reaction can be measured at any one pH other than
0, and the resulting free energy change is denoted by AG If hydrogen ion is neither
produced nor utilized then AG equals to 4G’
Example:

Glucose-1- phosphate is converted into glucose-6-phosphate in the presence of

phosphoglucomutase
phosphoglucomutase

Glucose-1-phosphate
(0.020 mole, at 25°C)
As the reaction proceeds, the concentration of glucose-1-phosphate decreases to

> Glucose-6-phosphate . (4.9)

.0.001 M and ‘concentration of product i.e. glucose-6-phosphate increases to 0.019.

_ [Product] * 0.0T9 :
Hence, Ko = [Rgactant] = 0001 = 19 - @10

The standard free energy change (AG") niay be caiculated by equation (4.6).
AG® = -RTInKqy
= 1.987 x 298 x 2.303 logy 19
= -1363 logye 19
= -1363 x 1.28
= - 1745.calories.

The reaction is independent of pH, begause acid is not produced or utilized. Hence, no
need to correct the standard free energy change (AG").

Actually, in biological systems, glucose-6-phosphate is continuously formed and utilized
to achieve a steady state condition and thermodynamic principles need to be applied on
steady state rather than equilibrium condition.
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Energy : :
The underst'anding of free energy change (AG) is important in analysis at any biological

system, The concept of free energy was articulated by Josiah Gibbs. It is also called as Gibbs
- free energy which is related to entropy and enthalpy as follows;

AG = AHFTS.
where, H_ - Enthalpy
AG ~'Free energy .
S- - Entropy '

T - Temperature

- The free energy change (AG) is the measure of the spontaneity of a process under
conditions of constant.temperature and pressure. If the free energy change has negative

- value, it indicates spontaneous process.

This indicates that there are two possible driving forces,
(i) Decrease in enthalpy (negative.values of AH)

L '--(ii) Increase in entropy. (positivé'values of AS)
" A protess having negative value of AGis spontaneous which is cailed as exergonic -

process. A process with positive value of AG is non-spontaneous, which is referred as
endergonic. The free energy becomes zero at equilibrium. This indicates that entropy is at 2
maximum.

_ . In biological systems, many chemicals réactions occur spontaneously. Entropic
measurements are not sufficient to measure the spontaneity of reaction. If we take into

" consideration, the heat released by the reaction, the overall entropic change is positive.

Al processes try to -approach equilibrium. The pressure and volume cHanges in
biological systems are very minor or negligible. The free energy change or AG represents
maximumn possible work occurring at the completion of reaction. This shows that AG is the
maximum possible-amount of useful energy that can be obtained from a reaction.

AG reflects only the direction in which the process takes place and does not include the
time required for the process to occur. AG can be called as measure of spontaneity, but it

- has no concern of the rate of the reaction. Some reactions have negative AG (very small) and -

it may takes place in fraction of a time. Whereas some reactions might have very large value

of negative_AG and still require the millions of years to occur (in biological system). This way -
* AG is a measure of spontaneity, but is unrelated to rate.

Enthalpy
Enthalpy is measurement of the "energy in a -thermodynamic system. Enthalpy is

thermodynamic quantity which is equivalent to total heat content of a system. It is equal to
internal energy of the system plus product of pressure and volume. .

.Bioenergetics -
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Enthalpy (H) is concept closely related to total energy E.

H=E+PV .

where, P and V are pressure and volume respectively. )

In biologica! system measurements, enthalpy describes system. energy changes: The
enthalpy simplifizs the description of energy transfer. The total enthalpy H of a system
cannot be measured directly. At constant pressure enthalpy change is equal to energy
transfer from environment through heating work (other than expansion).

Entropy

Bioenergetics’

Entropy is translated as the measure of disorder or uncertainty in a_system. Entropy is .

higher the entropy of the system. Reversible processes do-not increase the entropy of the
universe. : '

_ one of the consaquences of the second law of thermodynamics. The higher the disorder,

Addition of polar molecules to water molecule forms micells around this foreign polar

molecule. Being highly ordered molecules’ micells formation, the -entropy of the system
decreases. e .

_ Small motecules bind to a surface (like protein surface).in many biochemical reactions.
There is increase in the entropy in this case as binding of small molecules is associated with
release of water molecules from protein surface. So the-phenomenon of binding of water
molecules can ce called as entropically favoured.” '

The thermadynamically unfavourable reaction i.e. endergonic reaction (AG is positive)

can ke driven by coupling of reaction to favourable reaction.

Example:
Pi
i-norganic phosphate)

" Glucose + ———» Glucose-6-phosphate + water

This reacticnisthermodynamically an unfavourable reaction with a AG® of +3.3kealfmol: ™~

. (4.11) |

When this reaction is coupled to hydrolysis of ATP to ADP and inorganic phosphate’

which is exergonic reaction with AG® of =73 keal/mol provides energy for glucose
phosphorylation. '
ATP —— ADP +Pi

.. (412)

The coupled reaction is
ATP i ADP +Pi

Glucose + P " Glucose-6-phosphate
Glucose + ATP ————=——% Glucose-6-phosphate + ADP

Finally, Gluzose + ATP —— Glucose-6-phosphate + ADP

Witha net aG° = 33 + (~7.3) = -4 keal/mol. : T
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Free ener il
change | _9)’ 'change (AG) Of a btochemlcal reaction can be conveniently related to
\ge in oxidation-reduction potentral (AE). Reducmg agent is a substance that donates

electrons and gets oxrdlzed
pHt ‘

+4
F7 ——— + —_———— Rt

1 electron . (4.14)

The reactions in which electrons are shown as either consumed or formed but the donor

Or acceptor is not shown are, called as half reactions. The property of these donor/acceptor

(moiety) to. accept or. donate electron is due to the specific potential of that compound. H, is

<considered-as a standard. form and comparing the potential of such moiety whose reduction
potential Eois consrdered as 0.00 V at pH 0, for the following half o reaction.

.- H+1e—~\>-‘—H2 .. (4.15)

" in t:ls reaction, the proton is utilized and the potential of this half reaction varies with

PpH.In the standard state i ie at pH 7, the reductron Potential is —~ 0.420 v.
.By taking this as a standard, one .can "determine the reduction potential of any

compound able to get oxidized or reduced w,
ith reference to hydr Foll
potentials for few reactions written as reduction. vorogen. Following are the

Table 4.1: Reduction potentials of half reactions

. Half reaction (Written as reduction) ‘EgatpH7inV
L 30, +2H,+ 2 —— H0 0.82
2 Fe™ 41e ——  Fe** 0.77
3 Cytoctrrome a-Fe'** 4+ lem —— sy Cytochrome a - Fe** 0:2;?
) 4 Fumarate + 2H* + 2¢- ——  Succinate : 0.03
_s.- _ Qxaloacetste +2H 42— Mallate -0.10
|6 Acetaldehyde + 2H* + 2¢- —— Ethanol -0.16
7._ L 3 Diphosphoglyceric acid | -0.29
+2H* + 2e~ _— Glyceraldehyde-a
- phosphate + p;
s.. _’NAD‘ + 2H 4 2¢ ————  NADH + H* -032
9. Acetate + 2H* + 9¢- —_—— Acet'-aldehyde + H,0 - 0 0.47

\
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If the reaction is going on as oxidation rather than reduction, the: E, value will be.
changed from positive to negative or negative to positive. When any two reactions are
coupled, there is a change in reductive potential of overall reaction. The reaction with more
positive reductién potential will be a reduction, and other half reaction having less positive
reduction potential is oxidation. It has been observed that substances with more. positive
reduction potential are oxidizing agents and those with negative reduction potential are

reducing agents.
We can corelate the change in reduction potential (AEO) with free energy change (AG) by
using the following equation,

AG = - nFAE, - (4.16)

) where, AG = Free energy change
. n = number of electrons transferred in redox reaction
= Faraday's constant-(23063 ¢al) '
AE, = Difference in reduction potential of half reaction containing

oxidizing and reducing agents at pH 7.0
Consider the following two reactions in which acetaldehyde is converted to ethanol

(Eo = - 0.16 V) and NADH is converted to NAD* (E, = - 0.32 V) _
- (417

Acetaldehyde + 2H' + 26— CH;CH,OH (Reduction)
NADH + H* + 2e-———— NAD" + 2e- + 2e~ (Oxidation) . (4.18)
When these two reactions are coupled, there will be change in reduction potential. _
-« (4.19)

Acetaldehyde + NADH + H* ————— NAD + CH;CH,0OH

AE, = [E, of reduction] - [E, of oxidation]
= [-016] --032)
) = 016V
Now, the free energy change is calculated using the equation
AG = nF AE .
= (- 2) (23063) (0.16) '
= - 7400 cal,

As AG is a larger negative quantity, the reaction is thermodynamically feasible.

Oxidation of NADH by molecular oxygen is a.general reaction in blologlcal system The
AG can be calculated for this reaction as described below:

NADH + H* ——— NAD" + 2H" + 2e~ (Oxidation)
3 Oz + 2H" + 2 ——— H,0 (Reduction)

. (4.20) .
. (4.21)
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.

Qverall coupling reaction is

1 . .
NADH + H™ + ’2'02———) NAD™ + H,0 . (4.22)
AE, = 0.82-[-0.32)
= 114V

The free energy change is calculated as
AG = (-2)(23063) (1.14)

. = =52,600 kcal

In this coupled reaction, though AG is a larger negative quantity, there is ho guarante2
that NADH will be rapidly oxidized, because NADH is stable in presence of oxygen and

- oxidized only in presence of suitable enzyme.

A T
[P X
BN N> o2 Tt 44’%9 BRI

Adenosine triphosphate is a compound which is involved in linking endergonic reaction

to others that are exergonic. ATP exhibits decrease in free energy when it undergnes
hydrolytic reaction. Hence, they are called energy '.fi'ch' or ‘high - energy' compounds. Such
compounds are unstable in acidic and alkaline conditions and are suscepribie to heat.

"

Structure of ATP and ADP
AQenine Ribose Phosphoanhycride
- WM ’ inkages
T:('l N L 1 ] E N E )
N 7Y ey m0—=P—0—P—Q--P—Q
Ny N o, S F- P- -
: oL 1
" } lDG' =~ 7300 kcal.
' H OH
ATP NH,
N/ N\\c
CH
K / o) 0 o
N~ N ¢ o 0o
° CH“_G‘T"O-—H_—O + OH—~P—0 + H
-k N
(e}
H (¢ I}
H OH

This reaction is highly exergonic. The products, -adenosine diphosphate and inorganic
phosphate are more stable because they exhibit more resonance stabilization as compared
to ATP and the intramolecular electrostatic repulsion is reduced between the negatively

chérged groups on beta () and gamma (y} phosphates. -
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ATP can act as ene:gy carrier between catabolic and anabolic pathways. The structure of
importance in th2 ATP molecule is pyropshosphate moiety. At pH 7 it is fully ionized.
® se ‘o

I Ngo — Mg 7
R—o=Pro—p® o_pty

|- I -
0 0 C') :
There esists a partial negative (3-) and partial positive (5+) charge on oxygen and
phesphorus atom whizh results in polarization of P=0 bond.
The presence ¢f residual positive charges on adjacent phosphorus atom in ATP and ADP

indicates that they must contain enough energy to overcome electrostatic repulsion -

between adjacert like charges. .
When pyrophosphate moiety is cleaved upon hydrolysis, this energy will get released

and decrease the AG of the reaction (orthophosphate cleavage). Similarly, when ADP is

converted to AVP and inorganic phosphate at pH 7.

.0
s
HO~P—0
Lse
Inorganic phosphate (Pi) - (4.23)

Mydrolysis o AMP to adenosine and inorganic“’phosphate results in less free energy for
reason already menticnad above. (AG'= - 22000 kcal at pH = 7)

aG = - 7300 kcal/mol
> AMP +

DP + H,0

o
‘ . [ &t -
——— Adenosine + HO—~P—0
It -
0%~

AMP + H0

Pi . (4.24)

There zre few important reactions in which ATP is converted directly to AMP and
incrganic pyrophosphzte with AG = - 8600 kcal. This is called pyrophosphate cleavage.
(o} o}
2 | “
ATP + H,0 ——eete AMP + O —P—0w—P~ O + 2H

0 0 " ... (4.25)
Artificial ATP analogs have been designed which are resistant to cleavage of the terminal
phosphate by hydrolysis e.g. AMPPNP,

NH,
N X
0 0 o </ l )N
I NN
C——P—O—T-——O—T-—O—CHZ
|- - -
0 0 o 0
H
H H
H OH
AMPPNP (ATP analog) i :

Such aralogs cre generally used to study the dependence of coupled reactions on ATP

hydrolysis.

‘Chp 449



B -Bibchemist’ry‘;?(B;’Pl'_):?imi;" Sem.I)

Bioenergetics

C e e e FEer .

Biochemistry (B.Pharm. Sem. I ’ L " Bioenergetics

Biological Sighificance of ATP as Energy Currency

Reactions. pursued in biological environment are either endergonic or exergonic. Some
times energy Hiberated in the. exergonic reactit_:ns is utilized by endergonic reactions, to
achieve: comblefion. High-energy compounds.prqs'ent in the cell are responsible for driving
many reactions. It is observed that, hydrolysis of high energy bonds is coupled with the
undergoing reactions. ' _ _

Maximum number of high energy compounds are made up of phosphorus and oxygen
atoms, The hyh_rolysis of bonds between phosphorus and oxygen is utilized by many
endergonic reactions as a energy source. -

R=0 ~ POy + HOH —— R-0-H +PO;

(~ sign,indicates high energy bond. This sign was assigned for the first time by Lipman,

. to indicate‘highi energy bond.)

If the energy of hydrolysis of the compound is more than 7.3 k cal/mole, it is referred as
the high energy. compound and if the-energy of hydrolysis of compound is less than
7.3 Kk cal/mol, then-itis a low energy compound.
" This.way-ATR bears the central role: ATP is the most common compound involved in the
‘process of energy transfer in the body. ATP ¢an bé hydrolysed to ADP, which can be further
hydrolysed to' AMP. _ :
ATP+ HyO ——— ADP +Pi+73 kcal/mole
ADP + H,0 ——» AMP +Pi
ATP can be hydrolysed to AMP
" ATP 4 H;0 ——— AMP + PPi
where Pi ~is standard abbreviation of inorganic phosphate
and  PPi- is standard abbreviation of pyrophosphate (inorganic)

. The examples of inorganic pyrophosphates are P,0; ¥ H.PO, 2 or Hs PO, or Hon;3
ATP acts as a energy currency in the cell- It traps the energy released in the
exergonic ‘reactions or in the hydrolysis of high energy compounds. ATP can also supply
energy to the endergonic reaction by hydrolysis of its ¥ phosphate bond to form ADP + Pi or
by hydrolysis of its B phosphate bond to form AMP + PPi,
Structure of ATP: .
The molecule of ATP is made up of purine base odenine and a ribose sugar which

together makes a nucleoside adenosine. The adenosine. is bonded with one phosphate ester
“bond and two phosphate anhydride bonds through its ribose sugar. The ATP molecular
-stucture also contains a glycoside bond between N atom of adenine and C of the ribose
" sugar.

Chp 4 410

ATP mcflecule is found in all forms to life; animals and plants. :

ATP ow_fes its high energy to phosphates within i_;fs structure. Phosphates. are high energy-
molecules. However the energy released during the ATP hydrolysis (i.e. when phosphate
groups are removed) is due to two reasons : o .

(i) 'Ren;10va| of phosphate groups from the molecule.

(i) Total interactions of all the atoms within ATP molecules.

ATP and Energy Transfer: . , .

A 70 kg resting man also shows turnover of 40 kg worth of ATP. The high energy bond

in ATP is ‘fa“irly easy to break, making ATP, an ideal:universal energy carrier. The phosp'hor-l

" anhydrate bond in ATP is fairly unstable may be due td lot of n'egative charged compounds .

around triphosphates. .
The biological reactions in the cell requires almost-equivalent amount of energy released

by the ATP Ehyd rolysis. This is the reason why very less amount of energy is wasted.

Phosphocreatine ) .
Phosphocreatine is also called as creatine phosphate. Like ATP, it is also a compound with '
a "high ene’rgy" phosphate linkage. It is used in the muscle cells for storage-of ~P bonds,

O H O CH
T nrt. 20
O~—P==N—C—N—CH;—~C,
I_ fl o
o NH,
+

Phosphoci'eatine (cre’atine'bhosphata)
. Creatine kinase catalyzes the following reaction: '
* Phosphocreatine + ADP === ATP + creatine -
During extensive use of muscles (exercise) phosphate is transferred from

" phosphocreatine to ADP, thus replinishing ATP. Phosphccreatine:is also used to transport

"high energy" phosphate between different compartments of cell.
Phosphoenolpyruvate ’

Ry Y X0
| . AQP ATP é 1
C—0PO; % —OH —> C=0
Il e I [
CHZ CH2 ) CHS
Phosphoenoipyruvate Enolpyruvate Pyruvate

Phosphoenolpyruvate is involved in the production of ATP during hydrolysis. It has a
larger negative AG of phosphate hydrolysis than ATP. In this aspect it is quite unique as
other phosphate esters have a lower negative AG of phosphate hydrolysis.
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'Other "high energy” bonds

Thioesters _
Thioesters-dre also “high energy" bonds. Thioesters are esters of carboxylic acid and a

thiol group (SH) Compared to their Phosphate counterparts, thioesters have a large

negative AG of hydrolysis- _
For example, acetyl- -CoA is formed when thiol of co-enzyme A reacts with carboxyl

group of acetic acid.

o}
I
Co-enzymeA—‘SH + HO—C— CHs — Co-enzymeA—S —C —CH, + H,0
Acetic acid Acetyl CoA

~ Cyclic AMP

Cyclic AMP (cAMP) is-2 abbreviation of the cyclic adenosine monophosphate. cAMP is a

" derivative of adenosine triphosphate (ATP) and it work as a second messenger for many

biclogical reactions and processes. It works for intracellular transduction in many different

- organisms, wherein it plays:role in CAMP dependent pathway. The major role of cAMP is

'_'-observed in the control of the’ enzy me catalyzed process in living cells.

Formula: CioHuzNsCeP
ATP

_Adenylate cyciase
- AMP + PPj

NH2

Cyclic AMP
Ease of hydrolysis makes cyclic AMP an excelient signal transduction molecule.
cAMP is involved 25 2 secondary messenger in the mechanism of action of hormones
like epinephrine and many other hormanes, '
Synthesise “of CAMP occurs. from the ATP with the help of adenyl cyclase enzyme which is

located on the inner side of the plasma membrane as well as it is anchored at different

locat:ons in the interior of the cells The cAMP so formed is deactivated once its role as a

secondary messenger is Over. with the help of enzyme phosphodiesterase.

Chp4|41z
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ATP ————————— cAMP + PPi
: Adenyl cyclase )
l phosphodiestrase

AMP

Synthesis and deactivation of cyclic AMP

Enzyme adenylate cyclase is activated by a range of singnalling moleculés through_the..- -

activation of a adenylate cyclase stimulatory G(Gs) — protein coupied: receptors. The
inhikition of the adenylate cyclase occurs through agonists of adenylate cyclase inhibiting
G(Gi) - protein coupled receptors. It is observed that, adenylate cyclase found in tne liver |
responds or shows its action to hormone glucagon and muscle adenylate Eyclasa -shonrs
strong response to hormone adrenaline. ' '
Major Biochemical Functions:

(i) cAMP werks as a secondary messenger, which is used for intracellular signal
transduction which involves the transferring into cells the effects of hormones fike
adrenaline and glucagon. The hormones are unable to pass through plasma
membrare. This is the reason why they require secondary méss'e'nger.'like <.:AMP.

fi) cAMP binds to ion channels like HCN and regulates the passage. of s.peciﬁc ion
through i: across the membrane.

(ili) CAMP plays a role in the activation of the protein kinase enzymes which narticipate '
in biochemical regulation of glycogen; carbohydrate and lipid metabolism (These

reactions are called as pKA or protein kinase A dependent functions of cAMP).

(iv) Activation of a Ca-channel, which involves activation-of growth hormone. Releasing
hormone to release the growth hormone occurs through the action of cAMP.
However, this function of cAMP does not involve any mediation or participaticn of

PXA or protein kinase A.

QUESTIONS
Explain the concept of free-energy.
Determine free energy from equilibrium constant.
3. What are energy rich compounds, Give their importance. -
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4, Explain with structures: .
(8) Phosphocreatine N o : P
{b) Phosphoenolpyruvate n Cﬁd}?t@?’ - 5 P

(¢) Thioesters
(d). 3'4'-Cyclic4 MP (cAMP)

5. Describe major biochemical functior.1 of cyclic AMP. | C ARBO I-IYD RATE M ET ABO LISM

)

. + LEARNING OBJECTIVES +

o Recognize Central Role of Glucose in Metabolism of Carbohiydrates.

o Understand Significance of Metabolic pathways of Glycolysis, TCA Cycle, Pentose Phosphate
Pathway, Gluconeogenesis, Glycogenolysis and Glycogenesis.

*  Know energetics and Hormonal Control of Pathways of Carbohiydrate Metabolism.

*  Recognize consequences of Glucose-6-Phosphate Dehydrogenase Deficiency.

: The major, pathways of carbohydrate metabolism will be discussed here. They are

< - glycolysis, citric acid cycle, glycogenolysis, glycogenesis, glueconeogenesis, hexose

i monophosphate shunt.

_ Most important energy sourcz of the body is carbohydrates. Almost all cells of the body
-utilize glucose very easily. A minimum amount of glucose is always required for.normal
functioning of cells. If the amount of carbohydrate is not sufficient for this purpose, body
tries to produce glucose from non-carbohydrate sources. The normal fasting plasma glucose
level is 80~ 120 mg / dL. ) ' : .

ETABOLIOMIOE,GLUCC
The preferred source of energy for most of'the body tissues is glucose. There are many
pathways for the metabolism of glucose, primarily for the production of energy as well as
for the conversion of glucose into its storage form i.e. glycogen. )
‘Embden - Meyerhof Pathway of Glycolysis: : _
! Glycolysis is defined as ‘the catabolic pathway -Converting glucose or glycogen to
{ _ pyruvate or lactate under aerobic or anaerobic conditions along with production of ATP".
E Significance of Glycolysis: T
i All the reactions of this pathway occur in the ¢ytoplasm. Glucose is converted to
pyruvate or lactate with concomittant production of ghergy. This pathway can operate in
both conditions i.e.-aerobic or anaerobic. The only pathway that occurs in each cell of the
body is glycolysis and it is the only source of energy in erythrocytes. In strenuous exercise,
I muscle tissues do not have enough oxygen, here anaerobic glycolysis is the major source of
energy. Under aerobic conditions, the pyruvate is the end product which then gets oxidized
to acetyl CoA and enters into citric acid cycle; which is operating in mitochondria and where
large quantity of energy is trapped as ATP. This pathway also provides carbon skeletons for
the synthesis of certain non-essential amino acids as well as glycerol part of fat. Many
reactions of this pathway are reversible and are also used for gluconeogenesis. '
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" Glucose from the extraceliutar fluid gets tranépor‘ced into thz cell with tne hep of
translocase enzyme. This enzyme is present on the membrane of all the cells except liver
cells. The activity of this enzyme is under the control of insulin. Hence, in diabetes mellitus,

entry of glucose into the cells is hampered.
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Fig. 5.1: Glycolysis pathway
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5.3 5TEPS INVOLVED IN\GLYCOLYSIS Bl e o s TS n RO

Step [ Initial -eaction of glycolysis is catalysed by hexokinase. Hexokinase
phosphorylates glcose at 6 carbon in-presence of Mg2+ and ATP. Phosphate is donated by
ATP. Formation of Mg?* ATP complex is essential.- Hexokinase is an allosteric: enzyme. It
phesphorylates over hexoses like galactose and fructose. The reaction catalysed by this
enzyme is irreversible under normal physiological conditions. One high energy phosphate
bord is used in ths reaction to generate glucose-6-phosphate. Hexokinase is. widely
distributed. ' _ _

Liver contains glucokinase which phosphorylates only glucose. Glucokinase is an"
ind.cible enzyme. Its K, for glucose is high compared to Ky of hexokinase. Hente, it
phosphorylates clucase when blood glucose concentration is high, whereas Hexokinase
phosphorylates g uccse at lower concentrations. ) '

Step II: Conversion of glucose-6-phosphate to fructose-6-phosphate: This is the
reversible reaction where glucose-6-phosphate isomerizes to fructose-6-phosphate with the
help of enzyme isomerase (aldose-ketose isomerisation). !

Step III: Conversion of fructose-6-phosphate to fructose-1, 6-biphosphate: This ‘is
an irreversible reaction where fructose-6-phosphate is further phosphorylated to' form
fructose-1,6-biphosphate. This reaction is governed by phospho fructokindse enzyme in-the

presence of ATP.

Step IV: This is a reversible reaction in which fructose-1, 6-biphosphate is cleaved into

onz molecule cf glyceraldehyde-3-phosphate and one molecule of dihydroxyacetone
phasphate. Since the backward reaction is an aldol condensation, name of the enzyme

" involved is cldolase.

Dihydroxyacetone shosphate formed from the cleavage of fructose-1, 6-diphosphate is

_isomerised to glyceraldehyde-3-phosphate with the help of enzyme phosphotriose

‘isomerase. Thus, from one molecule of glucose, two molecules of glyceraldehyde-3+

phosphate are fcrmed.

Neutral fat is hydrolysed to fatty acid and glycerol. The glycerol is phosphorylated to
give glycerol-3-phosphate, which after dehydrogenation in the presence of NAD* produces
dihydroxyacetone phosphate. Thus, glycerol portion of neutral fats can enter in
gluconeogenesis and glycolysis pathiways. _ .

Step V: This is a reversible reaction in which -glyceraldehyde-3-phosphate is
dehydrogenatec and simuitaneously phosphorylated to-form 1, 3-biphosphoglycerate with
thz help of glyceralcefiyde-3-phosphate dehydrogenase enzyme in the presence of NAD".

Step VI: Ths steg is an example of substrate level phosphorylation where energy of
1, 3-biphosphoglycarate is trapped to synthesize one ATP molecule with the help of kinase

erzyme. ‘
This reaction is reversible where 1,3-biphosphoglycerate is converted to

3-phosphoglycerate with the help of enzyme I, 3-biphosphoglycerate kinase.
Chp 5|53
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. In;this reaction, the. phospho group on the third

d to the second: position resulting in the formation of
ction is. governed by the enzyme phosphoglyceromutase.
ater ‘molecule is removed:froi 2-phosphoglycerate forming

phosphorylatlon (Because there is formation of one ATP),
ly'colytlc enzyme
_ te.*of pyruvate is* dehydrogenatron producing acetyl CoA

Inisho /gen -:.-‘the major pathway of pyruvate is blocked. Since in 5‘h step of
itwo’ molecules -of NAD" are reduced to NADH. The availability of this co-enzyme
cell Is llmlted and for smooth operatron of this pathway, NADH has to be

reutlllzed:‘ or S"‘ step- of the pathway This reductlon is governed by the enzyme lactate

' dehydrogenase,
Thus,'_ln anaerobrc glycolysrs, end product is Iactate whlch enters in Con s cycle, whereas

are regulated by altering the activities of : some enzymes of
t _lycolysls is: under hormenal and allosteric control,
' lnsulln :activates glycolysis by stimulating. key glycolytic enzymes, whereas glucogen

activate: gluconeogenesls by stlmulatmg the key.enzymes and have inhibitory effect on -

glycolysis. Phosphofructokinase: is the most important rate limiting enzyme, whereas
- hexokinasei-and - pyruvate-: kinase ‘also have regulatory impact on the glycolysis.
..Phosphofructokmase is an: allosterlcally regulated enzyme. The most important allosteric
inhibitor of:phosphofructokinase is ATP; another inhibitor is citrate. When the citrate levels
are high, it indicates that. energy charge of the cell is high and therefore giucose
“degradation -and: thus ATP synthesis is inhibited. Thus, citrate acts by potentiating the
- . inhibitary -effect of ATP. AMP acts as an allosteric activator of phosphofructo kinase. AMP
also reverses the: inhibitory effect:of ATP. Fructose-6-phosphate also increases the activity of
phosphofructokmase pH.also has:an effect on phosphofructokinase enzyme, low pH inhibits
the phosphefructokinase activity, '

In 1980, Henri-Gery Hers and Emile van Schaftingen discovered that the efficient
/zg;:t:z(;n ;:hospholructokmase is fructose-2,6-bisphosphate, which increases the activity
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pyruvate wlth the help of pyruvate krnase Th|s reaction is. also an example of substrate level

._--The enzyme responsrble for this. reaction is enolase and it requires © ¢

Biochemlsl:ry (B. Pharm Sem. II)

Another regulation of glycolysus is- atthe: I
glucose- 6-phosphate When phosphofructokmase is
6- phosphate and glucose-6-phosphate accurs, Dy
In liver, phosphorylatron of glucose- contlnues. _,
therefore excess glucose is converted to glycogen and stored Smce glucose-G-phosphate is'
not only:used for glycolysis but is also used for glycogen synthesrs ‘hence: hexokmase cannot’
be the only enzyme for the regulation. :

Pyruvate kinase also has a regulatory effect on. glycolysrs It is_inhibited: by ATP and’ -
phosphoenol pyruvate. Insulin activates the actlvrty of pyruvate krnase, whereas glucagonl. '

inhibits the attivity.

lmportant Physroloqrcal Controls of Glycolysls
Controller- ' lnhlbition Actlvatlon
Carbohydrate _Glucose-6-phosphate e Glucose
: S .| Fructose-6-phosphate
Fructose-1,6-biphosphate

- | Fructose-2,6-biphosphate

Nucleotide ATP : AMP

Miscellaneous Citrate phosphorylation of en;ym' '

ln anaeroblc glycolysrs when one molecule of glucose is-degraded to two molecules of
lactate, it results in the net yield of two molecules of ATP. As such four molecules of ATP are
produced by the two substrate level phosphorylatlons i.e. at steps 6 and 9, but two
molecules of ATP are consumed in step 1 and 3. Hence, the net yleld is two ATP. The
complete reaction.can be summarized as; ;
Glucose + 2Pi + 2ADP ———— 2 lactate + 2ATP

This ‘occurs”in anaerobic condition but in aerobi¢: condmon the two NADH molecules:
_which are generated in step S enter into mitochandria- via-electron transport chain. €ach h
NADH produces 3 ATPs. Since 2 NADH ‘moleculesare produced- from one. molecule of
glucose, 6 ATPs are produced. Thus, in aerobic condition, 8 ATPs are produced whlle in’
anaerobic condition, 2 ATPs are produced, '
Table 5.1: Energy yield per molecule of glucose in:glycolysis under.anaerobic condltlon

Step Enzyme _ Source No. of ATPs gained per |
. : glucose molecule
11 Hexokinase - ~1
1 2 Phosphofructokinase - -1
v 3 1, 3-bisphosphoglycerate kinase ATP - _ 1x2=2
huod.  |Pyruvate kinase ATP 1x2=2
- Total =4-2 =2 ATP
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. Ilpoamrde to form ace
, group and llpoamlde is reduced to dlhydrohpoamlde The acetyl group is transferred to co-
" enzyme ‘A with. ‘the "help ~of "dihydrolipoyl transacetylase. Finally, oxidation of
' dlhydrollpoamlde by dihydrolipoy! dehydmgenase cccurs. . The hydride ion which is formed
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Table 5.2: Energy yleld per molecule of glucose.in glycolysis under aerobic conditions -

ﬂww

§:7CITRICACID CYCLE ™ -

Step. 3 : Enzyme Source | No. of ATPs gained per
_ . ! glucose molecule
1. |Hexokinase ' - | -1
B2 Phosphofructokinase - ;l ' -1
3., |Glyceraldehyde-3-phosphate NADH 3x2=6
_' ‘ : dehy._drogen_ase K {
7 4 |1 3-bisphosphoglycerate kinase - - ATP 1x2=2
| il 5. | Pyruvate kinase ' ATP 1x2=2
e | Total = 10 -2 = 8 ATPs

“Under aerob'ic condition, . pyruvate is converted to acetyl CoA by oxidative
decarboxylatlon -Acetyl.CoA ‘which-is formed enters in TCA cycle to give CO,, H,0 and ATP..
Acetyl CoA is also used for the synthesis of fatty acids, chelesterol and ketorie bodies. This
conversion. ie. pyruvate to acetyl CoA is catalysed by enzyme complex called pyruvate-
dehydmgenase complex- (PDH), which ‘is a mitochondrial enzyme. This reaction requires

- - thiamine- pyrophosphate, llpoamlde and FAD as cofactors, whereas CoA-SH and NAD" are
" the .co- enZYmes The - pyruvate dehydrogenase complex is made up .of pyruvate
o decarboxylase, dlhydrohpoyl transacetylase and dlhdeOIIPO)I dehydrogenase.

PDH.
pyruvate + NAD* + CoA — Acetyl CoA + NADH + H + CO,

‘The oxidative decarboxylatlon of | pyruvate is catalysed by pyruvate decarboxylase of the |

. PDH This reaCthn OCCUfS in 2 Steps First Pyruvate combines with thiamine. pyrophosphate
1o form hydroxymethylthlammepyrophosphate liberating CO, and second. hydroxyethyl

thiamine pyrophosphate: is - oxidised’ to form-acetyl groap, which is. then transferred to
f;llpoamlde Ox:datlon of hydroxy ethyl group leads to the acetate

is first transferred to FAD to form FADHZ and then to NAD®, After completion :of reaction,

cofactors. le thiamine pyrophosphate llpoamlde and FAD are regenerated. This reactlon is

- -completeiy rrreversrble h

Chp5156

In 1937, Sir Hans A, Krebs described the complete cycle and for this WOrk he was | .
awarded the Nobel prize in 1953. The cycle is namied after him i.e. Krebs cycle. He studied

the condensation of oxaloacetate with acetyl CoA to‘form one. molecule .of trlcarboxyllc acid....

In 1948, Ogsten and in 1949, Poiter showed that the tricarboxylic acid formed in this -
condensation was citric acid and hence gave it the name crtnc acrd cyclei

which is the erd product of glycolysis, is oxldatlvely decarboxylated to form acetyl CoA with

the help of pyruvate dehydrogenase enzyme. This reaction is a link between ‘the TCA cycle -

and glycolysis. This conversion ‘occurs. in mltochondna -and pyruvate enters into the

mitochondria with the help of .a-carrier. Acetyl CoAi is also derived: from’ B‘oxldatlon and this

reaction occurs inside the mltochondrla

Carbohydrate Me‘tabo!&-" =

Step I: The first step of this cycle.is the condensatmn of 4 carbon oxaloacetate with

2 carbon acetyl CoA forming 6 carbon compound citrate with the- help of citrate synthase™
This reaction involves an aldol condensation formlng citroyl CoA whrch -upon hydrolysis
yields citrate. It is a rate limiting reaction and. rrreverslble One water molecule is consumed
in this reaction.

Step Ii: In this step, citrate is isomerised to form isocitrate via' 'intemiediate formation of - '

cis-aconitate. This reaction -is catalysed by aconitase enzyme, which is an-iron- sulphur
protein. Citrate loses one water molecule forming cis-gconitate. Then’ water molecule is *
added forming isocitrate. The posltlon of the hydroxyl group is’ shlfted in =the product

Step IIL: In this step, isocitrate undergoes dehydrogenatlon to form nstable p-keto-acid .-

oxalosuccinate, which undergdes spontaneous decarooxylatlon to yleld keto"',_utarate This. .~

reaction is catalysed by isocitrate: dehydrogenase The. mltochondnal enzyme utilizes NAD*

whereas cytoplasmic enzyme is NADP” dependent This, reactlon has a: regulatory role. The : '-‘-i

NADH formed in this step is oxidised in the: eIectron transport Cham :

Step IV: In this step; -ketoglutarate is: oxrdatlvely decarboxylated toform succmyl CoA
This* reaction is catalysed by a- ketoglutarate- dehydrogenase, which’ ls a multl-enzyme
complex having 3 enzyme ‘proteins and-5 co- enzymes The NADH whlch is formed in this °
reaction enters into the electran transport chain to form 3 ATPs

Step V: Succinyl CoA is converted to succinate wrth the help of succinic thloklnase This

reaction is an example of substrate level phosphorylatlon A molecule of GDP is

phosphorylated to GTP, which can be converted to ATP byreactmg Wlth the ADP molecule'
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Acetyl CoA 0 foo
i -
CHy; —C —§-—CoA Ho—'cl‘,—coo'
. ?Hz ?oo'
coo"
COO‘ @ . Clu'ate @ ?Hz _
] : H—C—C00
= '
HO—C—H
(I:Hz Oxaloacetate (I;oo‘
Ccoo Isocltrate
NAOH ' NAD
_ ‘THE CITRIC ACID CYCLE: co,
HO — CI H ?Oo-
:CHz ’ o-Ketoglutarale ?Hz
coo™ ?Hz
Malate - €=
@ coo |
\ (|: ) C|> €00
. +
T C—~S—CoA NAD
HC
L - coo” CH,
H,0 COO° I NADH

| CH,

Fumarate @ . CH, i
K ! coo”

CH, @
| °_ Succinyl-CoA
FADH, CoO .
FAD  Succinate GOP + P

CoA GTP .
(The Roman numbers indicate the number of Individual steps of the cycle)

Fig. 5.2: Reaction chart of Citric Acid Cycle in mitochondria from pyruvate

Step VI: Succinate is dehydrogenated to form fumarate, an unsaturated dicarboxylic
acid, with the help of succinate dehydrogenase. The liberated hydrogen atoms are accepted
by 'F'AD forming FADH,, which enters the electron transport chain forming 2 ATPs. The
succmatg dehydrogenase is inhibited by malonate and this inhibition is cbmpetitive. The
enzyme is flavoprotein in nature with FAD covalently linked to a histidine residue of the
enzyme. ' ’

Step VII: Malate is converted to form fumarate with the help of fumarase. In this

reaction, water molecule is added and the H* and OH™ ions are added in a stereo specific
manner, hence only L-malate Is formed as the product.

co,
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Step VII: Malate is dehydrogenated to form oxaloacetate with the heip of malate
dehydrogenase in the presence of co-enzyme NAD". The oxaloacetate which is generated,
condenses with another molecule of acetyl CoA and continues the cycle.

Stoichiometry of the TCA Cycle: ' '
Acetyl CoA  — 2CO, + SH-CoA
Oxaloacetate —» Oxaloacetate
“FAD -» FADH,
3 NAD' -» 3 NADH
GDP + Pi - GTP
- Table 5.3: Energetics of TCA Cycle

Step Enzyme Coenzyme ATPs generated
No. . ' . .
3, |lsocitrate dehydrogenase NADH 3
4. |a-ketoglutarate dehydrogenase NADH. 3
5. { Succinic thiokinase N - QTP 1
6. | Succinate dehydrogenase FADH, 2
7. | Malate dehydrogenase NADH 3
Total ATPs generated 12 :

It is the final common oxidative pathway which oxidises acetyl CoA to give CO,.

2. This pathway is the source of a significant fraction of reduced.co-enzymes that drive
the respiratory chain. ' :

3. ltis a link between catabolic and anabolic pathways. _

4. The pathway also provides precursors for the synthesis of proteins and nucleic acids.

5. Components of the cycle have a direct or indirect controlling effect on key enzymes
of other pathways. : i : '

m@m@«i:w TG HHRIoRY
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1. TCA cycle is the final common oxidative pathway for all the major ingredients of
food stuffs.-Carbohydrates enter via pyruvate and acetyl CoA. Fatty acids are broken
down into acetyl CoA. Amino acids, after transamination enter in this cycle.

2. Without carbohydrates, fat cannot be metabolised, because for complete oxidation.
of-fat, oxaloacetate is required, which is formed from pyruvate, Oxaloacetate acts as
a true catalyst, as it enters in the cycle but is regenerated at the end.

3. Excess carbohydrate is converted to neutral fats which -are stored in the body. The

* pathway for the formation of neutral fat is: Glucose — Pyruvate — Acetyl CoA —
Fatty acid. The conversion of pyruvate to acetyl CoA is catalysed by pyruvate
dehydrogenase, which is an irreversible reaction. Hence, fat cannot be converted to
glucose. : ’

4, Most amino acids enter in TCA cycle after deamination. For example, glutamic acid

enters at a-ketoglutarate whereas aspartate enters at oxaloacetate. These amino

acids which are converted as members of the cycle can also enter in
gluconeogenesis via oxaloacetate. Such amino acids are called gluconeogenic amino

acids.
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5. The amino acids like leucine, are metabolised to acetyl CoA. Acetyl CoA either enters
TCA cycle and gets completely oxidised or is channeled to ketone body formation.
Such amino acids are called as ketogenic. . ' :

6. All other pathways are either catabolic cr anabolic, but TCA cycle is purely
amphibolic ie. catabolic + anabolic. TCA cycle acts as a source for the p-ecursors of
biosynthetic pathways, e.g. heme is synthesized frcm succinyl CoA whereas aspartate
forms oxaloacetate. This is also called as anapieorotic role of TCA cycle.

The regulation of the TCA cycle is mainly by the zellular need for ATP. When the energy
charge of the cell is high, the cycle operates slowy and vice-versa. ATP is,an allosteric
inhibitor of “citrate synthetase which catalyses the zonversion of .oxaloacetate to citrate:

Another regulation of cycle is through through isocitrate dehydrogenase. NADH is an-

inhibitor of this enzyme which displaces NAD* from its binding sites. NADH along with
succinyl can also inhibit a-ketoglutarate dehydrogenase. : _

As Pi is. required for the substrate level phosphcrylation, its availability in the medium

has a requlatory effect on the cycle. Oxygen also hzs a regulatory effect since in hypoxia,

. electron transport chain will be inhibited.

. Fluroacetate non-competitively inhibits aconitase, which catalysis the conversion of

- citrate to aconitate. -

Fluroacetate
— Aconitate
. non-competitive inhibitor
Arsenite non-competitively inhibits a-ketogiutarate dehydrogenase. This enzyme
catalyses the conversion of o-ketoglutarate to succinyl CoA. :
Arsenite

- Citrate

o-Ketoglutarate competitive Succiny! CoA
inhibitor
Malonate competitively inhibits succinate dehycrogenase, which converts succinate to
fumarate.
Malonate ~
- 'Suecinate ——————— Fumarate
competitive inhibitor

e 3 i Y .
. _Glucon_eoge.n:sis is a’\process whereby new glucose molecule is s'yAntheSIzec from non-
carbohydrate source like lactate and glycogenic amino acids. The other sources of
gluconeogenesis are glycerol part of fat and propiory! CoA from odd chain fatty acids. All
. the gluconeogeneic-- precursors- are converted tc eitner pyruvate or to TCA cycle
intermediates or to triose phosphate. '

Chp 5] 5.0
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The primary organ responsible for this pathway is liver foilowed by muscle. Renal cortex
has the ability but only /1™ of liver. This pathway occurs partly in mitochondria and partly

" in cytoplasm. It employs several enzymes of glycolysis but the enzyme systeims are different

for ireversible reactions of glycolysis. There are four key enzymes of the pathway, namely
pyruvatz carboxylase, phosphoenol pyruvate carboxy kinase, fructose-1,6-bisphosphatase
and gluzose-6-phosphatase.
544 $TEPS INVOLVED N GLUE
‘Carboxylation of pyruvate

S

t on of this pafhway.,

This reaction is catalysed.by mitochondrial enzyme pyruvate carboxylase, which is a biotin_

certaining enzyme. The biotin is attached to lysine residue of enzyme and acts ‘as a carrier
for CO,. Hydrolysis of ATP is required to drive the reaction. This reaction also requires M'_:jz+
and Mn?* as cofactors. This enzyme is a regulatory enzyme which is activated by acetyl CoA,
The gene of this enzyme is located on chromosome 11. '
Another reaction occurs in cystol which Is catalysed by a cytosolic enzyme, phosphoenol

pyruvate carboxykinase. Thus, oxaloacetate which is formed in mitochondria is transported-

tc cystol. This is achieved by malate shuttle. In malate shuttle, Qxdloacetate is converted to
mala=e. This occurs in mitochondria. The malate which is formed diffuses into cytosol where
it gets converted to oxaloacetate. These iwo reactions are catalysed by malate
dehydrogenase. .
The oxaloacetate is then converted to phosphoenol pyruvate with the help of

_phasphoenol pyruvate carboxykinase. This conversion occurs by removing CO, molecule

and adding high energy bond. The phosphoenolpyruvate which is formed, undergoes
further reactions to form fructose-1,6-bisphosphate. The enzymes responsible for these
reactions are glycolytic enzymes. : ’

The fructose-1,6-bisphosphate is converted to fructose-6-phosphate with the help. of
fructose-1,6-bisphosphatase. _Fructose-6-phosphate  gets isomerised to - glucose-6-
phosphate, which is then hydrolysed to form glucose. The enzymes responsible for these
reations are hexosephosphateisomerase and glucose-6-phosphatase, respectively. Glucose-
6-phosphatase is active in liver, kidney and intestinal mucosa. The free glucose which is
farimed is transported to cells via blood. . ' .

Important Physiologic controllers of gluconeogenic enzymes are:

-

: Enzyme Controller Effect on reaction | Mechanism

[—iizfruvate carboxylase Acetyl CoA Positive Allosteric-
p~osphoenol pyruvate AMP Negative Allosteric

1 carboxykinase

I Enictose-1,6-biphosphate | Fructose-1,6-biphosphate | Negative Competitive

} inhibition

5.15:(A)-SUBST. GLUCOREYG o oS
The most important substrate for gluconeogenesis is lactate, which is formed in the
mescle or RBC and is transported to the liver, where it is converted to pyruvate with the help

Chp55.11
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i re transaminated to TCA cycle
r pyruvate ‘Alanine is the major substrate for

mportance in starvatlon
and-carbon skeleton of some-amino acids form propiony! ion,
¢inyl ion with the help of biotir dependent carboxylatlon

i dlhydroxy acetone phosphate. This conversion ie. egcerol to glycerol-3-
and glycerol-3-phosphate to dihydroxyacetone phosphate is carried out by
nase: whlch reqUIres ATP and glycerol-3- phosphate dehydrogenase which requires

" s%&

i precursors:of g coneogenems
te: i metabohc deadend meaning it cannot be metabolised

‘Glucose-6- phosphatase
.- Fructose- 1, 6 buphosphatase, lactate or pyruvate produced in muscle cannot be

jtilized for glucose synthesis.
|ffuses out of the:muscle membrane and-is camed via blood to the liver. Inside

ari cycle (Lactic acid cycle) -
Chip5§5.12

- pyruvate formed from lactate is -

hosphorylated to form glycerol-3-phosphate which in turn :

Phosphofrue(oklnase

: Fruclose-s P
Glucose-1 G-dlphosphalase l
. Fructose-1 s-dlphosphate

Glyceraldehyde-S-P<-—> Dlhydro acelone-P

. NAD. > ﬁcerol-s—phospha(e
1.3-dlphosphoglycarlc<acld ydrogenase
: - . - NAD +H.1 ' o
3-phosphoglyceric.acld G'YCB"°"3 P
_ o2 - ADPs "GI' Kinase
v2-phospho'%lyce'rlc_.§éid-' - ATP<] yosrelnase
. , L
/y—————> Phospho nolpyruvate .G.chero
" »GDP + CO,
ﬁsphoenol pyruvale Pyruvate @< Lactale
(a;rfo_xy‘kinase N
GTP
Qxaloace(eta
/-NADH+H'
Malate
@ydroganasa
NAD'
© Malate
_..FumK _ ;h:/-m;z_égm@m-
, "SucolfifiCoA :
: — ) : -Prqllqnale :
cyrosoL " MTOCHONDRIA

Fig. 5.3 (b):: Rea‘cﬁb_ﬂ'-s!‘e"ps_:ln:‘Glujconn‘qgeli'o:ls
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A0 Ak

E'nzye bfg”luéd‘heoggneéié “are Es"ubje‘cted to allosteric regulation and hormonal

: regul'at.io.f\. Pyruvate carboxylase:and fructose 1, 6 biphosphatase regulate gluconeogenesis,
; fallc)'sterically.rWherfeas,'-' all the kéyj ‘enzymes. of gluconeogenssis are under hormonal control.
Hormohal . - regulation: Insulin decreases the svnthesis’ of key enzymes of

thus ‘inhibiting gluconeogenesis, ‘whereas g.ucagon and glucocorticoid

- gluconeogenesis, thus in
favour gluconeogenesis. _

- Allosteric reg,uiafii;r:\: Pyruvai"te.j‘éa:rbokyl'ase is -an allosteric -enzyme, acety! CoA s its
activator, Supply of gliicose and fatty. acid oxidation generates acetyl CoA, this in turn
activates the gluconeogenesis. Fructose/L,§ biphosphatase is anather allosteric enzyme. AMP
is its- allosteric inhibitor, So when there:is an energy crisis, gluconieogenesis is inhibited due

to binding of AMP to F-1-6-biphosphatase: |

The majoi - metabolic Si'gnifiéah" e jofb'gl coneogenesis is the maintenance of blood
-gluc.ose levels, espacially in‘starvation. The glycogen storage gets depleted in 12-18 hours of
prolonged starvation. This process enhances lipolysis and protein catabolism so that blood.

:. " glucose level is maintained to norm_al;» .

MR SHUN
y for glucose metabolism. This pathway operates in

This:_#athway» is-ai alternative pat

% RBCs, adrenal cortex, testis, liver, etc. In mammals this anabolic pathway occurs in cytoplasm; -

- i plants most-stepS:taEé pl‘ac‘_e-ih?pla’f_sti_c_’ds. The major purpose of this pathway is to produce
‘ reduced NADPH and -pentose- phosphates for . biosyrtthetic reactions anc: nucleotide
v synthesis Although: pathway operates in all cells, highest lavels of PPP enzymes are found in
% o neutrop,hils-.and-maéﬁ@?hﬁages“.Thiés--ei white blood " cells utilize NADPH to generate
§: . - superoxide radicles frommolecular oxygen. ‘ _ .
v This.pathway has :@p}ﬁha‘s&sf:'vii-:"”:qieidaﬁve‘ahd non-oxidative. Oxidative phase involves
- . generation of NADPH: ndpentose:phosphate, whereas non-oxidative phase involves a
‘series of reactions whereby:the péntose phosphate formed is converted to intermediates of
: fverted to glucosz-6-phosphate and channeled to

is pathway.

ith the ‘oxidation of glucose-6-phosphate with the help of NADP"
osphate dehydrogenase. The 6-phosphogluconolactone which is
drolysed-to: form -6-phosphogluconic acid with the

. dependent glucase-6-phosphate de
" formed from glucose- h.‘?ﬁphateﬁ :
- helpothydliseengme .

T Chp 5514
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Oxidative Stage of Pentose Phosphate Pathway - . o
, Glucose6-phosphate -
NADP ==

'Gluoos;e_ésﬁphp_spﬁéte e

N ADPH . o debygroggnasa .
6-Phosphogiuconolactone

H,0 = T

Gluconolactonase

+

H
+6-Phosphogluoonate

6-phosphogluccnate .
dehydrogenase -

Ribulose-5-phosphate ’ .-

‘Non-oxidative reactions

Non-Oxidative Staga of Péntose Phosphate. Pathway

. Ribulose-5-phosphate :
Ribulose-5-phosphate : \\_Ribulose-5-phosphate
3-gpimerase : ,_isomeras‘e-
Xy'ulose-5-phosphate Ribose-5'—§hosphqte' '

| RSO S
| Trensketolase: .~ -
e : -3

Sedoheptulosel-7-phos|5hate’ éljé_er':a:l’dehyaeﬁ-bhdaphatei i)

| Transeldolase -

S
Erythrose, -
‘4-Phosphate-
Tran_sketoiaée :
Glyceraidetyde Fructose Fructose
3-ptosphate G-phospliate - 6-phosphate

Fig. 5.4: Ré‘actl_'dﬁs of the}pgntbse;_phofi’éha!e; thway o

This conversion is a raté’ ‘imiting- stgpf-:-an‘d’f_'_"" cata
dehydrogenase, which is a dimer.énzyme an '

TTawsisn

6§§§Géph05ph§te '
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6- Phosphoglucomcaud is furthér oxidised and is coupled with'decarboxylation. The first
carbon of 6-phosphoglucomc acid is Jost'as'COj, fdrmmg ribulose-5-phosphate. The enzyme
involved is 6-phospho glucpnate dehydrogenase and it requires the presence of NADP". The
ribulose-5-phosphate then isomérises to form ‘ribose-5-phosphate with the help of
isomerase enzyme. This ribose-5- phosphate is requrred for nucleic acid synthesis and also
for nucleotide co-enzymes. When the pentose’ phosphate is synthesized in- sufficient

mount, then remaining pentose. phosphate molecules are converted to intermediates of
glyconSlS by the 3 group transfer reactions. Glucose-6-phosphate is shunted through this
pathway to glycolysis, hence it is also known as shunt pathway. Hexose monophosphate is
formed, hence it is also called as HMP shunt. Ribuilose-5- -phosphate epimerizes to xylulose-
s-phosphate with the help of epimerase. The ribulose-5-phosphate and xylulose-5-
phosphate serve as reactant for next step. ,
AR URSEREREE Cery (ol ‘%{ o ) .
Transketolase is a thiamine pyrophosphate dependent enzyme Transketolase helps to
transfer glycol aldehyde moiety from xylulose-5-phosphate to ribulose-5- phosphate which

results in the formation of 7 carbori-ketose”sugar i.€. sedoheptulose-7-phosphate leaving
glyceraldehyde-3- phosphate The actrvnty of this enzyme decreases in thiamine deficiency.

S g

et o .
- The transfer of 3 carbon i.e. dnhydroxy acetone phosphate from sedoheptulose- 7-
phosphate to glyceraldehyde-3-phosphate forming fructose-6-phosphate is carried out by

transaldolase enzyme.
In another transfer reaction, a 2 carbon unit from xylulose-5-phosphate is transferred to

erythrose-4- phosphate forming fructose-6- -phosphate and glyceraldehyde-3-phosphate.
This transfer is catalysed by transketolase enzyme.

Depending upon ceflular needs; further metabolism of these compounds occur:

1. When the. NADPH: demand is high this pathway proceeds to completion ie. 1
molecule of glucose is completely oxidised to CO, The pentose phosphate is
recycled, fructose-6-phosphate and glyceraldehyde-3-phosphate are converted to
glucose-6-phosphate that re-enters HMP pathway. The reaction is as follows:
Glucose-6-phosphate + 12 NADP* +7H,0 — 6 CO, + 12 NADPH + 12H" + Pi

2. If the balanced amount of ribose-5-phosphate and NADPH is required then the

~ oxidative phase of the pathway operates, forming 1 molecule of ribose-5-phosphate
per molecule of glucose-6- phosphate that enters in the pathway.
Glucose-6-phosphate +.2 NADP® + H,0 —
. Ribose-6-phosphate +2NADPH + 2H* +CO,

3. When nbose-S phosphate demand is more than NADPH then fructose-6- -phosphate

“and glyceraldehyde-B -phosphate are converted back to pentose by reversing the
transaldolase and transketolase enzymes

€hp 5] 5.16
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Rate Itm:tlng step of this pathway is catalysed by gfucose-G phosphate deh.ydrogenase,
enzyme. This enzyme is inhibited by"NADPH. Thus; main regulation of this' pathway:is at the

level of NADP*, NADP* controls the oxidative phase whergas - non-oxidative’ phase” is
controlled by the requirement of pentose Insulln strmulates qucose-G phosphate

dehydrogenase.

ol er-occurs almost excluswely in males.. The condmon may affect red
blood cells, which function to carry oxygen:from.lungs to tissues-of. the body. The people
suffering have the glucose-6-phosphate dehydrogenase enzyme ‘molecule in défective form.
This causes the red blood cells to break down permanently This destructron of red blood
cells is called hemolysis. GBPD resuits from mutation in theiGePD gene: = - 1 T
The common medical problem associated with glucose-G-phosphate dehydrogenase
deficiency is hemolytrc anemia, which occurs when red blood cells dre faster than body can

replace them. -
This type of anemia causes. paleness, yellowing of skin and whltes of the eyes (jaundlce),

~ dark urine, fatigue, rapid heart rate, shortness of breath. In- people with this deficierrcy -

hemolytic anemia is triggered..by viral or bactenal infection or' by certam drugs (like
antimalarial drugs or certain antibiotics). _

Enzyme G-6-P deh/drogenase converts -glu-6- phosphate into 6 phosphogluconate and
produces NADPH as byproduct. The NADPH reducung equwalents are utilized to, neutralize
reactive oxygen species and free radicals produced during gaseous exchange in RBC.
Unavailability of NADPH in G6PD causes breakdown of RBC membrane prematurely,

This type of deficiency is stgnlflcant cause of mild-to severe Jaundlce in.new born.-Many
people with this disorder never experience signs or. symptoms and totally: unaware that they
suffer from this condition.

Hemolytic anemia is also reported in people after eating fava beans or |nhallng pollen
from fava plants-(The reaction is called as favism). '

The GB6PD géne is on X chromosome. The'patients at hlgher nsk of G6PD deftuency are
those with African or Mediteranea ancestry.

Most diagnosis of G6PD is made via screening the enzyme activity rather than genotype. -

The G6PD dihydrogenase enzyme is.involved in the normal-processing.of carbehydrates:

1t also protects the red blood cells from the effects of toxic- malecules produced like reactive

oxygen species, which are by products of oxygen exchange and cellular processes. People
havrng defective GSPD lack this protection of the: enzyme and suffer severe RBC breakdown,

¥ 7 S SEE
“The ma)or ‘role of this pathway- is to supply cytoplasmlc NADPH for reductrve-
buosynthe5|s of fatty acids, steroids, etc., as well as formation of ribose-5-phosphate. NABPH.
is required. for the production of superoxide anion radicals .by the macrophages- during
phagocytosis. NADPH is.also used for preserving the transparency of. lens.- The.maximum:;
concentration of NADPH is seen in eye lens. o
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The"main .sig'niﬁcan_ce' of NADPH is to keep glutathione in the reduced state. This is
required by RBC i.e. reduced glutathione is required for keeping the membrane integrity of
RBC. The enzyme glutathione reductase fequires NADPH, it converts oxidised glutathione to
1ced form. The reduced form reacts with the peroxides and the free radicals formed

the reduc i
and. detoxify them. The reduced form also prevents the formation of disulphide bonds. * phosphatase. : e

in the liver, glucosa-1-phosphate is converted to glucose-6-phosphate with the help*of.
phosphoglucomutase. This ~ conversion - involves the formation of enzyme :bound .
intermediate glucose-1, 6-bisphosphate. Glucose-6-phosphate is converted'to free glucoss, ~
which is released into blood stream. This conversion is brought aboi.lt'-by-'glgt_:q'é{é’:«"ﬁ_’_-;

HEEXLLEH

i betwéen the membrane SH groups. Erythrose-4-phosphate is used in the synthesis of Glucase . N e LT
i aromatic amino acids. Aromatic amino acids are precursor of many substances, one of which C R4 Vo
n is lignin in wood. o _ : ' Cyclic AMP T
: The NADPH is also required by haemoglobin to keep the ferrous ion in reduced state . '
b and prevent the accumulation of methemoglobin. Dietary pentose sugar derived from |® : o
i digestion of-nucleic acids may be metabolised through pentose phosphate pathway. . P ¥ ' S
; e e i) Glye - > Giucose-1- h
rE Glycogen is a polymer o (A& ;ggeﬂcosw Debranching \ lucose - 1 - phosphate :
§ glucose residues linked by a(l units enzyme A
; ~5 4) glycosidic bonds, mainly from Phosphoglubbmutas
! and ol = 6) glycosidic bonds ' Debranchgenzyne e
: at’ branch  points, Glycogen SN S Y . ¢
chains and branches are longer o : S P H,0
: Oo00e " o *
than shown. Glucose.' 15 Store.d - o & x4 Glucose < \/ Glucose - 6 - phosphate
as glycogen predominantly in g » . g 0 .  Glucose « 6. phosphale phos ' ‘
the liver and muscle cells in the 0 ¢ (liver and kidney only), e o
e %

biochemical process called as
glycogenesis.

Glycogen is broken down to
glucose whenever body needs
internal supply of glucose, in

. the biochemical process known : g 6
as - 9|YC°93n°ty5i5-- Highly (@) represents Biycoge
branched structure of glycogen : o reprosents Glusoss molecule
make it possible for immediate Fig. 5.5: Structural representation of glycogen, showing
conversion of glycogen into branching :

glucose easily.

Fig. 5.6 (a): Glycogenolysis
Y u-1, 8 linkage

i o &1, 4 lnkage

Phosphorylase
8 G~® Glucose 1-phosphate

In glycogenolysis,
glycogen phosphorylase forming glucose-1-phosphate.

""" This enzyme removes glucose unit one at a time from non-reducing end of the glycogen
molecule. The & (1 - 4) linkage is cleaved and inorganic phosphate is added: This reaction is
reversible. This enzyme contains pyridoxal phosphate as a prosthetic group held in a Schiff's

" pase linkage with the e -amino group of a lysine residue of the enzyme. This enzyme attacks : o
onlyat (1 4) and is unable to hydrolyze & (1 — 6) linkages. The debranching enzyme i.e. The synthesis of ';Iy from glucose or glucose-1-phosphate "is’ called" as
a (1 » 6) glucosidase, hydrolyses the remaining glucosyl units held in a. (1 » €) linkage at glycogenesis. The glycogenesis occurs by a different pathway from that of ‘glycogen
the branch.pomt. i ) bréakdown. Glucose is first ‘activated to UDP - glucose with the help of UDP-glucase
T S " Chp5}5.18 ' _ ' Chp5l519 '

Fig, 5.6 (b): Systerﬁatic representation of glycogenolysis . .- EIP
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» ‘h‘.cs_ry_las'é‘,'y'{v«}hich- _[s';then_.-added,to glycogen primer. This UDP-glucose is formed
from ‘_g[’uw,g'.l-pho'spbate -and . uridine tfiphosphate with the help of UDP-glucose : ) . o
bymphgmhdly‘ase;:Th.e:Mmy of J‘ydrOIySlsdd;ives'the- reaction. forward. The glucose is 3} - : : : . . , -
scidad to-glycogen..at the .non-reducing en torming an o (1 — 4) glycosidic linkage | - CTEC MEL LITHIC. AR ¥ .y HE TN
ﬁgefaﬁng-‘um; The primer made-up by protein-carbohydrate complex is essential as the DIABETES MELLITU AND INSULIN -
acceptor: of the glycosyl unit. Since '-qucogen Synthase adds glucose molecules only in" ; : _ S SN
a (1 -4)linkage, a branching enzyme is fequired to create o (1 — 6) linkages. Branching is 1 i I F I VA L SR SR RV
done by:amylo-[1, 4]. = [1, 6] transglycosidase. At new branch point, glucose molecule can . : —_— T ——
be added in d(lhguﬁt)‘ linkage:by glycogen synthetase. : ‘ _ + LEARNING OBJECTIVES + _
. ' *  Understand the Biochemical Perspectives of Type I and Type II Diabetes.

| Cﬁafvter 6

@{IHexaklnase . ,
: Phospho- *  Recognize Worth of Various. Tests: In Diagnosis of Diabetes and Terms Hyperglycemia,
Glucokinase . I . : .
Glucoseﬂ’i ' ~ Glucose - 6 - phosphate gumn:fsi Glucose - 1 - phosphate S ‘%@P og[y_cenua, Glyeosurca. " ' '
PEA ' ' Mg Uridine to *  Appreciate the Chemical Structure and Synthesis of Insulin Molecule.
) . P . ; .
_ t _ phos%goglase phosphate (UTP) " Recognize Structure and Significance of Insulin Receptor. _
PPi s Compare the Relation between High Blood Sugar Levels and Lipid Profile. .
ADP SR - ! e
Urine diphosphate
glucoss /
fatl Nucleolid
© Stimuiation (UDPG) Giycopen diphospho- way our body uses
© - Inhibition ' ® : primer kinase digested food for growth and energy, especially inability to oxidize carbohydrates. Clinically,

Cyclic AMP 5 \UDP it is chara'cteri'z.ed by inc.rease<.:i bloodrlglucose' Ievels.‘ It C{ccgrs' due to’ insu_f‘ff'c.:ient ins_u.lin

4 levels or inefficlent insulin actions. This means that insulin is-not produced in sufficient

!® Y . quantity or it is inefficient in its action on target tissues. As a result, blood:glucose levels are
nsulin . increased along with the presence of glucose in urine. : .

Diabetes mellitus affects 2-3% of world population and about 5-7% of population in

developed countries. India has a dubious distinction of being a country with the largest

Glycogen Branching snzyme (1,4- ilucosy! units) B o diib&tic people: i i . n-insulin: di

Fig. 5.7: Glycogenesis ' _ /'\bo,ut 85 /o of total dl'abetI.C patlEl:\tS have Type II. or non'-lnsuhr.n-de?'endent iabetes

QUESTIONS mellitus (NIDDM). The major biochemical feature ‘of diabetes is the inability gf the target

tissues to take up glucose inspite of its higher concentration in the suirounding. It is-equally

ATP

1. Describe the pathway of aerobic glycolysis.
2. Why is pyruvate kinase considered as key glycolytic enzyme? important to remember that diabetes is the third leading cause of death in the world. The
3. Howis glycolysis pathway regulated? first and second being heart disease and cancer, respectively.
4, What s the significance of TCA cycle? : , ion in di . . » h
5. Explain functions and energetics of TCA cycle. What deserves a special attention in diabetes is its complications. It affects the nervous
6. What is the significance of Pentose Phosphate Pathway? system, kidneys, eves and peripheral organs, Untreated diabetes is one of the major causes
7. Wf;ite 3 "‘é‘;” gtl,yc?ngﬁnfs-'f ard glycogenolysis. : _ behind limb amputation, renal failure and heart attacks. o

8. De n? an t'esc oe .e all gly C_Oﬂeogene,sw,. Criteria, which clinically establish an individual as suffering from diabetes mellitus,

9. . Describe the importance of transaldolase reaction of pentose phosphate pathway. e : o ' o

--;)10. What are the callular sites of (i) Glycolysis, (ii) TCA cycle, (iii) Pentose phosphate ln_clude. _

-4 pathway, (v) Glyconeogenesis, (v) Glycogenesis, (vi) Glycogenolysis. 1. Having a fasting plasma glucose levels in excess of 140 mg/dl..The.normal levels
h

man being 80-120 mg/dl. . -

U Chp 5520 N Chp 6] 6.1
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5. Having plasma glucose levels in excess of 200 mg/dI at two time points during a . TESMELLIO¢ o o R
e tolerance test (GTT), one " Ll P
g::zg:e (TN ane of which must be within 2 hr of ingestion of Dlabetes mellltus is the heterogeneous clinical disorder wlth numerous causes Two maln -
b b

Uncontrolled disbétesIs charactetized: by the following chemical pathology: Hlasses of diabetes mellitus exist: | | |
) Hyperglycemla - increased. blood | sugar levels. o 1. Idiopathic (primary) diabetes mellitus _ N
(i) Glycosuria Jlm‘*f—gluwse in urine, : ' 2. Secondary diabetes mellitus S

- (if) Polyurla - frequent urinaticn,
- @) Increased triglyceride and cholesterol in the blood,
(v) Increased urea and-non-protein nitrogen in the blood,

Diabetic patients may eXl»"erlence all or some of the following symptoms: -
. Frequent urination

o« Excessive thirst

o Dry and itchy skin.

. The idiopathic diabetes mellitus i.e. pnmary diabetes mellitus is further divided-into-two’
main types: )

Type L Insulin Dependent Diabetes Melfitus (IDDM) This type is. generally seen in
younger population, which cannot secrete insulin.

Type II: Noninsulin Dependent Diabetes Mellitus (NIDDM). Thls type is.generally seen in
the older population; especially obese people who retain the capaclty to secrete msulln but
insulin actions are inefficient.

PRSI

Siow healing of cuts or wounds
Skin.infections -

. ' Blurry eyesight

Always being very hungry
Feeling tired and weak

"o Weight loss
Numbness ortingling in feet

6. 1.1 Causes of Diabetes
Two factors play an important rofe in the development of diatstes.

Heredit: A person is most-likely to develop diabetes if he/she has a parent, grandparent,
brother, sister, or even a cousin who has diabetes. A person is at 5% risk of developing Type
I diabetes if his/her mother, father, or'sibling has diabetes. This risk can goas high as 50% if
the person is also overweight.

Obesity: Eighty percent of Type I diabetic patients are overweight, Dlabetlc symptoms
may disappear in some of these obese patients when they lose weight,

Varlous other factors are also'known to cause or trigger diabetes, such as:
Age: As people grow older, there may be fewer insulin-producing B-celis,
Faulty immune system° Multuple factors are known to trigger the immune systern =0

destroy p-cefls.
* Physlcal trauma: An accident or injury may destroy the pancreas.

 prugs: Drugs used to treat other conditions may unmask d.abetes,
Stress: Hormones released durmg periods of stress may blcck the effect of insulin,
Pregnancy: Homones produced during pregnancy may block the effect of insulin,
Viruses: Certain viruses may destroy B-cells in susceptlble p20ple.

Chp6j62.

disease characterized by severe loss of insulin secrefion and hyperglycemia associated with

Secondary diabetes mellitus is the result of many cadses°

(i) Maturity onset type diabetes of the young (MODY). MODY is characterized. hy
onset prior to age 25. These patients show impaired B-celt function and may-also
exhibit insulin resistance and late B-cell failure. Mutations in ~10-12 genes have
been considered-to be responsible for the development of MODY

(i) ~ Pancreatic disease: Pancreatectomy, cystic fibrosis and pancreatitis can lead to

destructicn of pancraas.

iy Endocrine disease: Various endocrine diseases have been correlated with diabetic
symptoms e.g. Cushing syndrome (excess cortisol secretion), acromegaly (excess
growth hormone), pheochromocytoma - (excess eprnephnne) and glucagonomas
(excess glacagon). .

Gestational diabetes is usually found during pregnancy Gestational diabetes usually

disappears when the pregnancy is over. Women who had gestational diabetes during

pregnancy have a 20-50% chance of developing type II diabetes within 5 to 10 years. It is

rore prevalent in African Americans, American Indians, Hispanic Amencans, and among
. women with a family history of diabetes.

Diabetes insipidus is another disorder characterized by large volumes of urine excretion

due to the deficiency of antidiuretic hormone. The major. symptom of -diabetes insipidus
accurs due to the inability of the kidneys to reabsorb water. :

Brittle diabetes is a form of diabetes and is very difficult to control. It is charactenzed by

unexplained oscillations between hypoglycemia and acidosis.
1DDM (Type I diabetes)

It is also known as juvenile onset type diabetes mellitus. IDDM is a chronic endocrine
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considerable:morbidity, reduced life expectanc ignifi '
' ity, y and significant- health -costs. This-type js
geperally:seen early in life, -before.the age.of 30 and later on.develops much more SZZous

symptoms and has near certain prospect of vascular involvement in later stages. It is the
result of autoimmune destruction of B-cells of pancreas. It is defined by the de\'/elo.pment of
ketoacidosis in. the absence of insulin-therapy. There is a strong assoé:iat:ion between IDDM
and- other endocrine autoimmunities e.9. Addison’s disease. Additionally, th;re is an
increased. prevalence.of autoimmune diseases in the_fémily members of IDDM ’pa'tie—nts
p-cells flestruction may occur due to a variety of reasons e.g. drugs viruse; and
autolmmupity.. In some.cases due to.genetic variations, B-cells are recognize'd as non-self
’and _thus they are destroyed by. body's own immune system. The paﬂént of IDDM require
insulin thg_ra_py.. About 15-20% of total diabetic patients fall into this category. e

. Symptoms of IDDM ysually dé\)éjqp over a short period, although B-celf destruction may

b'e.gln months, even years, earlier. Symptoms include increased thirst and urination, biurred
vision, constant hunger, weight loss, and extreme tiredness. If not diagnos’ed"and' treat d
with insulin, a person can lapst irito alife-threatening coma. ' . ela i
NIDDM:(Typell diabates) = - :

-:-‘NIBDI.\A-'is'- als_o referred toas:adult onseét type of diabetes mellitus. It occurs in about 85
90% of t_itabetk'population. It is comparatively milder and has more gradual onset th. -
IDDM. It is more prevalent in aduit people above 35-40 years of age and is most commo i
ad:;_lts over the age of .55. NIDDM most commonly. occurs in obese patients: approxim ? ’ln
89/0 of N{DDM patients are overweight. Type Il diabetes is now incr'easin I ba d
.d!‘a.g.nlqsed_m children and adolescents. However, comprehensive data on ! e of bype
Il diabetes in youth are not available, - ' prevatence oftype

NI_D_!‘JM'ISI characterized by persistent hyperglycemia but ketoacidosis is seen rarel I
can be a'result of genetic defect and can cause both insulin resistance and insulin defi o t
In most of the cases, when type II diabetes is diagnosed, the pancreas is functi e-llclgncy.
Prq@t{ces 'e_nt?ugh'insUlin, but.for'unknown'reasons, the body ;annot us ';Jﬂa. Le."t
?ffectlvgly. This condition is called as insulin resistance. After several years, ev et , IT ‘mSUI'm
production decreases, The netresult is the same as that of type I dfabet'es ?2 (lfmaigﬁ 'Elscil'cl;g

..——glucose-levels, In addition, body cannot make efficient use of glucose

There are two major forms of Type Il diabetes:
:.1..- - Late onset associated-with-obaesity.
"2 Late-onsetnot associated with obesity. :
Obesity acts as a diabetogenic factor in geneti i
. 2be . n genetically predisposed individuals by j i
the.fesrftance to the- insulin actions. Decrease in the number of insulin recepto . mcrfeaSlrjg
responsive targets is also seen in this type of diabetes Prors on insdlin
The symptoms of NIDDM devel .
op gradually and are not as noticeable
. . . . » i co ’
zDD?C'jIY";}:tOm; mclude. feel.mg il or tiredness, fatigue or nausea, frequentm' Sfinetz' .
hg;;?‘. )f/ ..-2;'9,:0,' u.nusy.al' thirst, blurred vision, weigfit loss, frequent infections, a 'dalm
ealing of sorés/wounds, Some type I diabetic patients show no symptoms. o sow
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Comparison of Typé I and Type II diabetes is shown in Table 6.1,
~ Table 6.1: Comparison of Type I and Type II diabetes mellitus

Characteristics - Typel Typell -
PA-gTe of onsef Childhood and .young adult | Middle and old age
| Family history Notcommon ‘Common (95%)
% Of all diabetics Less than 10% More than 90%
Appearance of symptoms | Rapid Slow
Ketosis" _ Yes No
Obesity Not comrﬁon Common (95%) _
Cause Autoimmune “Variable
Insulin levels Decreased 1 Variable
Sensitivity to insulin Sensitive Resistant o
Pathology Reduction or absence of B-cell mass normél or slight
B-cells reduction

Pre-diabetes or other forms of impaired glucose metabolism
Pre-diabetes is a state between "normal” and "diabetes". People with pre-diabetes are at

increased risk of developing diabetes, heart attacks. and strokes. However, weight loss and
increased physical activity can prevent or delay the development of diabetes. There are two
forms of pre-diabetes: ' ' '
Impaired fasting glucose

" In this case, impaired fasting glucose {IFG) is observed i.e. fasting plasma giucose is
between 100 -125 mg/dl. Thus it is slightly higher than normal but less than the diabetic

level,
Impaired glucose tolerance

Impaired glucose tolerance (IGT) means that blood glucose durin‘g the oral gluco§e
tolerance test is ‘slightly higher than normal but less than se'e_'n in diabetic pafients. IGT is
diagnosed when the glucose level is 140 to 199 mg/dl 2" hours after the intake of 75 grams

of glucose.
Pre-diabetes is more prevalent between ages 40 to 74.

nosis

"One of the most commonly used tests for

the ‘diag
glucose tolerance test (OGTT). S
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* oral Glugose Tolerance Test (OGTT)

The body’s ‘ability to utilize glucose may be ascertained by measuring its glucose
tolerance. Glucose tolerance represents ability to regulate blood glucose concentration after
administration of test dose of glucose, There are certain prerequisite conditions before
undergoing OGTT and they are as follows:

. Itis mandatory for a patient to consums carbohydrate rich diet for at least 3 days
prior to test.

» The patient is advised to discontinue alf the drugs related to carbohydrate
metabolism for at least 4-5 days.

« The patient should avoid any kind of strenuous exercise one day before the test.

» The patient should fast overnight, at least 10 hours, but should be allowed to drink
water. ' -

« During the test procedure patient should be in a comfortable sitting position and
- smoking or exercising should not be allowed. . :

" 06TT procedure

The patient is given an oral dose of 1.0 gm of glucose per kilogram body weight (or 75
gm of anhydrous glucose dissolved i'n 300 ml water to be drunk within 5 min) and biood
glucose levels are followed for next few hours.

. The test is preferably conducted in the morring. A fasting blood and urine samples are
collected. The blood and urine samples are then collected every 30 min upto 120 min. All the
blood samples are screened for the amount of giucose and urine samples are tested

'qualitativel)' for the presence of glucose.

rpretation of OGTT

*

Normal people show a modest rise in the bload sugar level ~ 120 to 140 mg/d! in about
1 hour. This is insufficient to exceed the normal renal threshold i.e. the concentration at
which glucose begins to appear in urine; 160 to 180 mg/dl. This rise in blood glucose is
followed by @ rapid decline to normal levels within 2-3 hours period (Fig. 6.1). The rapid
decline in blood glucose levels in normal individuals is due to an increased rate of glucose
Jtilization by the tissues. This increased utilization of glucose is evoked by increased
se_'cfetlor'\ of insulin and decreased secretion of glucagon from the pancreas in response to
i+ creased blood glucose levels. '

Diabetics- on the other hand show a muc~ higher increase in their blood glucose
concentration; which is initially higher than narmal. They also show a more prolonged
period of hyperglycemia and a slower decline in blood glucose levels. They may also show a

" glucosuria after the test dose of glucose (Fig. 6.1).
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400k Severe diabetic
(constan

glycosuria

-

300

Periad of
glycasuria
——i

200

100

Blood glucose concentration
{mg/dl)

Hours
Fig. 6.1: Glucose tolerance test for normal; mildly diabetic and-severely diabetic individuals

WHO Criteria for the Diagnosis of Diabetes are as follows (WHO report 1980):

{ii I fasting glucose is abnormal (> 7.8 mmol/l i.e. 140 mg/dl), patient is diabetic.

_ (i) i fasting glucose is between 6.5-7.8 mmol/ml, it is considered as borderline

diabetic and oral OGTT is recommended.

(i) 2 hours after OGTT.if blood glucose levels are > 11.1 mmol/1 i.e. 200 mg/dl, patiént
is diabetic.

The fasting p asn"a glucose ievel is less than 100 mg/dl in normal individuals. Normal .
person also shows ircrease in plasma glucose concentration in respodse to oral glucose
load, which reaches a peak value of less than 150 mg/dl in less than one hour and returns to
normal within 2 hours. Urine samples of non-diabetic person show absence of glucose.

The OGTT may give normal response or abnormal response.

Normal Response OGTT

In this case, the rise in blood sugar level is normal and it never crosses renal threshold.'

The elevated blocd sugar levels return to normal within 1 to 1.5 hours (Fig. 6.2).

g Renal

£ 1404 threshold
0; .

g

375 Base line
(o))

el

[o]

8 L /

m 0 p g

Time (in hours) —+

Fig. 6.2: Normal response GTT
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L OG'IT may glve abnormal responses fora variety of reasons.

(i) Diminished glucose tolerance
In thig icase, fasting. blood  glucose is higher than normal and the rise in blood sugar

levels is more than normal. In.addition, returning of increased levels- to normal is delayed.
Glycosuria is present. (Fig. 6.3)

' g’ : : Renal threshold

g 140

73

[=]

[%]

_3, 75 Base line

3

)

o

Time (in hours) —s
' Fig. 6.3 0GTT: Dlmlmshed glucose tolerance
W Increased-glucose tolerance. -
. In thIS case, ‘the rise in blood sugar level is not very hlgh and fasting blood glucose level
- is normal Glycosuria is absent. This is generally found in dysfunction of the pituitary, thyroid
or adrenal'glands and'in malabsorption. (Fig. 6.4)

4

'

Ev - Renal thrashold
- 21409 :

[ S

g

-3, 75 Base line

° . )

- S

@ 0 Time (in hours) —

- Fig. 6.4 OGTT: lncreased glucose tolerance
(ili) Decreased renal threshold
In this case, blood sugar levels are not high but glycosuria is present. This is because of
decreased: renal threshold. This.is generally found in late stage of pregnancy and Wilson's
desease, (Fig: 6.5) .

D
) Renal thresh
€ 140- eshold .
g’ . .
75 ;
_g., Base line
B
o
IR z 0
I . Time (in hours) —

Fig.-6.5: OGTT: Decreased renal threshold
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Maodification in the OGTT procedure:

Under some conditions few modifications are dane in the OGTT: pracedure. For example, .

+ Aniintravenous instead of oral glucose admlmstratlon is carried out in individuals
W|th suspected malabsorption. :

+  A‘tcorticosteroid stressed OGTT .is advised  to detect Iatent d»abetes in some
mdlwduals
In case of children, oral glucose dose is 1.5 - 1.75 gm/kg body welght

. Many laboratories perform “mini OGTT", Only fastmg for 2 hours blood and urine
samples are taken.

Other biochemical tests for diabetes. mellitus

It-is mandatory for diabetic patient, at any stage or-type; to undergo. penoducal check-

- ups for some of the related biochemical parameters, This helps in understanding.and quickly
-mterpretmg the efficacy of the treatment. Traditionally, blood glucose and urine glucose

detection have been carried out. Now more advanced reliable and sensmve indices in-the
form of bigchemical tests have been developed
L Glycated haemoglobm ‘

Gluco,e derived. products of normal adult haemoglobm (Hb) is known as glycated
haemoglobin. Glycation refers to post-translatuonal and rion-enzymatic addition of sugar
residues to amino acids. Hblc is the most abundant form of glycated: haemoglobln

Duagnostlc importance of Hbyc, The rate of synthes:s of Hbyc in RBCs is directly related
to the exposure of RBCs to glucose over the previous two months. This test reflects the
mean glycaemia over the previous. two months, two months is the -half-life of Hb.
Thus, screening of Hbyc in the blood samples gives an idea of mean: glucose levels over
previous two months. A close correlation -has been observed between. half-life of RBCs
(6-8 weeks) and Hbyc concentration. Normal frange of Hbye concentration is about
3-5% of total haemoglobin, In diabetic patients, the concentration of Hb;c can be upto
10-15%. It is accepted as a good measure of glycaemic' control in the dlinical
environment instead of plasma blood glucose measurements.

2. - Microalbuminuria:
Diabetic patients show a small increase in albumln excretlon when compared to normal
individuals. Normal values of albumin excretion range from 2.5 to 3.0 mg/dl..In diabetic
conditions this excretion may go as high as 250-300 mg/dl. This increase in albumin is
actually an indicator of defective renal function due to diabetes, especually early
reversible renal damage. .

3. Fructosamine:
Fructosamine can be used instead of Hby¢. Glycated albumin is the major contributor to
serum fructosamine measurements and its half-life is less than that of Hb. Hence, serum
fructosamine measurements indicate glycaemic control over the iast 3 weeks,
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4. Plasma C- peptlde. |
Pre-pro-insulin is cleaved to produce pro-insulin, which is cleaved further to produce C-
i e tF:de and insulin. Equimolar amounts of C-peptide and insulin are produced and

ﬁegce it can be established as to how much insufin an insulin-traated diabetic is
producing (plasma insulin measurements will record both produced and injected

insulin).

NICDM patients will have some plasma C-peptide while 1DDM pauents with total

pancreatlc p-cell failure will have no plasma C-peptide.
“This marker is also helpful in differentiating hypoglycaemia due to cver injecticn of
exogenous insulin (high plasma. insulin, low plasma- C-peptide} anc that due to an
insulinoma (high plasma levels of both insulin and C-peptide). -
rine dipstix:
.- The renal threshold at which glucose is excreted into urine is when plasma glucose is 10
‘mmol/l; Hence, this is not @ sensmve test:

- inid profile:
'6‘ f)eel;zz:hzlt?oh of serum lipids namely. total cholesterol, triglycerides. LDL. HDL VLDL and
included in the lipid profile test.
ion- of lipid profile focuses on the overall lipid metabohsm and general
trol-in diabeti¢ patients. Hence, diabetic patients are adv.sed to undergo a
, |n addition to the above mentioned tests.

é i assocnated wath many metabollc alteratlona Some of these
d clinically in the form of hyperglycem:a, ketoacidosis and

chylomicrons is
The determmat
metabolic con
“lipid profile tes

Dlabetes mellitus
alterations --are’ manifeste
hypertngly&’endemua

' Hyperglycemia:
glucose’ levels. Hyperg!
peripheral tissues 5.

ycemia in .diabetes is attributed to reduced gluzose uptake by
well ‘as its. increased production by gluconeogeness and

presence of excess ketone bodies in the blood is obsewed

s: In dlabetes.
Ketoacidosi f fatty acids from the adipose tissue.

due to increased mobilization 0
Hypertrlgl ycendem'a' In dlabetes increased levels of triglycerides are observed due to.

increased conversion of fatty acids-to triglycerols and due to higher secretion of VLDL and

chylomicrons. The jow-activity of the enzyme lipoprotein lipase is also respansible for higher

plasma levels of chylomicrons, VLDL and triacylglycerol.

olemia: Diabetes is also associated with hypercholesterolemia.

Hypercholester
Besides the above: ‘mentioned metabolic changes, diabetes is also associated with the

followirig comphcations o
v Diabetics are-more prone to myocardial infarction.

Chp 6 | 6:10

The very- first sign -of uncontrolled diabetes is elevation of blood-
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-+ Defective circulation in legs. '
+  Hype-tension, particuslarly systolic hypertension is more prevalent. ~

« Cataract is more prevzalent in old age patients suffering from diabetes.

Poor contral of diabeates is correlated with lower resistance to lnfectnons e g urinary
tract infections, pulm@nary tuberculosis and carbuncle. -

6:5 BIOCHEMICALBASIS OFiDIABI

Hyperglycemia, a major Clinical sign of dlabetes is responsable for many complications.
For =xample, neph-opathy, atherosclerosis, retinopathy and ‘neuropathy. The basic:
biochemical defects in diabetses are still not completely understood. .~

A secondary set of sywnptoms arising in chronic long lasting diabetes inpludes;'
degeneration of blood vesswel walls, particularly of small capillaries. and’ their basement
membranes. ' '

Some cof the above clianges and complications are believed to:occur due to
microvascular changes causied by -glycation of. proteins. These proteins are :called as
Advznced Clycated End Produucts (AGE). It is important to note that the glycation of proteins
is mon-enzymatic. The glycation of proteins leads to many adverse effects e.g. inactivation of
enzvmes, rross-linking of glycated proteins, decreased proteoiysisf_and increased.
immunogenecity. '

Another mechanism respensible for chronic'complications in diabetes is the mtracellular
accumulation of soroizol. Soritol is a byproduct of gliicose metabolism. Elevated lévels of
sorbitol are founc in various tissues involved in diabetic complications e.g.:lens epithelium,
Schwaan cells of perpheral nexves, kidney, islets of Langerhans and retinal blood vessels.

Followng fou steps are lnvolved in the management of diabetes.

Dietary Management: Dietary modification is fundamental to the successful treatment
of ciabeétic patients. A diabetic patient should consume low calories, high protem and fibre
rich diet. Carbohyd-ates should be in the form of complex. carbohydrates eg. starch and
complex sugars. Patient is advised to reduce the fat intake and the fat intake’ should be just
ercugh to take care of essential fatty .acid requirements of the. body. High-complex
carbohydrates, high-fibre diet (HCF diet) is generally recommended. HCF diet is high in
cereal grains, legumes, root vegetables and restricted intake of sumple sugaré and fat.

Oral Hypoglycemic Drugs: There are two classes of these drugs - sulfonylureas and
biguanides.

Sulfonylureas are known as insufin secretogogues They mimic the action of ATP on
petassium channels and induce the release of-endogenous insulin and.thus help in reducmg

kicod glucose levels.
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_ the srfall ifftestinal -brush border. T

" nateglinide, these drugs represent non-su

" blood 'sugar is called as hyperglycemia. It is { appearing in the urine.

- gluconeogenesis and. glycogenolysis. When
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amples: . . o
y Fir':t generation sulfonylureas: Tolbutamide, acetoxamide, chlorpropamide, tolzamide.
These are not routinely prescribed in the de\éelol:?ed cqu.r;trles.d yburide

. : ion sulfon Iu:e_as.._thm e,g|meP|r| e‘a ! d ' . r
"'x'.‘izﬁza%glgfg‘:;aﬁav'e no s?g_nificant effects on circulating triglycerides, lipoproteins O
cholesterol. y

i ides e.g. metform lely _
dru:l?hjaert‘f'g::\in gdoes not increase insulin . release but it increases ins
ORI T O in receptor tyrosine kinase activity. N
,Dggfl?s;a%i:?:nlzgufll\eéé d':ugs} other drugs are also available e.g. a-glucosnfjase mhnbltors.

b d miglitol These dfugé interfere with the action of the a-glucosidases present in
e ieatinal b hus, reducing the digestion and the consequen;
ucose into the sy ic di . Meglitinides - repaglinide an
jcose into’ the systemic circulation. Meg!
iy Ifonylurea insulin secretogogues. These drugs are

ively fast acting’ hort duration of action. Thiazolidinediones

sratively fast acting and have shor ' ' di .
c?m?:s'ria'tlitazine -and pioglitazone, are .useful in treating the hyperglxcemla asso_cnated with
feigillit-\-lZSis*éance' in.both" type Tl diabetes and non-diabetic conditions. These drugs are
2 " eptor peroxisome proliferator-'activated receptor-g (PPARg).

nists of .the nuclear rec prc _
:g:;';ﬁsi-a member of a superfamily of transcription factors. The ultimate effect of these

drugs is the potentiation of the actions of insulin in Iiyer, adipose tissue and sk;eletal muscle,
increased peripheral glucose disposal and a decreasg |n_-glucos‘e output ny the} iver. ;
" Diabetes vaccine: Type 1 diabetes is an autoimmune d|§ease which when trlgg;rt: .
causes body's own killer T cells to kill B-cel_ls of pancreas which .prod.uce insulin. Dml |e ztes
vaccine. attempts to stop T cells from attacking body's own cells. Studies have been able 10

treat diabetes in mice,
approval.

in is..currently the: most widely - prescribed insulin-sensitizing
ase ulin sensitivity by

absorption “of gl

but a working vaccine in humans has'yet to receive pharmaceutical

M :
“range  of plood sugar| Renal Threshold: A concentration of a
0 mg/dl. Increase in substrate beyond which the substance starts

Normal
concentration ‘is -80-12

a. pathological condition ‘as excess Of | [igh threshold substances: These are
glucose - -in  blood ‘causes
disturbances- and affects the -life -of -RBCS. | ¢ g, chloride and glucose.

Hyperglycemia i -primarily due to,reductad Low threshold substances: These are
glucose uptake by the tissues and its reabsorbed in limited quantities e.g. urea
increased  production  because of and phosphate.

No - threshold- substances: These are
excretéd “entirely and do not show any
reabsorption e.g. creatining sulfate.

blood glucose levels go _beyond'j_[er.\‘a'l
threshold {>- 10" mmol/), it is excreted in

osmotiC f-entirely or almost entirely reabsorbed |

urine (glycosuria). _
- Chp 6 612
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A person is said tobe hypoglycemic.when blood glucose fevels fall below 45-mg/di.- _
The clinical symptoms of hypoglycernia include headache, anxiety,- confusion, sweating,

slurred speech, seizures and ultimately coma or death if untreated. All the symptoms

mentioned above are because of deprivation of glucgse to central nervous system; mainly

brain. A mammalian body has a meticulous homeostatic biochemical machinery to maintain

blood glucose levels. Hence, generally normal individuals do not suffer fram hypoeglycemia.

Generally, in clinics physicians encounter hypoglycemia because of one of the. following

four reasons: _ . ' C

1. Aypoglycemia due to fasting: This is not a very common occurrence. It can be
observed in patients with pancreatic -cell tumor or hepatocellufar damage. -

2. Post-prandial - hypoglycemia: It is observed in patients with elevated insulin
secretion after 3 meal, It is a transient phase of hypoglycemia and is associated with
mild symptoms. _ C - o :

3. Hypoglycemia due to alcohol intake: It occurs due to reduction in the rate of
gluconeogenesis because of alcohol consumption. It occurs as follows: if a person-is
engaged in prolonged exercise or is-a victim of prolonged starvation, the alcohol
consumption will lead to hypoglycemia. This also leads to accumulation of NADH, as
enzyme alcohol dehydrogenase diverts the pyruvate and oxaloacetate (both are
substrates for gluconeogenesis) to form lactaté and malate respectively. The overall

effect is reduction of gluconeogenesis because of alcohol consumption.

4. Hypoglycemia due to overdbse.‘—-'bf ‘Insulin: An" excess of insulin may cause
hypoglycemia resulting in convulsions and ultimately death unless glucose is
administered. It might be obs,ervgd in patieh’é's""v"vho are on intense insulin treatment
regimen. C :

oy . st
HGNCOR IR -
Presence of glucose in urine is termed as glycosuria. Traces of sugars, particularly .

glucose, may appear in normal urine, but are beiow the detectable limits of commonly used
qualitative tests. - . :

In routine urine analysis, the presence of reducing sugars is indicative of diabetes

_mellitus. It is found when blood sugar level exceeds renal threshold (~ 170 mg/d! or

~ 10 mmol/l) - recall that normal fasting level of blood glucose is usually between
80 to 120 mg/dl. ‘ ' ' '

Besides diabetes, glycosouria may also result from disorders of other endocrine glands
e.g. hypophysis, adrenals, thyroid and ovaries, excess carbohydrate intake, excessive

glycogenolysis or reduction in renal threshold.

Insuli

t'_-

abolic hormone. Trisulin is synthesized and stored in the granules in B-cell

" of islet of Langerhans in pancreas.
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|
. Insulin was the fiest hormone identified. Itis 2 polypeptide hormone. It plays a majorl :"o|es
in the metabolism of carbohydrates, fats and proteins. Inefficient or insufficient insull
betes. .
actually responsible for occurrence of dia
~ In normal individuals, daily secretion of insulin amounts to 30-40 units, which is at:\oa:
25% of total pancreatic content. The pnnc:ple factor that evokes insulin secretion is hig
blood glucose: concentration.
6.10:1 Structure of Insulin - . .
- In 1953, Sanger (Nobel Prize w:nner of 1956) identified the amino acufi sequencekgf
_insulin, Insulin molecule consists of 51 amino acids and its molecular weight is ~ 6kD.

A molecule of insulin is a polypeptlde with two peptide chains, namely A and 8.

e Cham A contains 21 amino aads

. Cham B contains 30 amino acids.
Chain A is linked to chain' 8 by disulfide bridces at posmons As-B7 and Ago-Big. The

 insulin molecule also, shows the presence- of intrachain disulfide linkage in chain A between
Agand Ay, [Fig. 6.6 (A) and (B)].

A-chain

B-chaln

(A) Structure of insulin. Open circles denote C-peptide
Gly C :
lle -
T Yak

Gle . Chaln A

Gin~ Q/nhCy! Thr - Ser-fle~ Cy!v Ser - Leu — Tyt - Gin — Leu ~ Glu - Asn — Tyt - Cys - Asn
| Leu - Val - Cys
His — Leu ~ Cys — Gly - Ser~ His - Leu - Val ~Glu - Ala - Leu ~ Tyr — Leu - ly

) Gly
Gln . ) Chain B |
] Glu
. Asn - : |
Arg
‘Tal
~lys—~ ~Thr ~ Tyr - Phe - Phe — Gly
Phe Thr - Lys ~ Pro ~ Thr~ 1yl

(B) Amino acid sequence of insulin molecule
. . Fig. 6.6: Human Insulin
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Structure of insulin shows very little species dependent variations. These variations are
most commonly seen at positions 8, 9 and 10 in chain A. :

Now-a-days, human insulin is prepared either by enzyme modification or by more
advanced techniques such as recombinant DNA technology. Porcine and bovine insufins

wera standard therapy for diabetes before human insulin became available.
6.10.2 Insulin Biosynthesis

Insulin + C-peptide

Mnture

L -.\:U granules s
SO A

e
PR,

endoplesmic |
 reticulum !

.
“, Immature® AR

granules .-
e ""‘ N4 vt
s~ *

Fig. 6.7: Schematic representation of the biosynthesis of insulin in a B-cell of istet of langerhans

The major insights into the biosynthesis of insulin were because of the discovery of
proinsuiin by D. F. Steiner in 1967, Insulin production occurs in the pancreatic B-cells of islet
of Langerhans. There are approximately 1 million islets of Langerhans and each Is composed
of around 3000 cells, in the normal pancreas. These constitute ~3% of the total pancreatic

mass. These cells also synthesize chromogranin A or an islet amyloid peptide but insulin is -

the most dominant secretion, Transcription and translation of insulin gene result in the
formaticn of a geptide with 110 amino acids. This peptide is called as prepromsulm Insulin is

“synthesized from preproinsulin in two steps. (Fig. 6.8)

Slgnal sequence

coc”
Endop|asm|c Golgl
H N e’ reticulum apparatus

Preproinsulin

C-peptide

A chaln
Proinsulin X .

2 3 e Bonain
Insulin
Fig. 6.8: Biosynthesis of insulin '
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li-ha : 3 ‘],Povpm sequence of:24- amino acrds, which is used only. to pass

membrang of endoplasmlc réticulum. The first step-involves the removal of its
e 24 amino atid sequence) from preprornsulln to form proinsulin in the
th endoplasmlc retlculum ‘and-its consequent packaging into the-secretory

" vesicle artus: Proin
vesrcles Gelg,,app he:formation .of two dlSUlfIde bonds. The second step

“is locke conformation by, th
" loclted ?'tstease ‘activity, which.femoves the center of the molecule in the form of

mlno aclds), formlng insulin molecule’ (51 amino acids). The insulin molecule

chain. Once secreted, insulin has a
iBpe trde cham bonded to'the A peptide ¢
qn P rnsullnase (found in liver and kidney) degrades msuhn

'6.10.3: Regulatlon oﬂnsulln Secr’etlon

nsulin secretron is regulatecl by 2 vanety of factors.

1. Plasma glucose. lnsulm secretron from P-cells is principally regulated by olasma
‘glucose levels..The: lncr‘eased glucose uptake by the pancreatic p-cells leads to an
'elevatron of ATP/ADP ratjo. Increased levels of ATP lead to inhibition of ATP-sensitive

" potassrum channels The net result is the depolarization cell membrane leading to
-lnflux of calcrum and exocytosis of insulin i.e. secretion of insulin.
2. Amlno acids: Leucine and arginine are potent stimulators of insulin secretion.
..A transrent rise in the amino acid concentratrons observed after meals also causes
,stlmulatron of insulin release.
3. "'Hormones Gastrointestinal hormones e.g. pancreaozymln, secretin and gastrin
"elevate msulm secretion by increasing preprornsulln mRNA levels and enzymes
|nvolved in the: processrng of prepromsulm Chronic increase in other hormones e.g.
"Agrowth hormone, placental lactogen; estrogen and progestins are also known to
increase.insulin secretion. ‘
.';Hermones like eplnephnne are |nh|b|tors of insulin release. Epinephrine suppresses
instlin secretion-even: in the presence  of glucose
4, .Pharrnacologlcal agents: Many drugs stimulate insulin secretion. Drugs such as
. sulfonylureas and- glucasidase rnhrbltors stimulate insulin secretion (For details,
please refer to section 6. 7).
6.10.4; Effects of Insulin on the General Metabolrsm
Insulm is.an. anabollc hormone with antrdrabetlc characteristics. Insulin shows profound

influence oncarbohydrate, I|p|d and protein metabolism.

) Effectsof insulin-on carbohydrate metabolism

Insulm \nﬂuences glucose metabolism in three major ways:
() By: lncreasmg the rate of-removal of glucose from the blood.

sulin. molegule has 86- amino atids. The proinsulin molecule -
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(i) 1By promoting its utilization and storage. '
(iii): By inhibiting its endogenous production.

The major effect of the above actions is hypoglycemra L€ lowenng of blood glucose.
concentratron by the followrng biochemical steps. :

Efféects of insulin. on glucose uptake. by tissues: Uptake -of glucose by muscles
(smooth skeletal and cardiac), adipose tissue, mammary gland-and. leukocytes is dependent
on |nsulrn

Many organs e.g. brain, kidney, nerves, erythrocytes, lntestmal mucosa and retina-do.not
require the help of insulin for the uptake of glucose ‘

Liver is a unique organ-it does not requlre |nsuI|n for the glucose uptake but rnsulln
strmulates glucose utilization in liver.

Insulin i increases glucose uptake byi mcreasrng the number of plasma:membrane glucese _
transporters (GLUTs). GLUTs are ina Contlnuous ‘state- of-turnover. Increase in the plasma
membrane content of transporters in response to insulin is because of an increase in the
rate of recruitment of new transporters into the plasma membrane. These are derived from a
special pool of preformed transporters localized:in the cytoplasm. GLUT1 is present in most
tissues, GLUT2 is found in liver and pancreatic f-cells, GLUT3 is in the brain and GLUT4 is

found in heart, adipose. tissue and skeletal muscle.

Effects of insulin on glucose utilization: Irstlin increases the rate of glycolysis in
muscle and liver. This is achieved by increasing the amounts of enzymes eg. glucoklnase,
phosphofructoklnase and pyruvate kinase and also. by actlvatlng these enzymes.

Insulin stimulates glycogen production by increasing the actwlty of glycogen synthet'ase

Insulin stimulates the pentose- phosphate pathway. by increasing the actrv:ty of glucose-
6-phosphodehydrogenase.

Effects of insulin on glucose productron' Insulin lnhlblts the. -enzymes . of
gluconeogenesrs e.g. pyruvate carboxylase, phosphoenol pyruvate carboxy Kinase and
glucose-6-phosphatase. Insulin also inhibits gluconeogenesis. by rnactrvatrng the enzyme
glycogen phoosphorylase.

(B) Effects of insulin on protein metabolism

Insulin plays a vital role in enhancing protein synthesis -from -amino acids and also
decreases the degradation of proteins, It is: also responsible-for stimulating entry of amino
acids into cells. Insulin plays a major role in the stimulation:of cell- growth:and replication.

Chp 61617
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(C) Etfects of Insulin on lipid metabolism

Overall effects of insulin on lipid metabolism can be su_mmarized as follows:

- (i) Decreasein the release of fatty acids from adipose tissue.

© (i) Decreaseinthe production of ketone bodies.

" Effects of insulin 6n'lipogen‘esis:

Insulin is a potent’ stimulator of acetyl CoA

- cafboxylase, the kéy enzyme in fatty acid synthesis.

" Bffacts of insulin on lipolysis: Insulin

:suppresses. the activity of the hormone sensitiva

" lipase. This way insulin inhibits the release:of free fatty acids from the storad fat'in adipose

tissues. It also plays an important role in d

liver. Insulin‘also increases.the formation 0

ecreasing the mobilization of fatty acids from the

f VLDL in fiver. Thus, insulin plays a central role in

. maintaining the normal levels of free acids. -
Effects of Insulin on ketogenesis: | Ketone bodies characteristi.cally.accumulate\

" Insulin suppresses thé act

vity of HMG CoA in the blood of diabetic patients. Prolonged

. 'syntheta'se, an enzyme ,'involved' in the exercise by a person with sedentary lifestyle

_ s}mthesis,-of ketone bodies. Th.is__w_ay_ insul
decreases the ketogenesis. '

in'| also results in the elevated jevels of ketone
bodies. :

bodies as they have elevatad levels cf}
enzymes that utilize ketone bodies in the |
peripheral muscle tissues. \

Effects of insulin on lipoprotein metabolism: Insulin secretion is vary essential for the

. proper utilization of ViDL a

nd-LDL in’ the tissues. This is the reason why diabatic patients

‘show -hiéher..tbncentrgtions of VLDL; LDL and cholesterol- in the olood. These high
_cdncentra’tions-are.respo‘nsiﬁle for-jthe-:pathogenesis of heart diséases (atherosclerosis).

6.11:5 Mechanism of Aetion on Insulin
High -glucose concefitrations evokeith

o release of insulin from pancreas; which is then

" transported via-blood to- various tissues. Target tissues of insulin such as muscles, adipose
. tissues etc. possess:specific ‘teceptors.for insulin. These receptors are prasent i the plasma

- membranie; Insulin binds to these specific
". and receptor results in:a series of ‘event

receptors. The interaction of a malecule of insulin
s, which ultimately leads to various ‘biochemical

 effects. There are three different mechahisms of insulin action.
1. Signal transd;iétio'n‘or trans,rhembrane signal induction by insulin: It involves a

cascade of biochemical eve;_iis itha

t ultimately results in biolog cal 2ffects of insulin.

. Insulin-endbles:the transgort of glucose and cations to cross the cell membrane, thus

‘changing in membiane ‘potential. Also there is activation of various second
Tnessgngers eg: G-prot‘e'ih‘s,f;dla‘;;ylglycerdl‘ and inositol triphosphate.
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I Insulin mediated glucose transport: This involves the binding- of insulin’ molecule-

to the receptor, which signals translocation of vesicles containing - glucose
transporters from: the intracelluar pool. These vesicles fuse ul'rl;th:' t.he- plasma
membrane and thus recruit glucose transportér_§ in the membranes. These glucose
transporters are “esiponsible for insulin mediated uptake af glucose by the ﬁell '

L. Induction of enzyene synthesis by insulin: Insulin is responsible for promoting the

synthesis of enzy'mes such as . glucokinase, phosphofruqtokiﬂa’jsg_ efc. Insulin

stimulates both transcription and translation- thus resulting ‘in an-iricrease in the - '

protein synthesis.
6.10.6 Insulin Receptars
insulin receptor is originally synthesizéd as a single polypeptide.. This POIy[:')‘eptide is

(eaved into o and B subunits, The c and B subunits are assembled afterwards. The half-life

of insulin receptor is 6-12 hours. Each . :
: . mammalian cell possesses on am ‘av
insulin receptors. -' . , " average 20,000

At a molecular leve), insulin receptor is a tetramer ie. it is made of fou

molecular weight of an a~subunit is 13,500 and: that of B-subunit Is. 95,000, a-subunit is

extracellular and contains insulin binding site whereas, B-subunits has-a ‘transmembrane-

protein (Fig. 6.9).

Insulin N

a-subunit
* Extra cellular
“ceo - e o
3 - - COO
1 .
s S §
H:N - RERER, S e it
R, . i
Fla - .
mmzrrnaane . _ o\ pesubunit’
-3 % Transmembrane domain’
Tyroslng ~ = = .
kinase = = _
domalin ) % . % Cy(oplasm‘
00C . COO” :
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. a-subunit shows negative co-operatMty i.e. ‘binding of one insulin molecule decreases

lin molecule leads to an activation of
f .second molecule. Binding of. insu
-’ b";d::rg\asoe activity on: B-subunits. Then activated-protein kinase further transmits the
trosh he cytoplasmic proteins.

QUESTIONS »

. Define diabetes. Explain its various types.
Write a'note oh juvenile onset diabetes.
What is the rationale behind screening of Hbazc ~ in diabetic patlents?
What is meant by OGTT? What is the prerequisite condition for the same?
Explain in detail - metabolic changes occurring in diabetes?
Give a brief account of the complication in diabetes. Write the biochemical bases for

-.m's-n.hsu!v:—-

the same. ) .
7. Explain the different measures necessary to take the different types of diabetes.
' A
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+ LEARNING OBJECTIVES ¢+
*  Recognize the Application of the Concept of Oxidation reduction in Biochemical Science. .
o Understand Components, Cellular Site and Working of Electron Transport Cﬁawa '

»  Know Site, Process; Mechanism, Inkibition and Energetics of Oxidative: E’ﬁwpﬁoryﬁman in
 Mitochondria and detailed Account of ATP Synthesis and ATP Cycle.

. Understand Theories of ATP Synthesis and about High Energy Compounds.
*  Know the Concept of Uncoupling in Brown Adipose Tissues.

Mltochondna are the sites of oxidative phosphorylatlon ln eukaryotes It was discovered
in 1948 by Eugene Kennedy and Albert Lehniger. Mitochondrian has appropriately been
termed the 'Powerhouse’ of the cell, as it-is within this organelle’that most of the capture of

energy derived from respiratory oxidation' takes place.

Oxidative phosphorylation (ATP synthesis) driven by electron transfer to oxygen is the
most important energy transduction reaction in the biosphere. Oxidative phosphorylation is
the end of energy yielding metabolism in aerobic organisms. All the enzymatic steps in
oxidative degradation of carbohydrates, fats and amino acids in aerobic cells converge at
this final stage of cellular respiration, in which electrons flow from catabolic intermediates to
O, yielding energy for generation of ATP from ADP and Pi.’

BATIONERER GO

In any bjochemica! reac‘tlon,
A compound is said to be oxidised when:.
(i) Itloses hydrogen or an atom having relatively less attraction for electrons
(i) It loses one or more electrons,

{iii) 1t combines with oxygen or other atoms havmg a strong attraction for
electrons. :

A compound is said to be reduced when;
()  1tgains hydrogen or an atom having relatively weak attraction for electrons.
(ity It gains one or more electrons. '
(i) It loses oxygen or other atonis having a strong attractioh for electrons

Chp7]7.1
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Biological Oxidation
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Oxidation of the various compounds in the body brings about & free energy change
(release). Generally, compounds of high energy levels are converted into compounds of low
energy Jevels after oxidation. A portion of energy re|el.ased in the form of free energy. is
ysually stored in.the body:in the form of certain energy rich compounds like adenosine
qriphosphate (ATP), while the remaining portion of energy is liberated as heat.

Most of the oxidative activity of the cell takes place in the mitochondria. Little oxidative
activity is also present in microsomal and cytosol fraction.

The electrons lost in oxidation are accepted by an acceptor which is said to be reduced.
Thus, oxidation-reduction is a synchronous process going hand in-hand.

the inner membrane and the intermembrane space, the cristae and the matrix. (Fig. 7.1)

Outer mitochondrial membrane

Matrix
Phosphorylating subunit
~ ATP synthetase compley

nner membrane
ETC assembly
Cristae

Intermembrane space

Fig. 7.1: Structure of mitochondria (showing carriers of electron transport)

Mitochondria like gram-negative bactéria have two membranes: The outer membrane,

chp7]|72

g_igg\emistly (B.Pharm. Sem. 1I) Biological Oxidatior

The outer mitochondrial membrane is readily permeable to small moleculés-and ‘ions
through its transmembrane channels. Whereas, inner mitochondrial membrane is
impermeable to most small molecules and ions including protons (H*). The only species
crossing the inner membrane bears the components of the respiratory chain and the surface
arez of the inner membrane is greatly increased due to folding in the form of cristae, The
inner surface of the inner mitochondrial membrane possesses typical particles. They look like
a stick and a bead on its top. These particles -are phosphorylating subunits. The ATP-.
synthesis takes place in these particles. The space enclosed by the inner membrane contains
mitochondrial matrix. Matrix contains enzymes of citric acid cycle, fatty acid B-oxidation.
patnway and pathways of amino acid oxidation, pyruvate dehydrogenase complex. In short,
all the pathways of fuel oxidation. '

7.4 RESPIRATORY.CHAIN ]
The cells of a eukaryote contain, intracellular organelies called mitochondtia, which
produce ATP. Energy sources such as glucose are initially metabolized in cytoplasm. The
products are imported into the mitochondria. Mitochondria continue the process of
cgtabolism using metabolic pathways including kreb cycle, fatty acid oxidation and amino
acid oxidation. '

The end result of these pathways is the praduction of two kinds of energy rich electron
donors, NADH and FADH;. Electrons from these donors are passed through an ETC t0
oxygen, which is reduced to water. This is a multi-step redox process that occurs on
mitochondrial inner membrane, '

The mitochondrial respiratory chain consists of a series of electron carriers as
components. All the components of the - respiratory chain are located on the inner
mitochondrial membrane. The inner mitochondrial membrane can be disrupted into five
distinct respiratory enzyme complexes ~ namely complex 1, I, I, IV and V. Complex I to IV '
are carriers of electrons, while complex V is responsible for ATP synthesis.

Each component of the chain can accept electron from the preceding one and transfer
them to the next in a specific sequence. Some of the reactions in the sequence transfer one

electron and others involve transfer of pairs of electrons. Whatever may be the mode of

transfer, the term reducing equivalent is used to designate a single electron equivalent that
is transferred in an oxidation-reduction reaction.

The enzyme ccmplexes (I - IV) and the mobile carriers are collectively involved in the )
transport of electrons which finally combine with oxygen to preduce water.

Respiratory chain: The sequence of enzymes and carriers responsible for the transport
of reducing equivalents from substrates to molecular oxygen represents the respiratory

chain.
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mea'strr'e',bf tendency of the redox pair to lose or gain

- frée energy exchange (AG') is proportional to the

osrt e redox potentlal represents the greater tendency to accept
negatwe redox potentral represents the greater tendency to lose

[c] <empaun s;of resplratory chaln, arranged in, the order of increasing redox
' 'wn In the; followmg flow sheet:

Cynide
Ralenona sodlgmazlde
Plertzr1 InA o AnfimycinA Carbonr'nonoxrde
i NAD-—»FMNi»coo ——»cytb-LCyt c,—»cn ¢ —»Cyta—»Cyta, >0,

(S'}tepll) e (Site ll)

(Site)

'FM‘N"-EFlavin menonudeotlde, Fez"S reduced iron-sulfur center, Fe>*S - oxidized iron-
sulfur: center, cyt cytochrome,:CoQ - Coenzyme Q.

Biochemiistry (B.Pharm. Sem. )

(AH: ~Reduced substrate)
Cyt(s)= Cytochromes

resprratory chain and related electron. carrlers is shown |n 'I'able 7 1

The part of free energy so released during. electron passage on inner: mltochondrral
membrane is utilised by the ATP synthesizing i enzyme (ATP: synthetase) and ADP: and Pl
present in the granules (phosphorylating subunrts) to: generate ‘ATP. The remammg free
energy is released in the form of heat ‘ :

Overview of the Pathway

Succinate  Fumarate

"ADP + Pi ATP + H,0
an’

Chp 7|74
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r’%ecluctlon potential for resp"m"y chain and related
~ stan © ¢arriers

Table 7. 1

’ émist .(B;Pharm. Sem, I} .

electron

r
i" Eo(V) l‘
Red‘ox;Potentlal ‘(half reactron) . —T"_—O_jiﬂ—_]
1. /”—" ? : "o
' 2_' ' NADP +H+ 2e —>NADPH — 0324
B NADH dehydrogenase (FMN) + 2H + 2e- — NADH de-ydrogenase -030
* o —— e —
: Ub|quln0ne + ZH + 2e" -~ Ublqumol o
el ytOChrome b (Fe’ 4 e me 0 (F_ez’) 0.0771
- cytoChfome Gi (Fe )+ e -)nyt chrome ¢y (Fe™) 02.2
5 S34y -,_>Cytochromec(Fe ") . | case]

i 'formatrcnvof KTP or GTP by diract transfer -
another phosph:n.lated compcunds

cker; less efficient sLrcs of ATP formaticn.

idative phosphory.atan 'n the body.

and produce ATP through the substrate level

le ’nd brain receive energy tnrough substrate level

‘./fv;;th,e cells, has two steds ¥ herein ATP: productron'

coiysls- L - ;
—— 3- C glycerate + ATP
) phoglycerate kinase -

: Pyruvate + ATP

S“PZ Phosphoehol pyruvate pyruvate Kinase

.~ Where ' - stands for phosphate PO,

s bstr"e l.evel Phosphorylation in Kreb Cycle
b e which takes: ptace rn the mitochiondrial matrix produ
evel phOSphorylatron : _ .

L Chp7176

ces GTP by substrate

-772P O Ratio

Biochemistry (B.Pharm. Sem. I
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Succinyl CoA. + GDP + P —— Soccrnate +’ GTP ;
succrnyl synthetase ¥ COA

Creatine phosphate in the. muscles breaks doWn to donate phosphategroup 10’ ADP

which produces ATP when body- requrres energy currency of ATP :
Creatirie phosphate + ADP “Creatine: + ATP w

: creatine: phosphoknnasa
Itis also krown as ATP-creatine phosphate systém. .

Substrate level phospnorylatron is also observed:in fermentatlo Vproc '

transport cham is known as - oxrdatrve
mitozhondrial membrane is the site of oXi
through electren transper: chain is finke
7.7.1 Sites of Oxidative Phosphorylatron
1. Between NAD and FAD. .

2. Betwean Cytb and Oyt G

3. Betwe=an Cyt a; and Oxygen ‘

Each one of the al:ove represents 2 couphng site.f ATP productron, Ea

Itis defmed as the rumber of lnorgemc

7.7.3 Energetics of Oxrdatlve Phosphory[atlon
The transport of electrons across the entrre resprra 'ry charn may-bew

It may be. represented in the form of an equatron as follows
1 0, + NADH + H' = H;0 + ‘NAD"- _

The redo< potential drfference between these two. redox palrs is (1 14V)

It is equr\alent to an energy 52 cal/mol ‘ '

Chp7|77
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The energy of “hydrolysis of ATP .is:'7,,3 .'f':a-l'. §in;e__three ATPs ,are synthesized in the
electron transport chain when NADH is O)fld}S:Qd, ._lt is gqq__a! to 2}.9 cal.
Hence, tha 'sficlericy of ériergy cohservation is calculated as:
29x100 . |

52 . T ‘ ’
. Hemhce, ‘abiout 42% of. energy is trapped if NADH is oxidised in the form of 3ATP and

remaining Is lost as heat.

SNIGARRIER: ED
7.89;0,?11’2?‘0'?:;::;;::;::::S:lseotide is. vitamin niacin. Two 'biochemicalily active fornl;; gf
this. vitamin, -namely NADH and NADPH are wa.ter soluble ghlectron _carc;wers. The NADH is
mqre.ac,t'ugly‘..iqyp[ygg.j,ri._glltqgtr_‘qn:_t_[gnsfgr cha‘uz_. The revz_e_r_sglble _c{ghy rogenase len:yme
redyces, NAD" fo NADH?, Thus, NADH acts-as-a diffusible carrier which tra:s'por':s;\ f) 'e;l:_' rons
dtdfom cuabol o ol st of oy o CE L
gl!\f;tll::ﬂ?ofa:;l::hg:bwft‘:\pﬂ::shilp of ifs__ specific enzyme, oxido-reductase, commonly
known as dehydrogenase. The general reactions are: .

| AH, + NAD* s=== A + NADH + H’

BH, + NADP* =B + NADPH + H*
- where, AH, — Reduced substrate, BH; — Reduced substrate. |
Some of the examples of the reduced substrates include —~ pyruvate, glyceraidehyde-3-

phosphate, isocitrate, malate, a-ketoglutarate, lactate for NAD linked dehydrogenase.
" H

0 - Ho H 0
Z . 2 - cZ
' : NS

* - 20

N
FIQ NADH (reduced)

T NH, "

RSP SPS I </N]\/KN Adenine
o N7 _

NAD' (Oxidised)

Fig. 7.3: Nicotinamide nucleotide

Cp7]78

P N S

Biochemistry (B.Pharm. Sem. I . Biological Oxidation

7.8.2 Flavoproteins : o o
Flavoproteins are enzymes that catalyse oxidation-réduction reactions Gsingeither flavin
mononucleotide (FMN).or flavin adenine dinucleotidé (FAD) ‘as-a ¢ofactor. Thege cofactors
are derived from the vitamin riboflavin. The isoalloxazine ring of flavin nucleotide undergoes
reversible reduction accepting one or two electrons in the form of hydrogen.atom.
Flavoproteins contain very tightly bound, sometimes covalently bound nucleotide, either
FMN or'FAD e.g. in the enzyme succinic dehydrogenase residing -on inner mitochondrial
membfane. '
Succinic dehydrogenase

Succinate + FAD

s Fumarate f.-'FAsz _

Isoalloxaziné ring

{ ]

- B V -
CH, H +e
| . & -
CH, NN ' c
, ) FADHI' (FMNH')
FMN | {semiquinone)
4 -
k H +e
FAD : M i .
o]
CHy; N T
: O S:
NH, CH, N N/ko '
XN . R
I FADH, (FMNH,)
Lz . {fully’reducad)

OH OH
Flavin mononucleotide
Flavin Adenine dinucleotide (FAD) and its reduced form, (FADH,)
Fig. 7.4: Flavoproteins . :
Iron Sulfur Proteins .

Iron containing electron transfer .proteins contain iron in association with inorganic
sulfur atoms of Cys residues of protein. About 5 to 6 iron sulfur proteins associated with
respiratory chain are known today. These Fe-S centers range fiomi simple structure with
single Fe atom to structures with 2 or 4 Fe atoms in it. They exist in oxidised (Fe**) or

reducéd (Fe?*) state.

e e
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' i i i ins is nct very clearly- understood. fron

The mechanism of action of iron sulfur proteins is nc ea nds
sulfyr -protein -assogiated with-cytochrome.b and cytochrcme ¢; participate in the transport
of .electrons, Whereas. one Fe-S protein is also known to trensfer electrons from FMN to

co-enzyme Q.

. Protein-

Fig-:J.S: lron'sulfdr'proieins

Co-enzyme Q'
R : o)
' CH
H.:,CO 4 (]3H3
" H,CO (CH, —CH = C— CH,), - H
¢)
Ublquinone (Oxidised form)
o CH_
l - .
CH,;0 (CHy—CH = C — ZHylyo - H
Ubijuirone (UQ)
CH.0O CH, (fully oxidized)
3
[o}
‘lkH‘ +e -
o.
CH,O R Semiquinore radical
' UaH")
CH,0 CHy

- Utiquinol (IJQH,)
(4uly reduced)

Fig. 7.6: Ubiquinone (or Co-enzyme Q), Complete reduction occurring In two steps, through
- semiquinone radical intérmediate formation

Chp7[7.10
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transport chain. .
" Cytochromes are also found on the thylacoid membrane of chioroplasts and plasma

Biochemistry {B.Pharm Sem. 1)

giological Oxidation.

Co-enzyme Q is a fat soluble benzoquinone with a long isoprenoid side chains. It is also.

kncwn as unbiquinone, since it is ubiquitous (present everywherej in the living cell: Its -

structure is closely related to plastoquinones found in chloroplast. This carrier of respiratory
chain links the flavoproteins to cytochrome b. L
Unbiquinone can accept one electron to become the semiquinone radical UQH or two
electrons to form ubiquinol (UQH,). Hence, like flavoprotein carriers, it can junction between
a two electron donor and one electron acceptor.
Quantity of ubiquinone in lipid bilayer of mitochondrial membrane is more ‘than: any
other carrier of the respiratory chain, S
7.8.3 Cytochromes _ . el e
Cytochromes are heme containing electron transfer proteins of mitochondrial inner
membrane. The heme group contains four porphyrin rings with the.central.core of iron
atom. .
There are three classes of cytochromes distinguished by differences in their light
absorption speczra. They are designated &s a, b and ¢. The iron of heme in cytochromes-is
reversibly oxidised (Fe’) and reduced (Fe’”) for the transport of electron in electron

membrane of bacteria. :

The electror transfer occurs from co-enzyme Q to cytochromes in the following order:
je.bo¢ c-—ma-a, : '

Cytochrome C: It is ubiquitous (i.e. present everywhere in nature). It-is smaller in size
with 104 amino acid residues. . .

Cytochrome Oxidase: The cytochromes a and a; are collectively called as the
cytochrome oxidase. It represents the terminal of electron transport chain. The heme iron of
cytochrome oxidase directly combines with molecular oxygen. This oxidase also contains
copper ions that undergo oxidation-reduction as Cu?* === Cu" during transport of
electrons. :

7.9 THE WORKIN! PIRATORY:CH

The components of respiratory chai
potential from left to right as shown {earlier) in the flowsheet. _

The respiratary chain in mitochondria starts from the NAD linked dehydrogenase system

on the one hand and via cytochromes to the molecular oxygen on the other hand. -
initially, the substrate molecule is oxidised by NAD linked dehydrogenase. NAD transfers

BRI TR )

its hydrogen tc FAD requiring dehydrogenases. The hydrogen is -then passed -on to 3

ubiguinone (co-enzyme Q). Thereafter, hydrogen undergoes jonisation to release two
protons (H") and two electrons (e7), Subsequent portion of electron transport chain carries
only electrons. Since a molecule of hydrogen releases two electrons and one cytochrome
can accept only one electron at a time at its Fe’* and gets converted to ngf, hence.
thereafter, 2 mcles of each cytochromes are required for 2 electrons. Thesé eléctrons’are
thereafter successively transferred to Cyt bycy, ¢ and Cyt a + a; (also known as cytochrome

cxidase) and finally come in contact with oxygen and protons forming H;O‘molec(ilé.-
Chp7]711
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ivély-*meret positive. fédox
ox petential.- Hydrogen or.
of positive redox potential

cathre_d‘-lﬁ the form of ATP, provided
p.synthetase. There are three sites of ATP

hanism . by .which -energy released in one
channeled into second endergonic-reaction
to’ understand " the process of oxidative
ysical. and. chemical changes that result from

’ p\utfiii_fo.r.wérdfto explain ‘the process . of oxidative
\t among them are: chemical coupling, conformational

later/in: 1953. 1t states- that, series of high energy
nergy intermediates) are initially synthesized during
sitatary chain. These intermediates are utilized for the
: , te iate formation are similar to substrate. level
king place in glycolysis-and TCA cycle.

tolack to.experimental evidence, the hypothesis is not yet proved as each and
<o far to-isolate: any-one of the high energy intermediates have not been

yer in 1964. According to this hypothesis

nge.in.membrane proteins. This according to Paul

The protein attains a high energy conformation

otein reverts back to a random state of low energy
-ADP-and Pi. _

on :the. basis_ of research work stating evidence of

ins of mitochondria.
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create a-proton gradient across the:

~ Thus, there Is a building up of-bﬁe’félli.;'jrogchggradiqpt. e

" This -;bypbthe'sis proposes t_ha_tifih ':é’ﬁe

is used:to- drive ATP synfhesis. Thué,'"fﬁnjct, :
oxidative. phosphorylation is done by.the pro o
out by the enzyme ATP - synthetase:preséntion

The électron transport down the respirat
to be pumped out of mitochondrial matri
the intermembrane space by the ‘three
cytochrome be; ‘complex and..cytochro
higher coricentration of H* jons-in remb
makes the side of inner, mitockoridrial membrane:

The protons flow back into mitochondrial matrix through ATP synthstase and this drives
ATP synthesis. The ATP synthetase:is-driven by prb__top;motive.:_,for'ééawhich is the sum.ofipH’

gradient (i.e. chemical gradient of H* ions) and the membrane potential. - -
(intermembrane spacs) - . {Mitochondrial Matrix)

+

(HDou=Cy H)n=C
H' OH

H OH
H oH"
H OH™
+ -
H OH
+ -
H OH .
+ - ) -
H oo OH
‘ - H _—
H OH
H‘ QH'
H OH".

Mitochondrial

inner membrane

- :Fig. 7.7: Mechanism of oxlddilﬁle;p
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Fig. 7.8 shows the ||kely organlsatlon of the sub-unit to form conducting.'F' portion and
he ATP synthesizing *Fy unit'of: ATP synthetase enzyre. Fy is made up of three subunits and
Fo's made up « of proton channel :

AR Membrane

nthetaseé complex

n gradlent
t'by-t-ie availability of ADP Addrtlon of ADP.

nsumption-as: electrons flow down the. chain

tion is car-ied out by. the mem rane bound -
ntin 1he-complex V. Thrs enzyme “has:also’ the

bly{(ATPase activity).
s made up’ of two-functional subumts F and

e —p_és{age of the protons from intermembrane
age af protons into the matrix leads to the

thetase. " ‘
L ChpT|74
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;,hen all 'he ADP has been phcsphorylated =

 oxidative phosphorylation.
‘ trensport them across the: membrane. Theel" '
H” ons into mitochondria. This way. it i

-from electron transport is. released as heat: T
, thermogenesrs S

- speuallsed type of adrpoee tissu
- and back portion of the body”

Biochamistry (B.Pharm. Sem. 1l) Bnéldg" cal Oxidation-
S EN e B e TO ST ERs, '
1. The intact mrtochondrral membrane is ableto

K", CI"and OH".

3. Proof of ATP generation by mcreasmg H ron concentratron by addlng HCl on' the.”
outer side cf mrtochondrra L

hyoothesis.

fi”"* gl opelar

oxygen consumptron In thls way, DNP uncouples -or-delinks: !

The DNP is lipophilic or Ilpld soluble small molec
gradiant across inner mrtochondrlal ‘mem carriés the

qy .deri_ved '.
g is called

As no proton gradient-i is formed n

uncouplmg of electron transport: :
unrque membrane bound protex
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7.14.2 lonophores -

The groitp -of lipid -soluble o lipophilic substances -are called as ionophores. They
ons across the biological- membrane, e.g. antibiotic valinomycin,
for K* ions.- Both compounds have the capacity to disturb the
s the inner mitochondrial membrane and uitimately inhibit the

promote-the transport of i
nigercin act as ionophores
- proton gradient formed acros

" oxidative phosphorylation.

7:14.3 Atractyloside )

This is a plant toxin. It inhibits oxidative ph_o_sphorylation by indirect mechanism.
A Fon-stop Hhosbhorylatid'ri'iri initochondrial matfix can take place only in presence of an
adequate quantity of ADP, Pi and transport of ATP into the extramitochondrial system. The

passage of ATP and ADP occurs with'the help.of adenine nucleotide carrier system.

‘Atractyloside inhibits adenine nucleotide- carrier. This way it blocks an adequate supply .

of ADP: Thus, phosphorylation is irhibited in the absence of ADP.
'7.14.4 Oligomycin

Antibiotic oligomycin stops or prevents mitochondrial oxidation and phosphorylation. It
blocks the proton H' channels by binding _with the enzyme ATP synthetase, This way
anfibiotic prevents the re-entry of protons into the mitochondrial matrix, This gives rise to
accumulation of protons into the intermembrane space. This stops the electron transport
chain’ as protons cannot be pumped out against a steep gradient. The inhibition by
oligomycin shows linking between two processes; electron transport chain and oxidative

phosphorylation.

e 09,‘” s

40 a0 B
ong to the class - oxidoreductase.

All enzymes carrying out biological oxidation bel
There are five:groups as follows. .
" “1, Oxidases

2. Aerobic dehydrogenase
_ 3. Anaerobic dehydrogenase
4. Hydroperoxidase'
5. -Oxygehase.
1. 'Oxidases: Function of oxidases is the removal of hydrogen from the substrate which
" is accepted by oxygen to form water or H,0;. The examples of oxidases are:
(l) . Cytochrome oxidase (product is H,0)
"+ (i) - Ascorbate oxidase (product is H;0)
(i) Amino acid oxidase (product is-H,0,)
Chp7]7.16
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2. Aerobic dehydrogenase: These enzymes are flavoproteins containing FAD or FMN
as the prosthetic group. The product of aerobic dehydrogenase - catalytic oxidation
is-H;0,, e.g. xanthine oxidase. - : '

3. Anaérobic dehydrogenase: The oxidation-reduction reactions carried out by these
enzymes are in the absence of oxygen. The reversible transfer of hydrogen from.one
substrate to another-is brought about by these enzymes. '

e.g. () FAD dependent dehyd!'ogenase ©.g. succinate dehydrogenase.
(i) FMN dependent dehydrogenase e.g. NADH de.hydro'ge'nase._ .
(ii). NADP* dependént dehydrogenase eg. HMG CoA reductase.
{(ivy NAD®dependent dehydrogenase e.é. glycerbl-B-P-dehydrogengse. -

(v} The cytoctiromes: Namely the cy_tochromes-of electron transport chain '
except the terminal cytochrome oxidase (a + a;) belong to this group.

4. Hydroperoxidases: These énzymes act on hydrogen peroxide and detoxify this
_ harmful compound which is produced by the action of aerobic dehydrogenase (asa
product). The examples of hydroperoxidases are:

(i)  Peroxidase

(i)  Catalase.

5. Oxygenase: The direct incorporation of oxygen into a substrate molecule is carried
out by catalytic action of oxygenase. e.g. L - tryptophan pyrrolase.

two classes:

(i) High energy compounds

(i) Low energy compounds.

The high energy in these compounds is restricted to some atoms or bonds and not
distributed in the whole molecule. . '

It was Lipmann who suggested to use the symbol (~) to denote the high energy bonds.
The symbol (~) also represents the group of transfer potential since groups or -bonds
attached to this bond transfer large quantity of free ener.gy to the acceptor molecule or

atom.

Chp 7717 )
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Al su¢h compounds are classified into high energy class, if-the free energy of hydrolysis

is -atleast 7.3 keal/mole -or more-at pH 7. The 7.3 keal/mcle represents the energy of
hydrolysis of ATP. Whereas certain other compounds which literate less than 7.3 kcal/mole

 energy of hydrolysis are termed as low energy compounds.

'In short; substances capable of ATP formation are high energy compounds.

The high energy compounds like phosphoenol pyruvate, 1,3, biphosphoglycerate,
bhosphocreatine ete. liberate more energy than that of ATP 01 hydrolysis. Most of the high
energy compounds contain a phosphéte group. Hence, they are also called as high energy
phosphates. Acetyl CoA is an ex_ahplé of non-phosphate high energy compound. For details

. please refer to Chapter 4, Page No. 4.5. )

Table 7.2 shows-some exémples of high energy compounds; w,h'ereas Table 7.3 gives
energy of hydrolysis of some"energy rich compounds,

" Table 7.2; Examples of high energy compounds

l Class . Bond Example(s)
L Thiolesters CI? | Acetyl CoA, acyl CoA
(thioesters) —Cc—0~5—"
2. Guanidino phosphates IN p ' . Phosphocreatine
’ Phosphoarginine
—CH
3. Enol phosphates ' I Phosphoenotl pyruvate
. . H=C— o\/@ |
4. ‘Acyt phosphates i Acetyl phosphate,
(Carboxyl phosphates) : 1, 3 biphosphoglycerate
_ o ' carbamoyl phosphates
) ¢}
5 Pyrophosphates . g ATP, pyrophosphate,
6. Bketoacid ' o Acetoacetate (R = CH;)
. R— Il ~CH, COOH
where @ = Phosphates
Chp7}718
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Table 7.3: Standard free energy of hydrolysis.of compound- " :. = "°

Compounds AG® {cal/mol)

' High Energy Phosphates -
li Carbamoyl phosphate -123 :
! Phosphoenol pyruvate -148 _
Cyclic AM? -120 1"
: 1, 3 hiphosphoglycerate ~11.8 -

Phosphocreatine : -103

Acetyl phosphate ~103 -

S-Adenosyl methionine -10,0

Pyrophosphate -80 .

Acetyl CoA -7.0 B

ATP — ADP + Pi -73-

Low Energy Phosphates :

ADP — AMP + P; -66
i Glucose-1-phosphate -5.0 R
{ Fructose-6-phosphate -38 R
i Glucose-6-phosphate -33 -
i _Glycerol-3-phosphate -22

The amino acid esters of sRNA, diester phosphate linkage ih nucleic acid and -acyl

imidazoles possass additional high energy type of linkage. ‘ -
ATP is the energy currency of the cell. It is formed during many catabolic eriergy yielding
reactions and utilized during many anabolic energy requiring reactions.
Table 7.4: Low energy compounds

L __Class Bond Example
Peptide o) ) '
I Proteins.
R—C—NH—R _
Glycoside H—C-—OR Polysaccharide R
Phosphoric ester R—O0—PO; H; Hexose, pentose, triose| !
phosphates, AMP. v

ATP is a unique high energy compound. This compound is made up of adenine, ribose .
and triphosphate species. ATP is also formed concurre
energy compounds like creatine phosphate. gnergy |

ntly after the breakdown of other high .
in high energy bonds of ATP is also

utilized for the synthesis of many phosphodiester bonds.

1. Creatine ~ Phosphate

ADP + Pi

ATP

—— Creatine + Phosphate ~ S o

2. ATP + glucose —— Glucose- 6 - P+ ADP + Pi

Chp 71719
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miand. anabohsm

. Animal cell‘s ‘obtain free: energy:-in-the
..chemical form:..by- catabohsm of
'nutnent molecules and use. this
, 'energy ‘to rnake:ATP From: ADP and
ATP ‘then  donates some. of its
chemrcal ‘emergy 10 endergonic
reactions :for -the ‘synthesis.  of
metabolic intermediates -and macro- .
_molecules ‘from smaller. precursors
and also::for the transport of
substances:  across membranes
- against: the. concentration gradient
and “for - -mechanical motions hke_
muscle conitraction.
In’ general the _ function of
; coupling: - of ‘energy.- of - ATP
" breakdown _to energy ‘consuming .
substrate transformations :is carried
out not by ATP hydrolysis, but
through: transfer o f phosphate: and
.. adenylate from ATP to-a substrate or
“enzyme molecule. 4
. Theenergyof hydrolysis of ATP'is 7.3 keal/mole. o
ATP + H,0— ADP + Pi +7.3 keal. " Fig. 7.9: ATP-ADP cycle

Besides, ADP-can accept high energy phosphates from compounds having higner free

energy conitenit to form ATP.
In other.words, we can:call ATP as the immediately available energy currency of the cell
which is constantly being utilized and regenerated as per cellular demands.
NH,

N NN

Ssl

(High energy relsasing bonds)

Triphosphate

OH OH

. Ribose
Fig. 7.10: Structure of ATP
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Bro]oglcal Oxudatuon,

The above mentioned reactions ‘are in fact represented in ATP-ADP ~cycle.. These

: jrepresent the basic energy exchange ‘reactions in the living cell.

A 65kg resting man consumes about- 40, kg- of ATP per day The rate. of ATP

consumption increases during strenous activities.

The cycle also deserves a special mentlon of creatine’ phosphate The ¢ excess of energy in-

the body is stored in the form of creatlne phosphate It is one of the high.energy compound
in muscles. Creatine m muscles is phosphowlated whenever there is an, excess of celfular’

energy.

Creatme +ATP === Creatine ~ Phosphate
The creatine phosphate is hydrolysed rever5|b|y whenever cell requrres energy.

The core molecule of ATP cycle can be synthesized in.two ways.

1. Oxidative phosphorylatlon (discussed earller ln the same chapter) It serves- as.
. the major source of energy for aerobic organisms.’ :

2. Substrate level phosphorylatron' It can be defined as ‘the-direct synthesis of ATP
during breakdown of high energy compounds like phosphoenol pyruvate 13,
brsphosphoglycerate succinyl CoA', etc.

e.g.

L 3-bisphosphoglycerate Phosphoglycerate kinase

y-3- phosphog!ycerate (glycolysls)

M924-
ADP + Pi - ATP

Pyruvate kinase

Phosphoénol pyruvate » Pyruvate {glycolysis)

ADP + Pi ATP.
Thus, vicious cycle of ATP-ADP goes on and on-in the living cell to furnish cellular
demands.

k¢ L Wi 4 A 7 AN
1 Laber s heredltary optlc neuropathy (LHON)

Al the five enzymes of the respiratory chain ‘are encoded by 37 genes of the circuiar
mitochondrial genome or DNA. The remaining genes of the mitochondria encode for the
ribosomal and transfer RNA molecules required for the protein synthesis in mitochondria;

Mutations in the mitochondrial DNA are known to cause the human disease called as
Laber's hereditary optic neuropathy {(LHON), Although-a very rare genetic disease, it affects
the central nervous system including the optic nerves. It causes a bilateral loss of vision due
to neuroretinal degeneration. '
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[éEpilepsy and Ragged Red Fiber Disease (MERRF):

This inborn error of metaboflism is caused due to the mutation in the mitochondrial gene
that encodes a-transfer RNA. The clinical signs-of-the disease- are uncontrollahle muscular
j'erking due {o defective production of many mitochondrial proteins. The skeletal muscle

fibres of iqdivi
shépez

QUESTIONS

1 ' é).cpia;ir{'thé structure of mitochondria: Draw and label the necessary diagram.
2 \Write a note on the Electron transport chain.

3, Give only the flow sheet of electron transport chain, with special mention of various

4,

inhibitdrs and their sites. ~ _ o -
Define oxidative’ phosphorylation. “What s’ the’ celidlar site of oxidative

. phgsphpryjation? _

Describe in detail chemiosmotic hypothesis of oxidative phosphorylation.
Give an 'a'ccount,.ofvehergeti'cs of oxidative phosphorylation.

. What is meant by electron -éarri_ers of respiratory chain? What is the mode and

: seqUehce of electron transport across the respiratory chain?

10.
1L

12,

13..

14

. .15,
.._:_:15;,
17
o180
Lolen

" Write short notes on: .
(a) Chemical coupling hypothesis. -
' (b) Conformational coupling hypothesis. -

(© Nicotinamide as an electron carrier.
(d) Iron sulfur proteins.
() ATP synthesis.

Explain the’i'_ole'of_fl'avopvroteihzs in the Electron transport chain. | ‘
What is meant by cytochromes? How de they participate in the respiratory chain? '
Explain in detail working of respiratory chain in mitochondtia with a special mention
of various sites.of ATP synthesis. :
Define oxidative phosphorylation. Write a note on P: O ratio. .
vEprain the rple:’:played by co-énzyme Q in‘the electron transport chain.
Describe the respiratory COnt'I'Cf)l of oxidative phosphorylation.
‘Explain in detail Inhibition of o”_xidative phosphorylation. _
Give an agcount of enzymes: participating in oxidative phosphorylation.
Explainvin detall High Energy Compounds'
Discuss ATP - ADP cycle.in the biological system.
Give.adetalled account of inborn errors of oxidative phosphorylation.

’ SR : ' ) -]

duals with MERRF have abnormaily shaped mitochondria i.e. paracrystalline .

| Chapter ... 8
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METABOLISM OF LIPIDS

+ LEARNING OBJECTIVES +
*  Appreciate Distinct Nature of Metabolism of each Class of Lipid, - :
o Understend Conversion of Cholesterol into Steroid Hormones, Vitamin D and Bile Acids.
*  Know Importance of B-oxidation and Energetics refated to it. '
*  Apprecicee, Significance and Synthesis of Ketorte Bodies.

Distribution of Dietary Lipids in the Body

Lipids comprise 18-25% of body weight in a lean adult. :

Lipids are cistributed in three important compartments in the body, they are liver,
adipose tissue and blood. The major part of the lipid metabolism takes place in the liver and
adipose tissue. The blood works as a medium of transport for lipids. The-tissues like cardiac
and skeletal muscle require lipids their regular metabolism.
2L RN AT B

Pancreatic : pase enzyme brings about degradation of triacyl glycerol to a molecule of
glycerol and free fatty acids in the lumen of iritestine. The degradation is carried out in the
presence of corjugated bile acids (which contain fipid-soluble polar.parts of taurine/glycine). :
Bile acids are very good surfactants. The micelle formulation takes ‘place; when bile acids, -

glycerol and frae fatty acids. are present together. The-non-polar molecules.are centrally.". -

present in the micelles. Micelles offer-a -absorption -system for. fat s_oli.éblé-vitamins* and
cholesterol. ; ; .

The intestinal epith ontaining free fatty'acids, glycerol etc: The
enzymes prese~t in the endoplasmic reticulum of epithelial téll-bring‘-abb.@ffthe synthesis- of
triacy! glycerol. Freshly synthesized triacyl glycerols, phospholipids, and ‘pioteins-along with
the dietary chc esterol are combined together inthe endoplasmiic reticulni'of the épithelial
cells and excrezed into lacteals as chylomicrons. The chylornicrons are'stable particies having
a diameter of aoout 200.nm. Their constitution is as follows: '
“. Chp 881
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-Table 8.1: Constitution of chylomicrons

Phospholipids 10%
Proteins 0.2-0.5%
" Cholesterol 2-3%
Triglycerols 80 - 90%

These particles.travel the: route from intestinal lacteals via lymphatic system to thoracic

duct. The chylomicrons are discharged into the blood system at the left subclavian, in the

forrn-of a milky suspension. It takes 20 minutes to remove chylomicrons from the blood.
“Kfost of the chylomiicrons are transported to-the adipose fissue for the fat storage. But
whenever body is in short supply of energy, chylomicrons are utilized primarily by cardiac
muscle, skeletal muscle as'well as liver to meet their energy demands.

: Triacyl glycerol + Glycerol + Fatty acid

Lipoprotein lipase.
__p_pr____p_.___,. Cholesterol

Cholestero!

 Phospholipid Phospholipid

Chylbmlcron
- Absorption by
- farget tissue
Fig. 8.1: Action of lypoprotein lipase on chylomicrons
(o}
' s
o _ Ry=C\
il - OH
o) CH,—0—C—R, CH, —OH g
R g o (|:H . 3.0 Lipases V4
T T YT l 2~ (Lipolysis) H_O - (I:H ¥R C\OH
CHz—O“ﬁ“'Ra CH, — OH N
0. Ry— C/<
OH
Triglycerol Glycerol 3 froe fatty aclds

‘Flg. 8.2: Triglycerol hydrolysjs
-The-enzyme lipoprotein lipase catalyses the cleavage of triacyl glycerol to glycerol and
free fatty acids in target tissues like muscle, as well as adipose tissue.

The adipocytes of adipose tissue contain triglycerol as a stored fat th?;mgccu“ﬁ’izz 59% of
the total cell volume, and a very thin envelope of cytoplasm. Fats are never permanently
qe.posited in the adipose tissue. The cycle of constant mobilization as well as deposition of

_lipids.goes on and on in the adipose tissue. The hormone sensitive lipases remove the fatty
acids from the stored triglycerol molecule. '

_I.Ipqusis: The complete degradation of triglycerol to glycerol and free fatty acids is

- ¢alled as lipolysis.

P
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Hormones namely, epineph
induce or stimulate lipolysis. The cyclicAMP is a second m
lipolysis in the adipose tissue cells. _

Insulin inhibits lipolysis by decreasing the ¢AMP levels, Lipase is present in the inactive
form. Hormones mentioned above, convert it into an active form with the help of cAMP
dependent protein kinase. The mechanism of activation of lipase is given in the flowsheet

rine, norepinephrine, glucagon and adrenocortico-trophine,
essenger in the activation of

below.
ATP
ADP

Protein
kinase

ATP .

Aden late cyclase
e+ caWP >

=

Phosphodiesterase

SAMP -
Hormone sqﬁsiﬂve Hormone sensitive '

TG Lipase a -TG Lipase b
: (inactive)

/ (active) .

TG. v .

A . Phosphatase
FFA.

Diacyl glycerol

FFA.
Monoacyl glycerol

Glycerot FFA.

Fig. 8.3: Hormonal regulation of lipolysis

B Inhibition of Lipolysis Activation of Lipolysis

Insulin Epinephrine

Niacin Norepinephrine

PGE; Glucagon, Thyroxin,
Glucocorticoid

-oxidation, Oxidation of the fatty acid

at the p-carbon is defined as B-oxidation.
The B-oxidation involves the removal of two carbon fragment o

long chain fatty acid molecule.

f acetyl CoA from the

Chp 8|83

N R



Metabolism of Lipids

" Biochemistry (B.Pharm. Sem. )

The site of p-oxidation in eukaryotes is mitochondrial matrix. o
German scientist, Franz.Knoop in 1904 fed the dogs with straight chain fatty acids in
which 'cgrbon' wa§ j'oine,d to pheny! group. Knoop found that urine of those dogs co.ntained
a derivative of phenylacetic acid, when they were fed with even carbon fa:ty acids. The
excretory product of the odd carbon fatty acid was benzoic acid. Knoop ded.ced from the
above findings that degradation of fatty acids occur by oxidation at B carbon.
8.6.1 Phases of B-Oxidation _
" There aré three phses of B-oxidation:

1. In cytosol - activation,of fatty acid to fatty acyl CoA. .

2. Transport of activated fatty acid to mitochondrial matrix across mitocnondrial inner

membrane. . . .- :

3. The p-oxidation - pathway in mitochondrial matrix.
8.6.1.1 Fatty Acid Activation " .

In the cytosol, the molecule Qf fatty acid is activated by forming an acyl CoA thioester
link between the carboxyl group of fatty acid and sulfhydryl group of CoA to form acyl CoA.
The enzyme catalysing the activation, of fatty acid is fatty acid thiokinase or acyl CoA
synthetase. Activation reaction takes place in two steps.

Fatty acid reacts with ATP to form acyladenylate. The acyladenylate ccmoines with the
co-enzyme A to produce acyl CoA. The overall reaction requires AT>, cc-enzyme A, and
Mg?*. Activation reaction utilizes two high energy phosphates. (1* ATP and 2™ PP; hydrolysis
with the help of the enzyme inorganic pyrophosphatase). The quick remo'_vel of PP, makes
the activation reaction totally revefsible. The overall reaction is as follows:

' o]

Il
R=CH,-CH,-COO™ + ATP + HS - CoA == R - CH, - CH,; ~ ¢ -S~-CoA + AMP + PP,
Fatty acid - Acyl CoA

The actual reaction takes place as follows: o o

: ioki ' I [
R CHy— 00" ~ASHE. & —_ GH, — CHy—r G —AMP —— R — Oy — Gy — C — Co
Fatty acld ATP - PP, .Acy_ladenylate CoASH AMP Acyi CoA
. l;_"yr'ophosphatase
: L

: " Fid. 8.4: Reaction of acyl co-enzyme formation
8.6.1.2 Transport of Activated Fatty Acid from Cytosol into. Mitochondria
Fatty acids. (upto 10 carbon_ atoms) are readily able to cross the ‘nner mitochcndrial

membrane' by diffusior. However, the inner mitochondrial membrane is not permeable to
long chain fatty acyl CoA derivatives, and these are transported into mtochondric as
carnitine derivativés - a special carnitine carrier system. The actual transport takes place as

follows: . -

Chp 8|84
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Carnitine is actJaily a protein B-hydroxy y-trimethyl amino-butyrate.~ - ... . .

(A) The first step involves the transfer of acyl group of acyl CoA to the .po-l_af' cam\t\ne
molecule witt the help of the enzyme camnitine acyl transferase ). The enzyme is

Metabolism.of Lipids.

found on the auter surface of the inner mitochondrial membrane (intérmembrane’

space).
The enzy~e removes the CoA group and substitutes it with the carnitine mofecule.

(B) The acyl =arnitine is then transported across the inner mitochondrial membrane into
the mitochonzrial matrix by acyl carnitine: translocase, a membrane bound enzyme,

The enzyme actually transfers the fatty acids into the matrix,

:C) The enzyms, carnitine acyl transferase ‘Il found on the matrix side of inner’

mitochondr al membrane transfers acyl group back to CoA, releasing free carnitine.
‘D) The carnizinz released reaches the intermembrane space for its reuse.

Thus, there are two separate CoA pools in the cell (one in cytosol and another in the
mitochondrial matrix). There is consumption of two ATPs, one in cytosol, and another in

mitochondria for activation.

8.7 CARNITIN
- MEMBRANE"
Long chain fatty acid
- ATP
Acyl CoA HSCoA
Synthetase .
AMP + PP, 2P,
ACYL CoA HSCoA

~ Cannitine S~ » Acyl Camitine
Cytoplasmic slde\ /—W\ _ /
Acyl

Transferase |

Inrer membrane Ca;\rél;ilne

of mitochondria 1carnitine

"Translocase

A

cyl :
Matrix side / \Transferase Il / \
Carnitine < / - »Acyl Camitine

Acyl CoA

fi-Oxidation L -
Fig. 8.5: Flow-chart showing carnitine transport system

HSCoA
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Flow chart of 3-oxidatlon of fatty ac:ds (Even number of carbon containing
saturated fatty acld) o
I
R— CHy— CH,—CH, —C—0"-

Fatty acld

: ATP CoASH
A Mg’
Co M3 A Thiokinase
_ AMP+P, i

Cytosol
R — CH, — CH, — CH — C — S CoA
B Carnitine transport system
1 0 Mitochondrlan

Il
R— CH,—CH,—CH,-—C ~SCohA

Acyl GoA
Acyl CoA

2ATP dehydrogenase (1)

J Acyl CoA
@04—3- FAD[Fi)
R— cH,-—CH sCH— C S CoA
A trans enoyl CoA

H0 \i Enoyl CoA hydratase (2)

P
R — CHy— CH— CH, — C — S CoA
p-hydroxy acyl GoA

. NAD ;
3ATP . BeHydraxy acyl CoA (3)
"dehydrogenase
B @]@)1 s
. o}

o
]
R~ CHy — C —~ CH, — C — S CoA

prketoacyl GoA

CoASH™| Thilase (4)

l f
R —CH,— C — SCOA + CHy— C— S CoA
{Acyl CoA),; Acatyl CoA

Fig. 8.6 Pathway of proxidation of even number of carbon atoms containling fatty acids

Biochemistry (B.Pharm. Sem. I) Maetabolism of Lipids’

B- oxidation of saturated and even number of .carbon containing fatty acids occurs most
frequently in biological systems. The individual reactions of B oxidation of fatty acid occur in
the sequence of four reactions.

1. Oxidation: Oxidation of the fatty acyl CoA to enoyl CoA forms a trans A% - double

bond on the fatty acyl chain and produces FADH,. This reaction is catalysed by an
FAD dependent flavoenzyme, acyl CoA dehydrogenase. The reaction introduces a

double bond between o and 8 carbons. }
2. Hydration: Hydration is catalysed by enoyl CoA hydratase The reaction involves
actual hydration of double bond of trans A% enoy! CoA to form 3-hydroxy acyl CoA.
3. Oxidation: The enzyme hydroxyacyl CoA dehydrogenase catalyses the second
oxidation of 3-hydroxyacyl CoA to 3 ketoacyl CoA and NADH formation.
4.” Cleavage or thiolysis of 3-ketoacyl-CoA ta a second CoA molecule: This reaction
involves the liberation of acetyl CoA (2 carbon fragment) and formation_of new acyl.
CoA (shortened by 2 carbon atoms) with the help. of enzyme B- ketoacyl thiolase.
The newsacy!l CoA formed in the fourth step {containing two carbon less than original)
now re-enters the f-oxidation, cycle, The cycle. of B oxidation goes on and on until the fatty -
acid fragment becomes - 2 carbon fragment in length.

' Each cycle of B-oxidation shows the following overall reaction:
(Acyl CoA),, + FAD + NAD‘ + H,0 + CoASH — (Acyl CoA), ., + Acetyl CoA +
_ FADH; + NADH +H*

Fatty acid in each cycleof - ox1dat|on, gwes one acetyl CoA moiecule and fat‘ty acid
chain length is reduced by 2 carbon atoms.
8.8.1 Energetics of B-oxidation

The standard free energy release due to pa!mltate oxidation is 2,340 cal. The energy
released in terms of ATP by palmitate oxidation is 129 ATP. '

CigH3202 + 23 0 ————u3 16 CO, + 16 H30
(Palmitic acid) AG' = - 2340 kcal/mole
(The energy of hydrolysis of 1 mole of ATP = 7.3 cal) B
Hence, energy gained-by its oxidation = 129x7.3 =940 cal.

- - : o 40
Hence, efficiency of energy conservation by fatty acid oxidation= '72—40' % 100 = 40%

-8.8.2 Energetics of Palmitic Acid Oxidation

Palmitic acid is a Cy; fatty acid. The overall reaction for palmitic acid oxudatlon can be

written as:
_Palmitoyl CoA + 7 CoASH + 7FAD + 7NAD* + 7H,0
——————— 8 Acetyl CoA + 7FADH; + 7NADH + 7H*

Palmitic acid is 16 carbon fatty acid. It undergoes 7 cycles of B-oxidation to produce 8
molecules of acyl CoA (acetyl CoA).

Each cycle (or turn) of f-oxidation produces 5 ATP (of which 2 are obtained by FADH; "
O;:Idlzed by electron transport chain and 3 by NADH oxidized through electron transport
chain)

7 cycles of B-oxidation produce 7 x § = 35 ATP.

8 Acetyl CoA molecules, after entering into TCA cycle produce 8 x 12 = 96 ATP

Chp 8|86
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. (Each cycle of tricarboxylic acid produces 12 ATP). Thus, net energy from one molecule
of palmitoyl CoA =35 + 96 = 131.ATP. : .
. But 2 ATPs are utilized for activation of palmitic acid to palitoyl CoA, 131 =2 = 129 ATP.
Net yield of complete oxidation of 1 molecule of palmitic acid = 129 ATP.

' 8.8.3 B-oxidation of Unsaturated Fatty Acid ' o o
Compléte degradation of unsaturated fatty. acid requires some additional processing,

prior to its p-oxidation. ’
Unsaturated fatty acyl CoA with double bonds at odd numbered carbon atoms, are
into picture at the cis 4°

acted ‘upon’in 'such ‘a way that acyl CoA dehydrogenase comes | .
endy! CoA af thé end of the third round. This occurs when double bond is present between
Cg and Clb- ’ . . ’

One more ehzyme participation: Isomerase is required for oxidation of PUFA

. {polyunsatiirated fatty acid) having the double-bond at even number carbon atorms.

8.8:4'Oxidation of Olei¢ acld ~Monounsaturated acid .

* Thie rioleculat formula of oleic acid is-CH3(CH,)7CH=CH(CH,),COOH: This C;5 unsaturated
fatty acid has one double bond between Cy and Cy. The activation and transportation of
oleic atid to ofeyl~CoA occurs in the same way as that of saturated fatty acid, across the
inner mitochondrial membrane. . C '

. Oleyl-CoA then undergoes 3 cycles of B oxidation of saturated fatty acids. Cis-A2 enoyl
CoA is the product of the third round of B oxidation. But this ;ompoundzls not the substrate
for the enzyme acyl-CoA-dehydrogenase, which can attack only on the A enoyl CoA,

The enzyme enoy! CoA isomerase catalyses the reversible shift of the double bond from
A% cis o' AZ trans position. The A% trans enoyl CoA formed is the normal substrate for the
next enzyme of the fatty acid sequence. It vields acetyl CoA in a similar manner as

(mentioned above) that of saturated fatty acid.

. Flow Chart of B-Oxidation of Unsaturated Fatty Acid (Oleic acid):
' 0

H_H I
CHy — (CHy)y — C == C — (CHp)y — € — SCOA
Oleyl - CoA

3 Cycles of p-oxidation 3 Acetyl CoA

H H i
CH, — (CHy); — C == C —— CH, — € — SCoA
. ¢ls - A° - Enoy) » CoA

“'Enoyl CoA Isomerase
. o]

ch—(Cth—CHz—"C‘ = El—g——s- CQA
trans - A% - Enoy! - CoA
1t undergoas subsequent steps of p-oxidation viz.
a) Hydration by-enoy! CoA hydratase
'b) Dehydrogenation by dehydrogenase
¢) Thiolase reaction

2
6CH, — d_s-coh
Acetyl CoA . .
Fig. 8.7 18 carbon containing-oleyl CoA on p-oxidation gives
. - 9 acetyl ca-enzymes at.the end

" participation of one more enzy
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18 C-Oleyl CoA on B-oxidation givés 9 acetyl.CoA molecules at the: end. There is
me-isomerase.

_'_"..1‘}.\94&(;'»1;:‘ SRR
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8:9°G-OXIDATIONIOF FA
Only free fatty acids

carbon unit at a time.
«-oxidation occurs in liver, brain and in leaf tissues of plant. a-oxidation neither involves

the binding of co-enzyme A to fatty acid, nor does it liberate energy during oxidation.

8.9.1 Inborn Error of a-Oxidation System '

Iy

¢ femoval of one

Refsum's disease: Patients with Refsum'’s disease, a rare inheritable neuro‘logica] disease .

have lost their a-oxidation system, Hence, patients accumulate large quantities of phytanic
acid. Source of phytanic acid is phytol of chlorophyll, in plant food, milk and animal fats.
Carbon No. 3 of phytanic acid contains a methyl group, owing to which, this fatty acid

. M,etaboll;m.of Lipids

has to undergo iritial o oxidation step for the removal of methyl group. This is followed by .

B-oxidation. .
Patient suffering from Refsum's disease should avoid diet containing chlorophyll,
especially leafy and green vegétables. :
The methyl carbon atom at the distal end of the chain is called as a-carbon.-a-oxidation’
is observed in bacteria. It is carried out by bacterial mixed function: oxygenas,e_s' in
microsomes. These enzymes rapidly degrade terminal hydrocarbons of fatty acids to form
water soluble products. The pathway of  oxidation takes place by initial hydroxylation of

terminal methy! group of fatty acid to hydroxyl group and its further oxidation to carboxylic

acid.
~CHy=(CH,)-CO0™
l  w-carbon atom
— CHy - (CHy)p - CO0™ = 00C = CHy = CHy — (CHa)s = COO™
The reactions of w-oxidation reqouire cytochrome Paso, NADRH and. O, aleng, with specific
enzymes. - :

% i
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Fatty acids vith odd number of carbon atoms are oxidised by the pathway of f§ oxidation
until three carbon propiony! CoA remains. The following set of reactions convert propionyl
CoA to succinyl CoA. :
1. Carboxylation of propionyl CoA (in presence of ATP, CO, and vitamin biotin) to'D
rnethyl malony! CoA.
2. An enzyme methyl malonyl CoA epimerase converts D - methyl malonyl "CoA to L

forny, . . .
3. A vitamin By, dependent enzyme, methyl malonyl CoA mutase catalyses the

8.11'OXIDATION OF FAT; SN

conversion of L-methyl malony! CoA to succinyl CoA, Succinyl CoA is an intermediate

of the TCA and hence enters the TCA cycle: -
Chp 889
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Proplonyl CoA carboxylase oo scon
—C0—S5— » CHy— C—CO — S Co.
OHo— ot 00—8—CoA . Blotin |
Proplonyl CoA H
ATP ADP + P D-Methyl malonyl CoA

Methyl malonyl
CoA epimerase

|
CHy — C —CO— § CoA

coo”
L-Methyi malonyl CoA

l Methy! malonyl CoA
mutase

—CHz—CH:—CO—S CoA
. Succlnyl CoA
Fig. 8.8: Oxidation of fa'tt; acids with odd number of carbons
8.11:1 Methylmalonic Acidemia
There are two types of methylmalonic acidemias reported:
1. This disease is due to defect in enzyme mutase.

2. Adisease occurring due to deficiency of enzyme mutase.
The clinical characteristics of both diseases show accumulation of methylmalonic acid in

the body. This gives rise to metabolic acidosis and retards the growth and darnages the
central nervous system. The victim of this disease dies in the early years of life.

Eukaryotic cells possess organelles, known as peroxisomes. The mode of oxidation of
fatty acids in peroxisome is B-oxidation. But unlike mitochondrial p-oxidation, the peroxi-
somes do not channel reducing equivalents formed (i.e. FADH,) towards ATP formation.

In fact FADH, produced in peroxisomal oxidation are not passed on to the mitochondrial
electron transport chain, but they directly react with O. This results in H,0, formation. H,0,

is degraded by catalase.
ATP synthesis does not take place in the peroxisomal B-oxidation, but heat is liberated.
‘Actually the high fat diet contains the long chain fatty acids (Cy, Cza). The initial
oxidation of these long chain fatty acids is carried out by inducible enzymes in the
peroxisomes. Administration of hypolipidemic drug, clofibrate, shows the induction of
peroxisomal enzyme and similar type of oxidation.

Chp8]8.10
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8.12.1 Zellweger's Syndrome
The individuals suffering from Zellweger's syndrome show absence of peroxisomes in
almost all tissues.
As a result, long chain fatty acids are not omdlsed in these patients. This results in .
accumulation of long chain fatty acids in the brain, kidney and liver. This is the reasén why
dlsorder is also called as cerebrohepatorenal syndrome.

Ketogenesls

i
ﬁ C—8§—CoA
C—S8—CoA (‘:Hz
H0 |
-CH, + HO — C — CHy Acely
A CoA- . ce
goa =0 MO o P
p-ketothiolase HMG CoA synthase OA lyase H
Acetoacety] 3 hydroxy 3 methyl - [
CoA glutaryl CoA coo~
Acetoacetate .
,NADH + H
B-hydroxybutyrate .
dehydrogenase
NAD"
|
HO — (|3 —CH,
Spontaneous
. o2 (i';Hz
coo”
D-3 hydroxybutyrate
P
e
CH,
- Acetone -

‘ Fig. 8.9: Reactions showing synthesls of ketone bodies from acetyl CoA
Ketone Bodies Synthesis
The compounds namely acetone, acetoacetate and B- hydroxybutyrate are known as
ketone bodies.
The ketone bodies are synthesized in the mitochondrial matrix in the liver, The end
product of the carbohydrate, fat or some amino aC|d metabolism ‘is acety! CoA. Ketone
bodies are formed from acetyl CoA.
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Normially, the. concentratibn of ketone bodies in the biood is not more than -

1 mg/100 mi. A normal healthy aduit excretes ketone bodies by way of urine. The urinay
concentration of ketone bodies is as low as 1 mg per day.

8131 Synthesis of Ketone Bodies

The "p'r'oc:eSS of formation of ketone bodies is called as ketogenesis. Ket=genesis occurs in’

the liver. The enzymes synthesizing kétone bodies are located in the mitochondrial matrix.
The utilization of ketone bodies occurs in the extrahepatic tissues.

. The end product of B-oxidation is acetyl CoA. Under certain metabolic conditiors, the
concentration of acetyl CoA increases in excess of that required for entry nto the citric acid
cycle, then acetyl CoA is diverted into the formation of acetoacetat2 and D-3-hydroxy-
butyrate, known as ketogenesis. _

The first step of ketogenesis involves the joining ar condensation cf two molecules of

- ace'_tyl CoA to form a molecule of acqtoacetyl CoA. The acetoacetyl CoA reacts with another
. molecule of acetyl CoA to form 3-hydroxy 3-methy! glutaryl CoA (HMG CoA). The HMG CoA

molecule is thén cleaved to form dcetoacetate and acetyl CoA.
The acetoacetate can be meiabdlised in two different ways:
1. 'Acetqacetate is reduced to the D-3 hydroxy butyraté in the mitochzndrial matrix.
© 2, Orit un-de.rgoes a slow as well as spontaneous decarboxylation tc vield acetone.
The set of reactions involved in the formation of ketone bodies are shown in Fig. 8.9.
Ketolysis: The: process of breakdown of ketone bedies occurs ir the extrahepztic
peripheral tissues and is known as ketolysis.
Ketonemia: Higher than normal concentrations of ketone bodies in thz2 blood is termed

as ketonemia. _
Ketonuria: The condition in which more than normal excretion of kezone bodies occurs
in the urine is called as the ketonuria. . '
Ketosis: Elevation of ketone bodies concentration in tissues and blood is known'_ as
ketosis. o
8.13.2 Significance of Ketone Bodies
+ Ketone bodi(__es like acetoacetate, D-3 hydroxybutyrate are. not just degradation
products of lipid metabolism produced in liver. Certain tissues | ke muscle, heart,
kidney, cortex use these ketone bodies as energy source in preference to glucose.
«  The cells like RBC, which do not contain-mitochondria are unable to utilize ketone
bodies. _
. The ufilizaiidn of ketone bodies by the tissues becomes more essential when glucose
" sipply 16 tissue is absent, especially in the conditions like stzrvation and diabetes
mellitus.
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Brain starts utilizing the ketone bodies as a fuel source during‘prolonéed~stawation.
One can call this act of brain as the adaptation for survival.
. Non-availatility of *he carbohydrate to the tissues makes.it necessary for the tissues .
to use the fatty acids for the energy productions. This gives rise to 6ve_rpi¢di1cti6n of
acetyl CoA and ultimately ketone bodies. ' o
. The hormone insulin inhibits the synthesis of ketone bodies, whereas thé 'hor.mdhe.' :
glucagon stimuiates ketogenesis. _ i
. Decreased insulin synthesis or decreased insulin availability in .diabetes mellitus .
stimulates the kezone body formation. ' L.
8.13.3 Ketogenic and Antiketogenic-Substances L S
. Ketogenic substances represent those chemical compounds which when- ‘introduced
into the body are found to increase the formation of ketone bodies.. The examples; -ate
phiorizin and ammonia. _ ' : . o S
Antiketogenic substances: Compounds whdse -introduction into the .body lower the
concantrations of blood ketone bodies, are called as the antiketogenic substances. Common
exarples are oxaloacetic acid, thiamine pyrophosphate, pyruvic acid, a;ketoglutaric acids
and carbohydrates.
Ketoacidosis: Ketone bodies are acidic and when produced in excess over a-long period, - -
as in diabetes, cause ketoacidosis, which is ultimately fatal. ' -
Detection of ketosis: In a normal individual, the concentration of ketone bodies is very -’
less (in traces). This is why, it is not detected by the usual tests. But in ketosis, the :
concentration of <etone bodies in urine increases. Hence, it can be detected by Rothera's

814 LIPID BIOSYNTHESIS DigiesTATES

Lipids are important constituents of the cell membrane. They also représent major group o
of stored form of energy containing substances in majority of organisms.

Some special sed variety of lipids like sex hormones, cofactors (vitamih K), pigments -
(retinal), detergents like dile acids, transporters (dolichols), anchors for membrane pfoteins gl
{(phosphotidyl inositol, covalently attached fatty acids), other hormones (vitamin D *'
derivatives), play 3 major role in the cellular biochemistry. !

Hence, all organisis require sufficient t_)iochemical ability to synthesize different lipids.
-Fatty Acid Biosyathesis: ' :

The exact celtular site of fatty acid biosynthesis is cytosol.

Major companents namely acetyl CoA and NADPH along with the ATP are essential for
fatty acid biosynthesis. Wherein, ATP serves as a source of metabolic .energy and NADPH
acts as a reductant. Basically, acetyl CoA is produced.by oxidation of pyruvate, the reaction is

catalysed by pyruvate dehydrogenase complex. '
“Chp 8| 813
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‘ There-are still different biochemical routes to produce acetyl CoA. They are:

1; “Oxidation of fatty acids in mitochondria.
2. Degradation of carbon skeleton of amino acids.
. 3. Fromketone bodies: :

But mitochondrial inner membrane is impermeable to acetyl CoA. Hence, acetyl CoA

entersinto the cytosol by some indirect biochemical routes as follows.
8.14.1 Journey of Acetyl CoA

The mitochondrial acetyl CoA and oxaloacetate undergo condensation in the presence
of citrate synthetase to form citrate. The molecule of citrate is easily transferred across the
mitochondria Into the cytosol. The enzyme citrate lyase, residing in the cytosol, cleaves the
cltrate Into acetyl CoA and oxaloacetate. Now, cytosol contains acetyl -Cf:A for fatty acid
biosynthesis. The oxaloacetate molecule is further converted into malate in the TCA cycle.
_ The malic énzyme in-the cytosol acts on malate and brings about its conversion into
. pyruvate, The above reaction catalysed by malic enzyme also produces CO, and NADPH as

byproducts, which are also utilized for fatty acid biosynthesis.
Mitochondria Cylosol

Mllocho[\drial

matrix - A
PyrﬁVale S ruvate Glucose HMP
- carboxylase Catabolism SHUNT
’ Pyruvate l
- i ic NADPH+H
Acetyt CoA  Oxaloacetate _ e,':IIZayl:e pa
| . ' "Malate NAD }
Malate KNAD Fgﬂ\é‘ACJD
ynthesis
dehydrogenase NABPH#H

Oxaloacetate '
Acetyl CoA
ADP + Pi

ATP
CoASH

Citrate
lyase

Citrate

Mitochondriat Inner
membrane

. Mitochondrial outer ,__J

membrane
Fig. 8.10: Entry of acetyl co-enzyme into cytoplasm in the form of citrate

In cytosol, citrate is.converted into the acetyl CoA for fatty acid biosynthesis. (HMP shunt
- Hexose monophosphate shunt)., . '
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the fatty acid biosynthesis.

8.14.2 Co-ordination of Acetyl CqA Transport with. NADPH Production
There is a fine co-ordination of acetyl CoA transport from mitochandria.into the cytosol
along with the production of the NADPH. and CO, which'is benkficial to the cell for the

maximum fatty acid production. Fatty acid biosynthesis requires both acetyl CoA and
NADPH, which is also supplied by the HMP shunt like pathways.

The biosynthesis of fatty acids takes place in two phases:
iy Malonyl CoA formation. _ '
(i) Fatty acid synthetase complex reactions.

(i) Malonyl CoA Formation:

Acetyl CoA reacts with CO, in the presence of ATP and biotin to for:m malonyl .CoA, The
reaction is carried out with the help of an enzyme acetyl CoA carboxylase. ’

oH : LI SCop Acetyl CoA carboxylase o
3 0 molhv

Acetyl CoA Co, ATP ADP + Pi

> Il
00C —CH,— C—=5CoA
Malonyl CoA -
Fig. 8.11 ' '
. This is the rate limiting (regulatory) step. Acetyl CoA carboxylase is the key enzyme of

(if) Fatty Acid Synthetase Complex Reactions: ~

A multienzyme complex known as fatty acid synthetase-(FASj takes part in the synthesis
of fatty acids. . '

The multienzyme complex is made up of two similar subunits (dimer) in humans and in

- eukaryotic cells. Each monomer subunit possesses an acy! carrier protein (ACP).attached

with its 4'-phosphopantetheine (vitamin panthothenate) group and seven enzymes

. participating in the complex. The complex is active in its dimer form. The two 'subunits are

antiparallel to each other. The FAS complex model shown in Fig. 8.12 is hypothesised based . '
on the work of Wakil. '

The one end of the single unit of dimer contains =SH Qroup_of- cysteiné and another end
contains 4' - phosphopantetheinyl group. Seven enzymes present in each' monomer are:

1. Acetyl CoA-ACP transacylase,
Malonyl CoA-ACP transacylase.
B-keto acyl ACP synthetase.

B-ketq acyl ACP reductase.
. B-hydroxy acy! ACP dehydratase. .
- Enoyl ACP reductase.

Palmitoy! thicesterase.

N ot s W
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net. LTt T Tlee—Functional parts of FAS complex

f(; 5 4 ACP 7

4 - phosph‘opanletheine

S T shdeswuniperenof FAS > ..
TH | «—Singfe subur;lt portion of FAS — . SlH.

4' . phosphopantetheine ! Cys
L~ ~

Multlenzyme complex of fatty acid synthetase In cytaplasm containing ACP (acyl carrier protein). Two
similar subunits aligned head'to feet on the elther side..
_ Fig. 8.12: Structure of fatty acid synthetase complex

The. prokaryotit fatty acid synthesis takes place in the multienzyme complex containing a
separate acyl carrier protein (ACP), unlike eukaryotic FAS containing-inbuilt ACP.

The following set of reactions represent each step in the formation of 16 carbon
palmitoyl CoA in cytosol. Since, the FAS can synthesize only 16 carbon length fatty acid
i.e. palmitoy! CoA. . :

1. An enzyme acetyl CoA-ACP transacylase catalyses transfer of two carbon containing
acetyl CoA to. ACP of fatty acid synthetase complex. The acetyl moiety. is further
transferred from ACP to the cysteine residue of the enzyme. This makes the ACP -

" site'of the-enzyme vacant, ‘
2. The molecule malonate from malonyl CoA is transferred to ACP of FAS complex. The
_reaction of malonate transfer is catalysed by the enzyme malonyl CoA-ACP
transacylase. T o _

3. ' The'enzyme P-keto acyl ACP synthetase catalyses the reaction in which acetyl group

’ -attached to’ cysteine -of FAS: complex &. transferred to the ‘malonyl unit already
attached to ACP of the FAS complex. There is concurrent loss of the-CO, from the
malonyl molecule. (Recall that CO,.was added with the help. of enzyme; acetyl CoA
carboxylase). This decarboxylation (loss of CO;) occurs along with the loss of free
energy which facilitates the progress of reaction in the forward direction. The
P-ketoacyl ACP is the product of the'reaction. '

4.- The next enzyme of the FAS complex, f-keto acyl ACP reductase carries out the
reduction of B-keto acyl ACP into fi-hydroxy acy! ACP. The reduction occurs with the

~ help of reducing equivalents supplied by NADPH.

5. The B-hydroxy acyl - ACP - dehydratase - brings about the dehydration of f-hydroxy
acyl ACP with the elimination of H,0 molecule and introduction of the double bond
(between & and B atoms) into a molecule to form trans A? enoyl ACP.

6. An enzyme enoy! ACP reductase brings about the NADPH - dependent reducticn.
This produces four carbon acyl- ACP (the acyl in here represents the butyryl group).

The carbon chain so formed is now transferred to cysteine residue-of FAS complex. The
. 6 more cycles of reactions from number 2 to 6 take place repeatedly. Each cycle (2 to 6)

Increases the chain length of the growing fatty acid by 2 carbon ‘atorfris.” - '
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Fatty Acid Synthetase Complex Reactions:

0 Renctions of FAS complex ' :
CoASH

CHy—C—S5 CoA T Trangfer of Ace - g
3 / SH 0 grou; to gyslelrt\zl ' \ 's——'g-'-CH . :
Acelyl CoA g i T C
(1) Acetyl CoA §——C—CH, SH -
ACBCM-S-}’/ © Acetyl snzyme .

ACP lransacylase
P (2) Matonyt CoA-ACP
CyS 7y SH 0 lmnsrcylase

ACP ~~SH

: I
Fatty acld Q€ -~CH,~ C~SCoA Aayimalon
synihetase 2 N . Ao iyt
ViFAS Malonyl CoA SH—&—CH,—coo onzyme
complex
-ketoacyl ACP
synthetase co,
B3 h
SH
[¢] 0 .
i n_. .
$—C—CH/~C—~CH, BketoacylACP - -
i *
f-ketoacyl ACP NADPH + H :
reductase |

0 OH

$—C—cH~H—cH, pHydroxyacytACP
- ROE R dse ' "
H,0
SH o :
s—b—chzcH—cH,  Trans 4* Encyl AcP

Enoyl ACP
reductase

Carbon chaln transfer
from ACP to CyS

o}
1 .
S—&-CH,—CH,—CH, -Acyl enZyme
SH

Reaction no. (2 to 6) are
repeated six more timas

SH

0
1
sn—s—&—(cn,)ﬁ-cnz-—cu,

H,0
Palmitoy! thioasterase :

SH .
+ CHy= CH—(CH,)=C00
SH  Palmitate - -

Fig. 8.13: Fatty acid synthetase complex reaction showing . .

biosynthesis-of long chain fatty-acld-palmitate .- - -

o 5o CH— CHy=CHy  ACHACP (b1 p-butyTYIACP)

Metabolism of Liplds
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‘ Alé carbon containing saturated molecule of palmitate.is formed at the end of 7" cycle.

" This completes the fatty acid synthesis of FAS complex.

The 7 enzyme of FAS complex, palmitoy! thioesterase separates the newly formed

molecule of palmitate from the FAS complex. -
8.14.3 The Overall Reaction for Palmitate Synthesis

The overall reaction for synthesis of palmitate from acetyl CoA can be written into two .

arts:
P 1 Formation of severi malony! CoA molecule.
7 acetyl CoA + 7 COp + 7ATP —— 7 malonyl CoA + 7 ADP + 7Pi
1. Then seven cycles of condensation and reduction
Acetyl CoA + 7 malonyl CoA + 14 NADPH + 14 H' —
' : Palmitate + 7CO, + 8 CoA + 14 NADP* + 6H,0

The ovérall reaction can be written as:
8 Acetyl CoA + 7 ATP + 14 NADPH + UH ——
Palmitate + 8 CoA + 6H,0 + 7ADP + 7Pi + 14 NADP®

-8:14.4 Importance of FAS Complex in Lipid Biosynthesls

1. The multienzyme complex of FAS is coded by one gene.

2. Being in one complex, all enzymes are easily available without any biochemical

" permeability problems and work with greater efficiency.
8.14.5 Regulation of Fatty Acid Biosynthesis
" Number of factors including hormones, dietary lipids, other metabolites, enzymes and
end products regulate fatty acid biosynthesis.

1. Allosteric Regulation: The. reaction catalysed by acetyl CoA carboxylase is

controlled allosterically. It is the rate limiting step of fatty acid biosynthesis.

The enzyme exists as an inactive monomer or active polymer. The palmitoy! CoA,
malonyl CoA promote monomer formation and thus inhibits fatty acid biosynthesis.

Whereas, citrate promotes polymer formation and increases fatty acid synthesis.
2. Hormonal Regulation: A mechanism of hormonal regulation of acetyl CoA

. carboxylase is different from the one mentioned above.
: - | Phosphorylated enzyme molecule
[, (inactive form) (Dissociation into

monomaric subunil and tnss of aclivity)

Dephosphorylated enzyme molecule
(active form) (Polymerised to form long
filaments)

Fig. 8.14: ﬂormonal regulation
A cAMP dependent phosphorylation inactivates the enzyme. This inactivation is
brought about by-hormones like epinephrine, norepinephrine;, glucagon. Whereas

insuii'n dephosphorylates the enzyme thus activating it.
- Chp 8818
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3. Dietary Lipids: High fat diet and fasting conditions decrease fatty acid biosynthesis
by reducing the synthesis of the two enzymes, namely;
1. Acetyl CoA carboxylase. '
2. Fatty acid synthetase.

4, NADPH: The reactions of fatty acids synthesis require NADPH as r'ed'ucing
equivalents which are obtained either from HMP or from citrate transport.

The decrease in the cellular concentration of NADPH affects the fatty acid synthesis
negatively. . . .

Palmitate happens to be the main product of cytosolic fatty acid synthetase system in
the eukaryotic cell. It is the precursor of other long chain fatty acids (saturated or

unsa_turated).

Chain elongation of palritate molecule can take place in smooth endoplasmic reticulum
or in mitochondria by a different mechanism. Group of enzymes known as elongase bring
about fatty acid elongation.In the more active chain elongation, there is successive addition

of malpnyl CoA in the presence of NAPDH.

+ Malonyl CoA + CoA ___Elo_ng_aff__) Stearoyl CoA

/\18 C Saturated)

NADPH + H*  NADP’
The reaction mechanism is similar to palmitoyl CoA formation involving:

Paimitoyl CoA
(16 C Saturated)

1. Donation of 2 carbon by malonyl ACP

2. Reduction
3. Dehydration
4

Reduction

rs of the fatty acid

8 ESATURATIONE SRl adl =)
Palmitate and stearate are the most common prerequisite precurso
desaturation system. .

Desaturation is carried out by the mi¢rosomal enzyme fatty acyl CoA desaturase. The.
reaction requires molecular O,, NADH and flavin dependent cytochrome 5 reductase. The

monounsaturated fatty acids synthesized are as follows:
Stearicacid —  Oleic acid

Palmitate - Palmitoleic acid
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Essential Fatty Aclds

Linoleic acid (18 : 2.9, 12) and linolenic acid (18 : 3; 9, 12, 15) are essential fatty acids for

humans. This is because they lack the enzymes which can introduce double bond beyond

carbon

However, (20 : 4; 5, 8, 11, 14) arachidonic acid represems ‘a semiessential fatty acid as it can

be synthesized from'the linoleic acid after the desaturation and chain elongation.

Most of the-dietary fatty -acids and those synthesn,.ed by an orgamsm have one of the
two fates:

1. .Inco}poration into triglycerol for the storage of metabolic energy.

2. ‘Incorporation into-phospholipid components of the membrane.

Sites of triglycerol synthesis are liver and adipose tissue. The amount of triglycerol

syntheSIS i$ very less in other tissues.
The total amount of the stored triglycerol in a 70 kg human is akbout 15 kg.

Triacylglycerol is transported around the body in the form of farge lipid-protein particles

called lipoproteins.

Synthesis of Triacylglycerol

Tnacylglycerol is synthesized from fatty acyl CoA and glycerol-3-phosphate.

The actual synthesis begins with the reduction of glycolytic intermediate - dihydroxy
acetone phosphate to glycerol-3-ph05phate_
The egcero!-3-phOSPhate is then acylated by glycerol-3-phosphate acy! transferase to

form lysophosphotidic acid. This in turn reacts with another acyl CoA molecule to form

phOSphOtIdlC acid.
- The next step is the removal of phosphate group from phosphotidic acid. It gives rise to

V a compound known as diacylgycerol. The diacylglycerol is then acetylated Wlth the help of

the thitd acyl CoA molecule to form tnacylglycerol (Fig. 8.15).
' The tnacylglycerol biosynthesis is carried out at the cost of energy released by the
cleavage of high energy thioester bond between the ac /I moiety of CoA.

Chp 81820
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CH,~—OH
c=0

Dihydroxyacetone phosphate -

| .
CH,—O0—PO;

+ .
NADH + H Glycerol-3-phosphate déhydrogenase

A ADP  ATP
NAD  cp,—OH .

CH,—OH
_—C — Glycerol kinase
HO ~H I yeeo e © HOwC —H
—Q0—PO, :

ﬁ Glyceral-3-phosphata CHy OH ’
R1_C_SC°A-7i © Glycerol-3-phosphate acyltransferase Glycerol .
CoASH
CH,—0—C—R,

HO—C —H

CH;—0—PO;
?I Lysophosphotidic acid

Ry—C~—SCoA="— jAcyltransferase
CoASH Q.

?I CHZ—O_‘C —R1
R—C—0—C—H.
CHy—0—PO5
Phosphotidic acld

H,0 /| Phosphatase’
2 p
|
o cl:Hz-o—c—R,
i

Rz_:—o""c"_H . - T T

CH,~OH
Dlacyiglycarol

o}
Il
‘ R:,—C—SCOA’Di Acyltransferase:
CoASH a
(I:Hz—- 0—C—R,
il
Ry—C—0 —C—H
1l
H,>—=0—C~—R,
Trlacylglyéorol

(where R,-—é—-O—H Rz—&—O—H RJ—C—O—H represantfatty“aclds)
Fig.8.15: Triacylglycerol blosynthesis R
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8.17.1 Synthesis of Triacylglycerol in Liver
The synthesis of tnacylg!ycerol in the liver begins with the phosphorylation of the

glycerol with the help of enzyme glycerol kinase. This enzyme is unique to the liver.
8.17.2 Regulation of Triacylglycerol Biosynthesis

Insulin’ stimulates the conversion of dietary carbohydrates and proteins into fat. In-

diabetic patients (untreated), acetyl CoA obtained from catabolism of carbohydrates and
proteins is channeled, towards ketone bodies production. This condition occurs due to lack
ofinsulin. : .

insulin 'stimu!ates the formation of triacylglycerol by decreasing the level of CAMP. cAMP
prométes the deéphosphorylation and inactivation of hormone sensitive lipase (which breaks

" down triacylglycerol),
Carbohydrates ————> Glucose

(Increased in diabetes)-
(from diet) ! '

|
A
Acetyl CoA =) £ Ketone bodies

Proteins —-————» Amino acids-
(trom diet)

Fatty acids

Trlacylglycerol
Fig. 8.16: Regulation of triacylglycerol biosynthesis
Insulm plays an important role in the regulation of triacylglycerol blosynthesus.

; RS
Chelesterol is a component of the cell membrane and'is also a precursor of steroid
hormones and the bile acids.

Structure of cholesterol contains 27 carbons, All of lts carbon atoms are prOVIded by
acetate,

Cholesterol synthesis thus requires ATP, NADPH and acetyl CoA.

Cholesterol synthesis takes place in- almost all tissues of the body. The cellular site is
cytosol and microsomes.

Konrad Bloch deserves a special mention for eluc1datmg the origin of the carbon atoms
in the entire molecule of cholesterol (1940),
Biosynthesis of Cholesterol:

Series of reactions take place in the de novo synthests of entire molecule of cholesterol.

. All 27 carbon atoms of cholesterol &re derived from the acetyl CoA.

Chp 8822
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In the beginning, two moles of the acetate combine with.each other to form acetoacety!
CoA. To the acetoacetyl CoA molecule, one more molecule of acetyl CoA is added. This gives
rise to HMG CoA (3 hydroxy, 3 methyl-glutacyl CoA). This cytosolic HMG CoA is utilized for
the cholesterol biosynthesis. (Recall that HMG CoA produced in the mltochondna is utilized
for the ketone bodies synthesis).

HMG CoA is then reduced to mevalonate by HMG CoA reductase. Mevalonate formation
is the committed step in cholesterol biosynthesis and is the key control point. Mevalonate is
converted into 3-isopentenyl pyrophosphate, with the help of the three consecutive
reactions requiring ATP. CO, is released in the last reaction.

The IPP (isopentenyl pyrophosphate) isomerises to dimethyl pyrophosphate (DPP). IPP

_ and DPP are 5-C isoprenoid units. -

IPP and DPP condense to produce 10 C geranyl pyrophosphate (GPP). One more
molecule of IPP condenses with GPP to form 15 C farnesyl pyrophosphate (FPP). Two units
of farnesyl pyrophosphate condense and get reduced to produce a 30 carbon compound
squaline,

Squaline is then converted into squaline epoxide in a reaction that uses O, and NADPH
The squaline epoxide cyclises to form a lanosterol. Finally, three methyl groups are removed
from the lanosterol along with the reduction of one double bond by NADPH and shift of
one double bond to form a molecule of cholesterol. (Fig. 8.17).

8.18.1 Regulation of Cholesterol Biosynthesis

Biosynthesis of cholesterol is controlled by the HMG CoA reductase (the rate limiting
enzyme of the pathway). Many blochemlcal metabolic controls participate in the control of
HMG CoA reductese.

1. Feedback regulation of HMG CoA reductase: Increase in the cellular concentration
of cholesterol, the end product of the pathway, inhibits the key enzyme HMG CoA
reductase. The synthesis of HMG CoA reductase is actually reduced at-the genetic
level. Both transcription and transla‘tlon of the gene (responsibie for HMG CoA
reductase) are reduced.

2. Regulation at hormone level: Enzyme HMG CoA reductase is lnactlvated by
phosphorylation by cAMP activated protein kinase. )

Hormones, namely glucocorticoids and glucagon stimulate the formation of
inactive HMG CoA reductase. This way, cholestero! synthesis is decreased. Hormones
like thyroxine and insulin enhance the formation of active form of enzyme HMG CoA
reductase {dephosphorylated form). This increases the rate of cholestero! synthesis.

3. Therapeutic inhibition: Administration of the fungal compounds lgvastatin
{(mevinolin) and compactin which competitively inhibit the enzyme thus ultlmately
decrease cholesterol biosynthesis.

Therefore, these compounds are used in the clinical practice for the treatment,
of the hypercholesterolmia (high levels of blood cholesterol).

4. Control by increasing rate of degradation: HMG CoA reductase activity is also
controlled by increasing the rate of its degradation.-
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Reactions of Cholesterol Biosynthesis

1l
CH_,—E:—-S.COA + CHg-—g,—S.CoA
Acetyl CoA Acetyl CoA

4/ Thiolase

CoASH

’ ) T
CHy—C—CH;/—C—S.CcA
Acetoacetyl CoA

i
~—C—8,CoA —j HMG CoA Synthase
CoASH

CHg 0
1l
OOC—CH,—C—CH “C—S.CoA
OH
B-Hydroxy p-methyl glutaryl CoA (HMG CoA)
2 NADPH + 2H'=
+ HMG CoAreduciase
2 NADP
CoA.SH
CH, OH
\c/ CH.
- SN SN
00C—CH, CH, OH
Mevalonate
ATP
Mg Mevalonate kinase
ADP
\c/

- 7N
"00¢—CH, CHz o—@
5 phosphomeva‘lonate (-O - phosphate)

Phosphomevalonate kinase

CH,  OH
N~ cH,
- SN S
00C~CH, CH,
(6C)
5 pyrophosphomevaionate
Contd...
Fig 817 Blosynthesls of cholesterol

Chp-8|8.24-

giochemistry (B.Pharm. Sem. Il}

‘Metabolism of Lipids -

ATP

kinase

ADP

Gt o-@

- N\
HoCc—CH, CH2

o @-@
(6 C)

3 phospho § pyrophosphomavalonate

Pyrophosphomevalonate
decarboxylase

Oy, Pi

CH, CH,
PN BN /é\\ R
ﬁ\CH2 \0-® < CH; CH o—{}-@

Isopenteny! pyrophosphate Dimethyl pyrophosphate
(5 C) .

CH, ' CH,
| |
/

ch, \CH2

isoponteny! pyrophosphate

C CH,

7 AN
0-@-@ + CHa\\CH/ EOED,
Dimethy! pyrophosphate

Cisprenyl transferasé
PPi o
CHy CH,

| |

CH, c
/C\\ A2

CH, CH CH, H 0*@-@

Geranyl pyrophosphata (10 C)
Isopentyl @ - ©

Cispreny! transferase

Farnesy! pyrophosphate

15C
( ) Contd...

Fig. 8.17: Biosynthesis of cholesterol
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Fig. 8.17: Biosynthesis of cholesterol
8.18.2 Cholesterol as a Precursor

1. Cholesterol is the precursor of five major classes of stermd hormones, namely:
0] Glucocorticoids (i) Progestins (iii) Mineralocorticoids (iv) Androgens (v) Estrogens
2. Vitamin D is “synthesized from_ 7-dehydrocholesterol by the action of the UV
component of the sunlight. on the skin.. UV component brings about the
rearrangement of the double bonds of the molecule to form provntamm D,.
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This molecule undergoes spontaneous isomerisation . to. form. vitamin D,
(cholecalciferol). The subsequent two: different hydroxylation reactions - are
accomplished in the liver and kidney to produce calciferol, the active hormone.

3, Bile acids (or bile'salts) are polar derivatives. of cholesterol and form.a major pathway
for the excretion of cholesterol in mammals. ' ’

. 8.18.3 Biochemical Importance of Cholesterol :

Cholestero! belongs to the class of . molecules known as lipids or fats. Cholesterol is

~ essential for normal cell function and hormonal balance. Cholesterol is also required for the

absorption of fat soluble vitamins from food. Cholesterol is also required far the production

" of bite acids, which helps in the digestion of fats. Chotesterol is bwsynthetlc precursor of bile

acids. :
In humans and animals, cholestero! is the important constituent of the cell membrane.

Cholestero! influences the physical properties of membrane proteins, which in turn modulate

functions of membrane protein receptors. Cholesterol is precursar of steroid hormones and -
bile acids. Intermediate of cholesterol biosynthesis are required to make vntamm D and also
for post translational-modifications of membrane proteins.

High concentration of piasma cholesterol promotes atherosclerosns

Steroid hormones like adrogens, estrogens, projestins, calfiferol, glucocortecmds,
mineralocorticoids are produced from the cholesterol molecules.

A 70 kg normal healthy aduit human contains, serum cholesterol in the range of 150-250
mg/dl. In-blood, cholesterol is found in different: fractlons of lipoproteins, namely HDL, VLDL,
LDL etc.

Cholesterol levels increase with age. Especially 'in women, the levels increase after
menopause. '

Different fractions of cholesterol have clinicalimportance. Elevation of LDL cholesterol is
not beneficial to body. As it may lead to clinical complications like atherosclerosis or other
coronary heart diseases (CHD). On the contrary, elevation of the plasma HDL-cholesterol is
beneficial to body, since it protects the body from coronary heart diseases including
atherosclerosis.

- 8.18.3.1 Factors Affecting Blood Cholesterol Level

1. HMG coenzyme reductase: This enzyme participates in the beginning of the
pathway involving synthesis of cholesterol.in the liver. There is marked decrease in
the activity of the enzyme during fasting which explains reduced synthesis of
cholesterol and associated decrease in the bliood cholesterol levels.

2. There is a feedback mechanism by which HMG coenzyme reductase in the liver is
inhibited by mevalonate as well as cholesterol itself. Mevalonate is the immediate,
precursor and cholesterol is the final product.

3. Hypercholesterolemia: Increase in plasma cholesterol concentration (above 250
mg/dl) is known as hypercholesterolemia, It is a clinical sign of many disorders.

+  Hypothyroidism: Hypercholesterolemia in hypothyroidism.is generally observed
due to decrease in the HDL receptors on hepatocytes ‘Owing to which,
cholesterol is channeled towards the blood. o
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« Nephiotic syndrome: This disorder is characterised by an increase.in the plasma
“globulin fraction. Cholesterol efevation is the consequence: of the elevated
plasma lipoproteins observed in this disorder. '

. Obistructive jaundice: In this disorder, elévation in the plasma cholesterol occurs
due to obstruction of the cholesterof excretion through bile. :

. Diabetes mellitus: Since the concentration of the acetyl CoA increases in

~ diabetes, cholesterol synthesis also increases leading to hypercholesterolemia.

4. Consumption of dietary fibres: Vegetable fibres in the diet decrease the
- cholesterot absorption from intestine.
. 5. Dietaty.Poly Unsaturated. Fatty Acids (PUFA) in the diet is found to reduce the
plasma cholesterol levels. '
1t is hypothesized that PUFA stimulate the transport of cholestarol by LCAT
mechanism.and its excretion: from the body. .
--PUFA deserves a special mention in the stimulation of cholesterol excretion into the
- intestine:and stimulation of ‘oxidation of chelesterol into bile acids.
g, Carbohydrate rich diet, precisely sucrose rich diet is responsible for the hyper-
.. cholesterolemia. - - -
-7 Drugs: Several drugs are known ta act at various stages in the biosynthetic pathway
- - of cholesterol. :

« The fungal inhibitors of HMG-_CoA reductase e.g. mevastatin and lovostatin
decrease the cholesterol synthesis.and thus plasma cholesterol levels, ’

+  Drugs fike clofibrate and gemfibrozi decrease the plasma cholestero! -and

* triglycerol levels by stimuvlating the activity of the lipoprotein lipase

« Colestipol and cholestyramine resin bird with bile acids and make it unavailable
for intestinal reabsorption. Due to feedback mechanism more and more
‘cholesterol is converted in'to bile acids, which are uitimately excreted.

+  Nicotinic acid: It acts, in part, via decrease in the release of free fa'ty acids from
adipose tissue, thereby decreasirig the.influx of free fatty acids into the liver, the
hepatic reesterification of free fatty acids and the rate of production of he;;atic
very low-density lipoprotein (VLDL). Thé mechanism by which nicotinic.'acid
elevatés HDL Is unknown.

8. surglcal_h@tmbnt: Hypercholesterolemia may be surgically treated. The procedure
" causes the block in the reabsorption of bile acids. '
8.18.4 Catabolism of Cholesterol
Cholesterol is metabolised in a different manner. About half : i
converted into bile acids. It is secreted in bile and finally exére?t;ctihierm bfg:;}:le(s:h%l:ri:ir:ilnls
amount of cholesterol is utilized for the synthesis of the vitamin D and steroid Formones. ?
Cholestérol and Bile Acid Synthesis: o | '
Mary 'ffe!l_':typ_es in the body possess several active enzymes for the bile acid synthesis
However corhplete biosynthiesis of bile acids occurs only in fiver. Synthesis o bile acids is
one of the predomiriant. mechanisms of the excretion of excess cholesterol. However total
amount of_ cholesterol c'an.not be excreted through bile-in the from of bile acids.
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Synthesis of Bile Acids and Catabolism of Cholesterol: Most abundant blle acids in
the Juman bile juice are chenodeoxycholic acid (45%) and cholic acid. (31%). These two are
primary bile acids. Bile acids before their secretion into canalicular lumen, are conjugated
with either amino acid glycine or tauriné (the amide bond formation takes place between
terminal carboxyl group of bile acid and amino group of the amino acid) to form the
glycocholic acid and taurocholic acid respectively. The sodium and potassium salts of these

cerjugated bile acids are called as bile salts.

r

C—N—CH,COOH

I
0

“OH

OH HO

407 ' el
H H -

Taurochlic acid
Fig. 8.18: Conjugated blle acids
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Fig. 8:19: Detalled account of hile acid synthesis and metabollsr
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Fig. 8.20: Bile acid synthesis and metabolism

The reaction catalyzed by the 7a hydroxylase is the control point or rate limiting step in
bile and synthesis. The enzyme 7o hydroxylase is expressed only in liver. Sterol 12a
hydroxylase is rate limiting step for the synthesis of cholic acid and its production is
controlled at the level of transcription,

“Two major pathways are involved in the synthesis of bile acids. The neutral or classic
pathway is controlled by CYP7AL in the endoplasmic reticulum. The alternative or acidic
._ pathway is initiated by sterol CYP27A1 in mitochondria CYP8BL is required to synthesize CA.
Oxyterol 7 hydroxylase (CYP7B1).is involved in the formation of CDCA in the acidic pathways.
The neutral pathway can also from CDCA by CYP27AL, Primary bile acids are metabolized by
gut bacteria to form secondary bile-acids, DCA and LCA. -
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8.18.5 Atherosclerosis

The disease is characterised by the hardening of the arteries because of the cholesterol
rich arterial thickening (atheroma is the important feature of the disease).

The onset of the disease occurs over the period of a time. There is an intracellular
deposition of the lipids. Deposition is specifically observed in the smooth muscle cells of the
arterial wall,

Progressively, depositions become fibrous and calcified. The plaques so formed
ultimately block the artery. The blocks in the artery deprive the related tissues of oxygen and
nutrient's.supply. ‘ -

If the blockage occurs in the coronary arteries i.e. arteries supplying blood to the heart,
then'it culminates into myocardial infarction or heart attack. .

8.18.6 Familial Hypercholesterolemia

It represents an inheredited disorder. The individuals suffering from the familial
hypercholesterolemia show extremely elevated levels of cholesterol in their blood. The
afflicted individual develops severe atherosclerosis in childhood. Increase in the blood
cholesterol eventually gives rise to the formation of atherorna in the blood vessel which can
cause death of the person due to the pathological conditions of myocardial infarction.

The lack of functional LDL receptor is the biochemical defect, The tissues -are unable to

" take up the blood cholesterol. This gives rise to high concentration of the blood cholesterol

and formation of atherosclerotic plagues. ) : .

The individuals suffering from the hyperéholesterolemia can be treated with the
hypolipidemic drugs like lovastatin, compactin, clofibrate etc. Drugs like cholestipol and
cholestyramine bind with the bile acids and reduce their reabsorption. Clofibrate increases
the activity of lipoprotein lipase and reduces blood cholesterol and triglyceride.

Hypercholesterolemia is characterised by increase in the plasma cholesterol above
250 mg/dL. It is-also observed in the pathological conditions like hypothyroidism, nephrotic
syndrome and diabetes mellitus.~

In addition to drugs, plasma cholesterol can also be controlled by the factors like:

1. Dietary fibre in the diet.

2. Avoiding high carbohydrate diet.

3. Consuming polyunsaturated fatty acids in the diet.

8.18.7 Hypocholesterolemia _

In pathological conditions like pernicious anaemia, malabsorption syndrome,
hyperthyroidism, the individuals are found to suffer from the hypocholesterolemia.
Disorders of Lipid Metabolism: -

Fatty Liver (Sleatosis) .

A condition wherein there is abnormal accumulation of fats (triglycerides) inside liver
cells. The liver triglycerol synthesis provides the quick stimulus for the formation and
secretion of VLDL. Abncrmal VLDL formation or secretion leads to non-mobilization of lipid
components from the liver, resulting in fatty liver.
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The causes of fatty liver include the imbalance betwzen the rate of triglyceride formation
and its export from liver. There are different reasons responsible for accumulation of lipids in
the liver.- Expansive accumuiation is considered as the pathological condition. When the
accumulation. of the lipids in the liver becomes continuous process (a chronic condition),

Ae e R bintial:

fibrotic changes occur in the liver that proceed to cirrhosis condition and creates problems

in the normal functioning of liver occur.
Fatty liver falls into the main categories:
(A) More synthesis of triglycerides
(8) Defective VLDL_eynthesis

(A) More syﬁthesis of triglycerides

There is increased synthesis of triglycerides in the liver due to more availability of fatty
acids and glycerol. The source of fatty acids to triglyceride synthesis is of the two types:

(i) Fatty acids from diet.
(i) From acetyl CoA, which is a derivative of cartohydraze metabolism.

Thus, high carbohydrate diet triggers the denovo synthesis of fatty acids by providing
excess of acetyl CoA and high fat diet provides increased influx of fatty acids from the diet
that can be esterified with glycerol to provide excess triglycerides.

{B) Defective VLDL synthesis
This type of fatty liver occurs due to metabclic block in the productlon of plasma

lipoproteins, causing accumulation of triclycerides in the liver.

The theoretical reasons for the defective VLDL sythesis are:
(i) Block in apolipoprotein synthesis.
(i) Failure to provide the phospholipids that are part of |poprotem {(VLDL).

(iii) Defective glycosylation of lipoprotein by arotic azid (can be observed in orotic
aciduria — a defect in pyrimidine nucleotide tiosyntehsis).

" (iv) Impaired secretion of VLDL-in oxidative stress causing membrane disruption of

. lipoproteins.
Obeslty' _
“ Obesity can be. defined in the context of biochamistry as ‘a disorder of body weight

- regulatory systems, which causes accumulation of excess body fat'.

Obsesity is associated with the following pathological conditions:
(i) * Hypercholesterolemia . (i) Diabetes mellitus
(iii) High plasma triglycerides (iv) Hypertersion,

(v) Heart diseases "~ (vi) Cancer
(vii) Gall stones (viii) Gout
{ix)  Arthritis : (x) Mortality
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" Risk of hypertension, insulin resistance, diabetes, dlshpldlmla 2

éorona

diseases are generally observed in obese people. Due to’ mcr‘ease m'fg"f ﬁti’i?e,"fd? ‘c‘;v’t’eé
increase in size ard expand and divide. Fat cells once gamed are never lost. Reductlon in
weight causes reduction in size of adepocyte. This explains, why gammg we|ght |s eaS|er
after loosing.

The energy imbalance, where calories intake. is not equal to calories utvhzed is one’ of the -

ma,or cause of obasity. The factors like genetics, individual behaviour, social interactions and
environmental reasons are also responsible in different cases of obesity.

Hormonal control over obesity is due to three hormones secreted by. 'é'dipocyitia.'s,'namely '

- Leptin, adiponectin and resistin. Adiponectin and resistin cause insulin resistance observed
in obesity. The protein hormone Leptin secreted in adipocyte js responsnble 'keep‘_lgody
weight under control. Leptin causes mcrease in metabollc rate and decrea, appetite in

humans.

Metabolic changes in obesity include: Dyslapudemla - which can be defmed as elevatlon
of plasma cholesterol, triglycerides, or both, or low high-density hpoprotem Ievel that
contributes to development of atheroscler0515 .

8.1.8.8 Role of LCAT (Lecithin Cholesterol Acyl Transferase) in Lipld Metabolism
Cholesterol Cholestérol ester

(LCAT)

N -Lecithin cholestero! __J
———  acyl transferase ———=——

Phosphotidyl choline Lysophosphotldyl chollne
Fig. 8.21
8.18.8.1 Reaction Catalysed by LCAT

Lecithin cholesterol acyltransferase; anenzyme'synthesized in the hver is respon.nble for
the transport and elimination of cholesterol from the body. HDL or High density hpoprotein
is also responsible for the transport and the elimination of cholesterof from the body: -

Plasma enzyme LCAT catalyses the.transfer of fatty acid -from the second posltlori of

phosphotidy! choline (Lecithin) to the hydroxy! group of cholesterol. HDL cholesterol is the
actual substrate for the LCAT. The reaction carried out by the LCAT is a reversible reaction,
Cholesterol present in the periferal tissues is taken up in HDL with the help of reaction
catalysed by the LCAT. Then it reaches to liver for degradation and excretion. The activity of
LCAT is engaged in apo-A; of HDL.
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The metabofism of phospholipid occurs in all tissues of the body. Efficient biosynthesis

of phospholipids occurs in the brain, intestine and liver. o
" Exact cellular site of phospholipid biosynthesis is the smooth endoplasmic reticulum,

1. Phosphotidyl Serine: Ethanolamine head group of the phosphotidyi ethanolamine -

exchange with a free serine molecule to produce phosphotidyl serine.
Decarboxylation of the phosphotidy! serine g_ives rise to phosphotidy! ethanolamine.
2. Phosphotidyl Inasitol (PI): A phosphotidic acid produces CDP diacyl glycerol. The
fatter. compound can combine with inositol to form phosphotidyl inositol. The
arachidonic acid in the phosphotidyl inositol is’ the source and precursor of
‘prostaglandin synthesis.
3. Lecithin and Cephalin: The nitrogen bases, namely choline and ethanolamine are
7 st phosphorylated and afterwards, they combine with CTP to form respectively -
CDP - choline and CDP - ethanolamine.
CDP - ethanolamine + 1, 2, diacyl glycerol ——— Phosphotidyl ethanolamine
CDP - choline + 1, 2, diacyl glycero! ——— Phosphotidyl choline
The Interconversion of Lecithin and Cephalin:

Phosphotidyl ethanolamines M—lat'i) Phosphotidyl choline

Cardiolipin: The CDP diacyl glycerol combines with the glycerol-3-phosphate to
form phosphotidyl glycerol which in turn condenses with another molecule of COP
diacylglycerol to form cardiolipin.

Plasmalogen: Dihydroxyacetone phosphate combines with the acyI'CoA to form.

1-acyl dihydroxy acetone phosphate. This compound undergoes a series of reactions
shown in fig. 822 to form 1-alkenyl 2 acylglycerol 3 phosphoethanolamine
{plasmalogen). :

Sphingomyelins: Sphingomyelins are made up of phosphoric acid, fatty acid,
choline-and sphingosine. A sphingosine is a complex amino alcohol,

A.molecule of sphingosine is acylated to produce ceramide. Ceramide further combines -

with the CDP-choline to produce sphingomyelin.

CMP

Serine

Acyl CoA CDPcholine

Spingosine Ceramide Spingomyslin

Palmitoyl CoA .
Fig. 8.22: Flowchart of sphingomyclin synthesis
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ALOGEN:BIC
Dihydroxy acetone phosphate —L* 1-Acyldihydroxy acetone phosphate'
Ry(CHy)y = OH
R,COOH

1-Alkyldihydroxyacetone phosphate

1-Alkyiglycerol
3-phosphate

NADP'  NADPH+H' -
. H,0 Pi . C
1-Alkyl 2 acy! E Z
glycerol 3-phosphate - 1-Alkyl 2 acyl glycerol

CDP ethanolamine - CDP choline

CMP CMP

1-Alky! 2 acylglycerol 1-Alkyl 2 acyl glycerol
3-phosphosthanolamine 3-pXosphochollne
' H,0
1-Alkenyt 2 aéyl glyceral R—COOH

3-phosphosthanolamine
(plasmalogen)

1-Alkyl 2 1 soglycerol
3-phosphocholine

Acyl CoA

CoA

1 - Alkenyl 2 acetylglycerol
3 - phosphocholine (PAF)

(PAF - Platelet activating factor)
Fig. 8.23; Plasmalogen - blosyni_:hesls .
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_ Glycerol 3 - phosphate
(or dihydroxyacetone phosphate)
\

1
!
” i
o Hj~ O—C—R,
CH— 0—&

.Phosphatldlc acld

Choling
(Ethanolamine)
ATP
()] 0
aop#’| I i
7 0 Hy— 0—C—R, ﬁ sz- 0—C~R,
Phosph chioline’ O (—C— e G Qe C—
{phosphoethanolamine) R;—C—0 ¢—H Ry—~C—0—C—H
CHy~ OH CH— 0.—@ —
CTP .
™~ @ 1, 2 - Dlacylglycerol Cyttine
PP, / CDP - diacylglycero! ,
’ . inositot Glycerol-3-phosphal
CDP - chalirie: noste y phosphate
.(CDP - ethanotarhine) - CMP Pi
CMP_

7 (4)
Phosphatidy! glycero!

0

. - I ' Il CDP -
i o] sz— o—c—R, 9 H/~ 0—C—R, diacyl glycerol
e R ICI 0—C "R '—-ICI—O—C—H
- 7 " ’ | » - CMP
P : CH— o—@ CH— 0—@ — .
: ’ ~ Cardiolipin
‘ : Choling, lnosito}  (Diphosphatidy! glycerol)
(Ethanolamine)
Phosphatidyl chollne . Phosphatidyl Inositol

{Phosphatidyl pthanolafnlne)
1. Choline kinase, 2. -Phosphochollneéyﬂdyl transferase, 3. Phosphatidase phosphohydrolase,
4. Phosphochdﬁﬁe .dia'fyllg'ly.&:"ei'd 'tlzansferas._e. 5. CTP phosphotidate cytidyl transferase,

-6, CDP - Dldcylglycerol inositol transferase
" Hg. §34 Phosphollpid blosynthesis
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3133 CATABOLISM:OF P HOSEHOLI St SR ‘
Group of enzymes known -as phospholipases degrade the phospholipids. Phospho- '
lipases breakdow/n phosphodiester bond in p_hospholipids. *

~~ Phospholipase A, :
Phospholipase A, ? .
o] fH— o (!-—R,
1i -
Ry—C-+0—C~—H o] -

~ CH™~O0 rl-—O Base
o

Phosphollpase C Phospholipase D
Fig. 8.25: Various sites of action of phospholipases
Various Sites of Action of Phosphalipases: . _ ’ .

Phospholipase A;: This enzyme is present in Penicillium notatum, Aspergillus oryzae and :
astacks the phosphodiester linkage at the position 1 of the phospholipid giving 2 product
lysophospholipid. The lysophospholipid is acted upon by lysophospholipase.

Phospholipase A;: This enzyme brings about the hydrolysis of fatty acid at the C;
position ‘of the phospholipid. Bee venom and snake venom are rich- sources of the
ghospholipasz A;. Enzyme is also found in many tissues and pancreatic juice. - .

Phospholipase : This enzyme is found in the Clostridium welchi and in lysosomes of
hepatocytes. It specifically splits phosphéryl choline from phospholipids to produce 1, 2,
diacylglycero. _ ' ' .

Phospholipase D: fhe enzyme is found in various plant sources like cotton seed and

-

cabbage.
The enzyme catalyses the removal of nitrogenous base from phospholipids.
various products of the phospholipids enter the metabolic pool and are utilized as and

when required. . . :

5.24 CATABOLISM OF SPHINGORRIENEHAT
Lysosomal enzyme, sphingomyelinase catab

phosphotidyl choline. Degradation of ceramide produces sphingosine and free fatty acids.

e R AR g
N

Faber's Disease: . :

A defect in the enzyme ceramidase is responsible for the Faber's disease. Clinical signs of”
the disorder are subcutaneous nodules, skeletal deformation, dermatitis, mental retardation. ‘
It is fatal in early life. -
Niemann Pick Disease: o

This inherited disorder is due to the defect in the enzyme sphingomyelinase. Disease s -
characterisec by the accumulation of the large pale cells or Niemann-pick cells containing
sphingoryelins in liver, kidney, spleen and lung. This causes enlargement of the organs.
Victims of Niemann pick disease suffer from mental retardation and death in early

chitdhood. Several clinical features are common with Gauchets disease.
Chp 8837 '
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Glycollplds contain ceramlde The ceramide is in turn formed from the fatty acid bound
to the sphingosine. Presence of carbohydrate in the glycolipid (generally galactose) is
responsible for their nomenclature as glycolipid.

Glycolipids are also known as cerebrosides.

Cerebroside is the common name’ for a group of glycosphingolipids called
monoglycoceramides which are important components in animal muscle and nerve cell
membranes.

Synthesis of galactosyl ceramlde and qucosyICeramrde occurs in endoplasmic reticulum
and on cytosolic side of the early ‘Golgi membranes respectively.

Glycolipids are part and parcel of the cerebral lipids. Some of the examples of them are:

1. Glucocerebrosides 2. Galactocerebrosides.

Glucocerebrosudes are formed during the course of the metabolism of complex
glycosphingolipids. The galactocerebrOSIde is a major fraction of the nervous tissue
membrane

GG

Glucose

Gly -le ®

Gly-1-®

(UTP
~ CoASH pp, UDP
latty acyl CoA ]
. iy ° ’ UDP glucose ;
Sphingosine Ceramide Glucocerebroside
UDP galactose
UDP<—":

Galactocerebroside
PAPS

® - Phosphate
PAPS - 3'-phosphodenosine 5'-phosphosulfate

. b .
Galactocarebroside 3 sulfate
(Sulfatide)

: Glycolipid metabolism

Llpotroprc factors represent the group of compounds that promote the transpor’(atlon
and utilizatlon of fats and help to prevent the accumulation of fat in the liver,

The examples of lipotropic factors include - choline, methionine, inositol, betain, fofic
acid end vitamin By, essential fatty acids required for VLDL and lipoprotein synthesis
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The lipotropic factors are directly or rndlrectly partlcrpatrng in the transmethylatron
reactions which are channeled towards the choline synthesis. Protein deficiency disease like
Kwashiorkar causes the: fatty liver. The root cause of fatty liver in the Kwashiorkar is the
deficiency of the methy! group donating.amino acid - methionine.

Besides being methyl group donors, choline and .inositol are constrtuents of
phospholipids too. This justifies their necessity in the synthesrs of the Ilpoprotelns and
phospholipids.

Sometimes, glycine and serine also.play the role of lipotropic factors. Lipotropic factors
are impertant because they can help liver function better as well as get rid of toxins.

The deficiency of lipotropic factors in the body is correlated with the accumulation of
the fat in the liver. Lipotropic factors prevents fatty liver but cannot reverse the condition.
Casein, heparin, Vit. E, Selenium, Pantothenic acid play role of lipotropic factors.

Humans derive steroid hormones from cholesterol. Two classes of steroid hormones are
synthesized in. the cortex of adrenal gland, mineralocorticoids, which control the
reabsorption of inorganic ions (Na“, CI" and HCOs) by the kidney and glucocorttcords, which
help regulate gluconeogenesis and reduce rnﬂammatory response,

Sex hormones are produced in male and female gonads and the placenta. They include
progesterone, which regulates female reproductive cycle and androgens (such as
testosterone) and estrogens (such as estradiol), which influence development, secondary
sexual characters in males and females respectively.

Steroid hormones are effective at very low concentrations and therefore synthesized in
refatively small quantities. Therefore the amount of cholesterol consumed for the synthesis
of steroid hormones is comparatively less than that consumed for bile salt production.

Steroid hormones (glucocorticoids, mineralocorticoids and sex hormones) are produced

from cholesterol by alteration of side chain and introduction of oxygen atoms into steroid

ring system.

Synthesis of steroid hormones requires removal of some or all of carbons in 'side chain’
on C-17 of the D ring system of cholesterol (For structure of cholesterol Refer Article 3.10,
Page 3.16). Side chain removal takes place in the mitochondria of steroid producing tissues.
Removal involves the hydroxylation of two adjacent carbons in the side chain (C-20 and C-
22) followed by cleavage of the bond between them. _

Synthesis of various other steric hormones, also involves the introduction of oxygen
atoms. Enzymes, known as ‘mixed function oxidases’ are involved in the all hydroxylation
and oxygenation reations mentioned above. Mixed function oxidases use NADPH, O, and
cytochrome P-450.
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Cytochrome P-450-acts as a carrier in this mixed function oxidase system that oxidises
adjacent carbons. The process also requires electron transferring p-oteins adrencdoxin and
adrenodoxin reductase. This system for cleaving side chains is found in m|tocnondr|a of the

adrenal cortex, wherein active steroid production occurs.
* Pregnenolone is the precursor of all other_ steroud hormones ds shown in the adjacent’

ﬂowchart

Cholesterol

HO

'cyt P-450
Adrenodoxin
 (Fe-8)

Mixed-function 2H +
oxidase )
Adrenodoxin
reductase
Flavoprotein. ,
: 2 NAD?

N\ NADP' + HO

Q
N
‘ CH 0 Isocaproaldehyce
2
\C/

HO
Pragnenolone

Fig. 8. 27 Some steroid hormones derived from cholesterol
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17-hydroxylase ' " 17-hydroxylase '
E@—» Pregnenolone ~— 17-Hydroxypregnenolong ——»- Dehydmeplandmstemne
3frdehydrogenase '.:!p-dehydrogenase 3p-dohydroger'mse
17-hydroxylase 17-hydroxylase 7

Progesterone ———— 17-Hydroxyprogesterone ———-5 Androstenedione

| Sa-reductase

121 -hydroiylase 21-hydroxylase

Deoxycorlicosterone 11-Deoxycortisol . Testos!erone' : l.DIhydro--
N ' 1 testosterone
lﬁ[&-hydroxylasa 11B-hydfoxylase Aromatase pelestarmn
Corticosterone Y .
=
18-hydroxylase (leer) )
(Ovarles)

18-Hydroxycorticosterone

Aldosterone

(Kidneyes)

* Normal type are Hormones
* Bold types are Enzymes

Fig. 8.28: Syn_fhesis of steroid hormones

829 SYNTHESIS OF VT MICHOLES
Vitamin D is alsc known as calcltnol {active form of it). There is a close connection

Latween Vitamin D and cholesterol. One of the biggest sources of Vitamin D for individuals’

is contact with sunlight, upon exposure to sunlight, body can synthesize its own Vitamin D.
Crolesterol is involved in the process of synthesizing vitamin D from sunlight.

_m —_Plant (yeast)

7 Dehydroxy
cholesterol Ergosterol
B l Uv light |m@ '
Cholecalciferol Calclferol
(Vit. Dy) Vit. D)
uc_—_-_—m mver microsome lmﬁ
Calcifedot Calcifedo!
(25-QH-D,) (25-OH-Dy) »
IGidney.
Gy ’ [ g
ﬂ mitrochondria E
alcitriol =~ - cm_cltﬁo_l .
(1.25(0H),0,) | T == (1,25(0H), Dy)

Fig. 8.29: Flowchart of journey of vitamin D formation
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yitamin D cannot be synthesized in absence of 7-dehydrocholesterol

olesterol. In- fact; it has been proved.that, less
olesterol.in'the diet resulted in less Vitamin D in blood.
After your skin is exposed to UV rays in the sunlight,
mo|e¢;ules of 7 dehydrocholesterol (also known as
' rovitamin D;) is converted into cholecalciferol (or
tamin Ds). This reéction takes place in the skin.
Cholecalciferol reaches liver by way of blood
i Circu|3ﬂ°"' wherein- this-molecule is hydroxylated at 25
i - 6si'fi6'n'to form 25 hydroxy cholecalciferol (25 hydroxy
o vitamin D). This hydroxylation in liver is brought about by
the specific hydroxylase enzyme. .
Next step of hydroxylation takes place in the kidney, .
with the help of 25 hydroxy cholecalciferot hydroxylase. It
roduces a molecule of 1, 25 dihydroxy cholecalciferol -
(acﬁve Vitamin D molecule or 1, 25 dihydroxy Vitamin Da).
The liver and: kidney hydroxylation reactions are
carried out in the presence of the cyclochrome Puso,
NADPH and molecular oxygen.
] Regula'tion of Vitamin D Synthesis:

plasma levels of calcium and phosphates are major
F jctors  deciding  the synthesis of active Vitamin D
] olecule (1, 25 dihydroxy cholecalciferol). Plasma calcium
and phosphate Jevels contro! the hydroxylation reactions
st position 1 (occurring in kidney). This reaction is tightly
controﬂed and serves as the major control point in
uction of active hormone.

Cholecalciferol (vitamin D;)

-~

HO' ﬂ In liver

25-hydraxycholecaleifero!
(25-hydroxy vitamin D)

ér
~ .
HO ﬂ In kidney

1,25-hydroxycholecalciforol
(1,25-dihydroxy vitamin 0,)

prod
-
™oH

Active form

HO OH
Fig. 8.30: Vitamin D synthesis

QUESTIONS
1. Explain in detail the pathway of fatty acid biosynthesis.
2. Enlight the salient features of the B-oxidation of fatty acid.
3, Give energetics of the B-oxidation of C,, fatty acid.

- NI
Inskin || ///,l\\\
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4.

© ® N

1

How many numbers of ATPs will be produced, if the Cy fatty acid is 'c'ompietely :

oxidised to CO, and H,0? _

Explain in detail the pathway for the cholesterol biosynthesis.

Discuss in detail the metabolism of phospholipids, lecithin and cephalin.

What is meant by ketone bodies? What is their biochemical significance?
Describe in short synthesis of ketone-bodies. ) '

. Describe the pathway for the production of steroid hormones from cholesterol,
0. Write short notes.on: (a} Obesity (b) Lipotropic factors. (c) Atheroscierosis .

Chp 8843
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'METABOLISM OF

AMINO ACIDS AND PROTEINS

_ ¢ LEARNING OBJECTIVES +
‘o Understand Pathways of Synthesis of Biochemically Active Substances like Tryptamine etc.
. un&rstand Catabolic Pathways of Amino acids and Ammonia Disposal in Urea Cycle.
. ,q-pprgciate General Reactions of Amino Acids and Correlate their Biochemical Significance.
o Appreciate the Pathway of Catabolism of Heme and related diseases.
Understand Biochemical Reasons befind Diseases related to Amino Acid Metabolism.

J dez . b Lo L ALY
There ‘are twenty amino acids in proteins with different structural formulas
Correspondingly, there are twenty different catabolic pathways for amino acid degradation'

_ {n humans total amount’ of energy produced by these pathways, accounts for 10-15% of
body's energy production. :

. The twenty catabolic pathways converge to form seven products, all of which enter the
dtric acid cycle. From here carbon skeletcn can be diverted to gluconeogenesis or
ketogenesis or they can be completely oxidised to-CO, and H,0.

All or part of twénrty'amino acids are ultimztely broken down to yield acetyl CoA.

When amino acids are present in excess of metabolic needs, their carbon skeletons are
catabolized to amphibolic intermediates for use as a source of energy or else as a substrate
for carbohydrate and lipid biosynthesis. )

.Removal of _ajnitrogen by transamination is the initial reaction of amino acid catabolism.
Subseguent reactions remove any additional nitrogens (if at all present) and restructure the
remaining hydrocarbon skeleton for conversion to amphibolic intermediates such as:

1. Oxaloacetate

a-Ketoglutarate

Pyruvate

Acetyl CoA ,
Succinyl CoA . .
_Fumarate

Acetoacetate.

P

N ov s wN
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The above mentioaed carbon skeleton can be metabolised in the-following manner:

1. Synthesis of glucose. 2. Formation of lipids.

3. Oxidation via TCA cycle to produce' energy.

4. Synthesis of non-essential amino acids. )
0.2 AMINGACIDMETABOLISM " ak
9.2.1 Transamination _

The transfer of aa amino (~NH,) group from an amino acid to keto acid is known as
transamination. This raaction involves reversible transfer of an amino group from amino acid
to keto acid. The ketc acid; is converted into amino acid, and amino acid; to keto, 'ééidi. :
Transamination reaction is catalysed by group of enzymes. called transaminas_es,'they"a}e'
also known as arninotransferases. Transaminases in mammals are found predominantly in -

liver. -
The general reaction of transamination can be represented as follows:
COOH COOH COOH COOH
| | o 1
H-C-NH, + C=0 [ C=0 4+H--C=NH,

| I - |

Rl RZ Rl Rz

Amino acidy Keto acid Keto acid, Amino acid; -

The most important characteristics of transamination reaction are as follows: .

All amino ac ds except lysine, proline, hydroxyproline and threonine can participate in
the transamination reagtion. The keto acids participating in the transamination reaction are Ty
only three, namely a-ketoglutaric acid, oxaloacetic acid and pyruvic-acid. All transaminases ,
require pyridoxzl phosphate (PLP), a cofactor derived from vitamin Bg. There are specific :
transaminases [or every pair of amino and keto acids. Significant contribution to
transamination is given by aspartate transaminase (SGOT or recently known as AST) -and
alanine transam nase (SGPT, recently known as ALT). There is no free NH; liberated in the
transamination reaction. It involves only transfer of amino group. Transamination is a
raversible reaction. “ransamination is very important for the redistribution of amino groups :
and production of non-essential amino acids in the cell, since all the amino acids are not *’
available in the proportion needed for protein synthesis. Transamination is not restricted to '
@-amino group, e.g. amino group of the ornithine is also transaminated. |

Transaminazion nvolves both catabolism and anabolism-of amino acids. ot

Excess of amino acids can be diverted towards energy generation with the help of V
transamination. All the amino acids undergoing transamination, finally concentrate nitrogen.
in the form of giutamate. In fact, glutamate is the only amino acid that undergoes oxidative : »-
deamination to a significant extent to liberate free NH; for urea synthesis in urea cycle.

SGPT and 50T have a diagnostic importance. Serum levels of SGPT increase in liver ,
diseases and serum levels of SGOT increase in myocardial infarction. Reactions catalysed by ; o
transaminases are anergonic as they do riot require input of metabolic energy. The reactions * -
are freely reverzible. The direction of the reaction is determined by relative cellular demands

in terms of conentrations of amino acid and ketoacid pair. L
Chp 9192 : - -
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9;2.1,.1 Mechanism of Transamination

Transamination reaction takes place in two steps. |
1. Transfer of amino group of amino acid to cofactor pyridoxal phosphate to form

pyridoxamine phosphate.

2. The amino group of pyridoxamine phosphate is then transferred to' keto acid to_

produce new amino acid along with the regeneration of the enzyme and PLP

PLP a derivative of vitamin By, linked with & amino group of lysine residue, at tre active
site of enzyme forms a Schiff base (imine linkage). When amino acid (substrate) comes in
contact with the enzyme, it displaces lysine at the active site of the enzyme and a new Schiff
base linkage is formed with amino acid substrate. The complex of amino acid, PLP-Schiff
base tightly binds with the enzyme by multiple non-covalent interactions. The amino acid is
then hydrolyzed to form an a-keto acid-and pyridoxamine phosphate, «-amino group
having been temporarily transferred from the amino acid substrate onto pyridoxal
phosphate, Steps discussed so far, constitute half of the transamination reaction. The second
half occurs by a reversal of above reaction with second o-keto acid reacting with
pyridoxamine phosphate to yield a second amino acid with the regeneration of enzyme
pyridoxal phosphate complex.

Flowchart of Transamination Mechanism

Glutamate pyruvate
transaminase

CH;—CH—CO0™ = —> CHy— ﬁ'- co0
NH’ \ 0
Alanine ’ Pyruvate
H

HO 7 CH,—0—[P] HO A~ ~CH, — 0 —[P]
HC” Sy HC Sy
oo A

Pyridoxamine phosphate

[clﬂ- coo”

Pyridoxal phosphate

Glutamate
P pyruvate

H—C—C00. transaminase
é”z - CH,
(I:Hz (l:H2
éoo' ' - ' ‘ (':oo'
Glutamate u-Ketoglutarate

Fig. 9.1 (a): Role of Pyridoxal phosphate in Transamination
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(CH,)4 © R—CH—C00" o

. ,NJ'\C " F—Enzyme
) CH,— 0 — CH,—0— + (TH2)‘
NH,
HC™ SN
L
Enzyme - PLP - ‘Amino acld
Schiff base PLP » Schiff base

Fig. 9.1 (b): Role of Pyridoxal phosphate in Transamination

9.2.2 Deamination . : o

Deamination involves removal of amino group from amino acid in the form of NH;. The
ammonia liberated is diverted for urea synthesis. The remaining carbon: skeleton of amino
acid is catabolised to keto acid.

Deamination can be oxidative or non-oxidative. Although transamination  and
deamination are separately discussed, they occur simultaneously. The glutamate is involved
as a central molecule in these two reactions. Hence, many people call these two reactions as
transdeamination, while describing the reaction of transamination and” deamination
particularly involving glutamate. '
9.2.2.1 Oxidative Deamination _

Liberation of free ammonia from amino group of an amino acid coupled with oxidation
takes place in oxidative deamination. The reaction occurs in the liver and kidney.

Glutamate Dehydrogenase Participation: : .

. The elimination of NH, of amino acid could be considered to be routed through
glutamic acid in the following sets of reactions. In the process of transamination, the amino
group of most amino acids are generally. transferred to o-keto glutarate to produce
glutamate. This glutamate serves as a 'reserve’ or store of amino groups in biological

-systems. An enzyme glutamate dehydrogenase carries out oxidative deamination of

glutamate to liberate ammonia. The glutamate dehydrogenase is the only enzyme utilizing
either NAD* orNADP* as cofactors in'the biological system. e

The conversion of glutamate to a-ketoglutarate occurs through the formation of an
intermediate, namely a-iminoglutarate. Glutamate dehydrogenase is widely distributed in all
the tissues and its activity is very high. '

The reaction is very important because it reversibly links glutamate metabolism with TCA

cycle via a-ketoglutarate. .

Oxidative deamination can also be brought about by L amino acid oxidases which
require FMN as coenzymes whereas D amino acid oxidases require FAD as coenzymes. They
act on corresponding enzymes to produce a-ketoglutaric acid and NH;.

Metabolism of AmingiAtids snd Proteins
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9.2.2.2 Non-Oxidative Deamination . .
Some of the aman acids can be deaminated to liberate NH; without undergoing

" oxidation.
. (a)c.) Deammanon of Hlstidine The enzyme histidase converts histidine into urocanate
i ation of NHs.
with the iber Histidase
Histidine Urocanate
NH,

(b) | Amino acid desulfhydratase: ‘Sulphur containing amino acids ‘namely cysteine
" and homocysteine, undergo deamiination which is coupled with desulfhydrat-on to

s.
give ketoacid Desultydratase,

Cysteine: Pyruvate

NH3+ H,S -
{¢) Amino acid dehydratase° Hydroxy group containing amino acids, namely, serine,
threonine and homocysteine, undergo PLP dependent deamination carried out by

.dehydratase.

Y Serind,  penydratase )
threonine, Respective
homoserine _ a-ketoacids

NH,
9,2.3 Decarboxylation

Decarboxylation is the chemical reaction. that removes carboxyl graup from amino acids

and releases carbon dioxide.
Decarboxylase enzymes
-acid. As a result._the end product

bfeak the bond between the ~COOH group to rest of the amino
is basic chemical compound.

R — GH — COOH R - CH, — NH,
. |" .
* NHy :
Amino add . Amine
decarboxylation .
R cn-cxz)zﬂ ———+ R=CH;—NH; + CO;
l-
NH,
mdeearboxyla
HOOC - CH, _CH__COOH e’ CH:,—-CI:H COOH '+ CO,
' ’ rlp? NH,
Argihine decarboxylase, ornithine decarboxylase and lysine decarboxylase are examples
of few decarboxylase efzymes. = '

_ Amiino acids undergo a-decarboxylatlon to form corresponding amines. Usually” amines
have_high physiologica! _actlwty Ammo acids also show @ decarboxyla jon reactlcns as

shown.

Chp 9|95

2k

Biochemistry (3.Pharm Sem. ) Metabolism of Amjna Acids arid Proteins.

Enzymes carrying out decarboxylation are- called -as decarboxyiase ‘whi¢h requnre
pyricoxal phosphate as the coenzyme. Examples are-as follows: . .

Decarboxylaticn reactions of amino acids are responsible for the formatlon of .
physiologically active compounds like GABA, Tyramine, Histamine. ‘

Enzymes of microorganisms (in colon; in.dead organisms)- decarboxylate amine. acads

with formation of dieamines. .
H,N — (SHyp)s -ICH COOH ——— HN—(CHp)y—NH, 7.,

NH, co, .
Omithine Putrescine o R .~
AN — (CH,) — ICH ~—COOH =< H,N— (CH,)s— NH, BT R :
NH; COZ ) . ‘_-
Lysine Cadaverine ' o N
1. Gluamic acid —-T—u Gamma amino butyric aeld (GABA) c e
co, ' S L e
2. Tyrosine =" Tyramine
co, , .
3. Histadine T’ Histamine ‘ :
Following table 3.1 gives examples of other decarboxylation react:ons ofammo ac:ds SR
Table 9.1 ) :
Name of an acid ‘Prodiict obtained after decarboquatlon :
Tryproptan Tryptamine . . P
Phenyl alanine Phenyl ethylamine -
Serire . Ethariolamine
Lysire " | Cadaverine
Arginine " | Agmatine £
Ornichine | Putrescine f
3-hydroxytryptophan Serotonin
L DOPA Dopamine .

Oxidative decarbaxylation reactions are oxidation reactions in which carboxylate group
ic ramoved forming COZ Many blologlcal systems show these reactions.

in the amino acid metabolism. Ammonia exists as NH,1
jons at the physiological pH.

Formation of ammonia mamly occurs . from amino ‘atid$ (transammatlon and .
ceamination), catabolism of -purines, pyrimidines, blogenlc ammes, and by the actlon of
intastinal bacterta.

Please refer Ch. 5, Article 5.6 ’Decarboxylat:on of Pyruvate under ttt!e, Metabothateof .

Fyruvate.
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,-Qur quy has .¢fficient mechanism for NH3 transport and its immediate utilization for

urea synthesis. This is the reason why plasma ammonia levels are normally maintained at 10-
20 pg/d!-

Ammonia transpart occ
Alanine transport from musc

Glutamine serves as storage an
liver, muscle and brain. Brain detoxifies amrrionia'in the form of glutamine.

An enzyme glutamine synthetase, a mitochondrial. enzyme is responsible for the

synthesis of glutamine fro
requires Mg+ ions and ATP.
Animals can be classi
disposal. _ _
() Ureotelic: Mammals including man convert NH; to urea, a non-toxic easily
excretable compound. o S
(i) Uricotelic:In reptiles and birds, ammonia is converted to uric acid, thus excreted.
(lll)r Athmoh_btelic. Aquatic animals can dispose off NH; into the surrounding water.

9.3.1 Ammonia Toxicity

Brain Is very vulnerable
levels cause blurring of visi
coma or death.

9.3.2 Hyperammonia -
Elevation in blood ammonia level may be genetic or acquired. Defect in any one enzyme

-of urea cycle can give rise to the same condition. Acquired hyperammonia may be due to
hepatitis, alcoholism etc.

Mental retardation is the chnlcal sngn of hyperammoma
NADPH + H NADP

e to liver is done by glucose alanine cycle.

ﬂed into different classes on the basis of their mode of ammonia

to marginal concentration of ammonia. Elevated blood ammonia
on and slurring of speech. If not corrected in time, it may lead to

a-keloglutarate + HyN ~#— > Glutamate

Glutamate
dehydrogenase

ATP ADP + P,
2+

: Mg .
Glutamate Glutamine
: - NH, - Ho0

jutaminase

‘<

NH, H0
Fig. 9.2 Synthesis- of glutamine and its conversion
to glutamate are both independent reactions
. Toxxc effects of ammonia can be explained by the above mentioned reactions,
specifically. glutamate dehydrogenase ‘Elevated blood ammonia levels shift the equilibrium

Chp 9 9,7

urs in the form of glutamate or alanine and not as free ammonia.

d transport form of NH. Its synthesis mostly occurs in

m glutamate and ammonia. This reaction is unidirectional and

T
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to the right with more glutamate formation. Glutamate formation invoives maore utilization
of a-ketoglutarate, the key intermediate of TCA-cycle. The' net result is ‘the reduced

production of energy (ATP) by brain. Thus, tokic effects of NH, on bram are due to reductlon )

in ATP formation.

GRERCTELLS
Urea is synthesized in the liver by urea cycle. It is then secreted into blood stream and
taken up by the kidneys for excretion in the urine. Urea cycle was the first metabolic

pathway to be discovered by Hans Krebs and Kurt Henseleit in 1932 Urea cycle takes place

- partly in mitochondria and partly in cytoplasm.’

Urea is the end product of protein-metabolism- or amino acid metabolism, The ammonia
formed from amino acid nitrogen is toxic to the body. It is detoxified and converted to urea

in urea cycle.
Urea molecule H;N - C - NH,, contains two amino groups. One of the mtrogen atom of

'o o S
urea comes from ammonia. The other is transferred from amino acid aspartate.
- The overall reaction of the urea cycle is as follows: .
NH; +HCO; +H,0 + 3 ATP + Aspartate — Urea + 2ADP + AMP + 2P; + PP; + Fumarate
Urea synthesis is a five step cyclic process, with five distinct enzymes. The f|rst two
enzymes are present in the mitochondria and rest are localised.in the cytosol

9.4.1 Carbamoyl Phosphate Synthetase 1
Carbamoyl Phosphate Synthetase | (CPS 1) catalyses the condensation and activation of

ammonia and CO; (in the form of bicarbonate, HCO; ) to form carbamoyl phosphate in

mitochondria. The hydrolysis of 2ATP-molecules makes this reaction irreversible and rate
limiting. Another enzyme, carbamoyl phosphate synthetase II (CPS II) present in cytosol
accepts amino group from glutamate. This reaction takes place in the mitochondria.

'9.4.2 Ornithine Transcarbamoylase - .
Ormthme transcarbamoylase catalyses the transfer of carbamoyl group from carbamoyl

phosphate to ornithine. This reaction forms another non-standard amino acid citrulline
which then has to be transported out of mitochondria into cytosol where remaining
reactions of the cycle take place. In cytosol ofnithine is- regenerated and used in the urea
cycle. Ornithine and citrulline are basic amino acids which -are never found i in protelns due to
lack of codons.

Citrulline produced in this reaction is transported to cytosol by a transporter system
9.4.3 Argmosuccinate Synthetase :

This enzyme condenses citrulline with aspartate to produce arginosuccinate. The second

amino. group of ureais incorporated in this reaction. This step requires ATP which is cleaved
" to AMP and pyrophosphaté. Pyrophosphate |s lmmedlately broken down to morgamc

phosphate
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9.4.4.Arginosuccinase - o B -
< This enzyme removes the carbon skeleton of aspartate from arginosuccinate in the form

of fumarate, leavingithe nitrogen.atom on the other product, argining.
Fumarate liberated here provides connecting link with TCA cycle and gluconeogenesis. -

9.4.5 Fom\atlon of Urea

Urea is formed- from arginine by the action of arginase with the regeneratlon of

ornithine. Ornithine is thus. regenerated and can be transported into mrtochondrla to initiate
9.‘ G.Regulation of. Urea Cycle _

“The' first reaction catalysed by carbamoyl phosphate synthetase 1.is the rate limiting
reactlon of urea cycle. GPS 1 is allosterically controlled by N acetyl glutamate. It is
synthesrzed from glutamate and acetyl CoA by synthetase and degraded by a hydrolase.

 Flowchartiof Urea Cycle: . -
Mitochondria Cytosol
) . ATP _ Aspartate ity
, “00C-CH,~CH-CO0"
24TP Cirutid” @

\ 2a0pep, AMP

HCO,
.\ \

Carbamoyl
phosphate -
synthetase | HN-C~0-

Rt

Py

Arginosuccinate

Cartiamoy! phosptiate
||

NH

Co0™ 'NH, “NH,

- | [ [ .
00C—CHy~CH-NH-C—NH~{CH_);~CH-COO

UREA
CYCLE Fumarate
"00C-CH=CH-C00~
" R Arglnlne .
_{' o ’ Omlthlne NH B TH:’
' ' NaH-(CHz)r?H-COO HyN-C-NH-{CH,)y~CH-CO0™
"~ "NH, H,0 '
[ 2 o}
Urea il
H,N — C — NH,
Enzyine Numbers. THZ
(1) Carbamoyl phosphate synthetase | ) C=0
(2) Omithine.transcarbanioylase . |
(3) Arginosuccinate synthetase 'r H.
(4) Arginosuccinase S o (?Hz):i _
'(5) Arglnase ' T - fCltrulling’ *
N .- \structure | '-H?"" NH,
Ly T S e 000 .

o 'Flgl 9.@>{Urea cycle flowchart
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represents a group of metabohc dlseases, hereditary: in ng
enzyme in a particular metabolic pathway, occurrrng as a result of mumtaon in a specrf‘c
gene responsible for enzyme synthesis.

Mutation of tFe gene causes synthesis of a protein drfferent from a natural one; These
mutations are transmitted from generatlon to generation and abnormal enzyme so
produced becomes hereditary in‘nature.

Such an altered protein produced may-or may not have the harmful effects on

metabolism.
However, if such mutation occurs in the part of the genome, which is not transcribed

the mutation reflects no effect on the metabolism. If mutation occurs in the part.of the -

genome, which is transcribed, it gives rise to an altered protein.

Metabolism of Amino Acids and'Protéins, .

If such altered protein is an enzyme it may lose its catalytic. abllrty Thls is mamfe,sted m '

the form of accumulation of the substrate of the enzyme. This in turn can: result mto ltS
feedback effects.

If a gene becomes partly | mutant and partly normal, there might occur a deficiency of a
centain enzyme. This is reflected in the form of disturbance in the metabolism of certain
substances. The excretion of the accumulated substance in urine is a natural compensatory
phenomenon.

Research is actively going on in the field of genetic defects. Gene therapy. could be one
of the solutions for genetic diseases like inborn errors of metabolism.

OR else, to certain extent, such diseasés can be controlled as follows:

(a) Reduce the intake of the substance which cannot be metabolised due’ to genetrc

error.

(b} In case o complete or partial failure in production of some substance, it could be

supplied in calculated amounts externally,
(c) If there is overproduction of some substance (unwanted), it can be selectrvely
reduced by knowledge and use of inhibitors.
(d) The existence of an abnormal metabolic trait of genetrc origin could be decreased by
marriage counselling.
9.5.1 Metabolic Disorders of Urea Cycle
People with genetic defects in urea cycle enzymes have impaired abrhty to convert

ammonra to urea.

All the disorders of urea cycle ultimately Jead to build up in blood ammonia (hyper-
ammonemia) leading to toxicity. Metabolic defects associated with each of the five enzymes
of urea cycle have been reported.

The clinical symptoms associated with defect in urea cycle enzymes include” vomltlng,
lethargy, irritability, ataxia and mental retardatron

Disorders of Urea Cycle
Al enzymes of urea cycle, have wrtnessed genetic defects in’ dlfferent mdlwduals.

Although it is extremely rare to find such defects in populatlon Defect described In-OTC of -

amithine trans zarbamoylase is x linked. The defect in the enzyme, 1. The - carbomoyl
phosphate synthase, and 2.-Ornithine-trans caramoylase catises accumulat:on of ammonia.
chp9|91o
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} . " Where as defect in fater enzymes causes accumulation of intermediates of urea cycle - 9.6.1 Catabolism of Sulfur Containing Amino Acids
y and these are autosomal recessive, - Sulfur containing amino acids are:
--Such. children.having genetic defect in the enzymes of urea cycle having feeding . Cysteine
g, _ difficulty, lethargy, irritabifity, protein induced vomiting, poor intellectual development, Cystine
A cerebral-edema, seizures and the pat|ent may suffer from coma and succumb to death. . Methionine :
: 2 e GRADAS o » Methionine is the essential amino acid among above mentioned amino-acids.
There.is no prqv|5|o for the storageofexcess amino acrds in the body Moreover every + Méthionine serves as 4 precursor of oystelne and cystine.
o protein in the body has its own half life. There is constant turnover of amino acids and +  Cysteine and cystine are interconvertible.
i protelns in the body. : +  Cystine is found exclusively in proteins.
: -{, o The first step of deradation-of amino acid include removal of the a-amino group of the . Methlomne is requrred for the initiation of protein biosynthesis.
amino acid, The remaining -catbon skeleton’ s converted into one of the Mmetabolic + Cystine ¢an spare requirement of methionine in the dlet
intermediates. These intermediates obtained in the course of degradation are used as +  Cysteine is a’constituent ofglutathrone .
metabiolic fuels. : + Cysteine is a constituent of scleroproteins (e.g. keratin of skin and hair).
There arg only seven molecules formed at the end of degradation of twenty amino acids. 9.6.1.1 Metabolism of Methionine ' ,
These are pyruvate, acetyl CoA, aceto acetyl CoA, a-ketoglutarate, succinyl CoA; fumarate Methionine metabolism could be distributed into three main steps.
and. oxaloacetate, [amino acids are classified as glucogenic or ketogenic based on the nature 1. Transmethylation.
of degradation or catabolism product - (discussed in the Chapter 2 - Chemistry of Amino 2. Conversion to cysteine and cystine.
Acids.and Proteins)}. ) 3. Cysteine degradation. ' :
The flowsheet below represents the fates of various amino acid catabolism. : 1. Transmethylation: This involves the transfer of methyl group from " active
O _ ‘ methionine to an acceptor. A methionine is activated to S-adenosyl methionine’ (SAM) or
l T ' _ Gly Ser active'methionine to donate the methyl group.
Glucose The Trp : ) NH,
{ . - -
!' . J, il ) + I ' N I N}\C’N\\
E’ :. Phosphoenol- Pyruvale Lou lf’?\% %’XS HN—C—H ' HN—C—t | Ié CH
e pyruvate ¥ Trp L . ] ] HEXy, CO~N
Tyr . . CH; + ATP —————ee———p P +PP, + CH,
! Methionine I
v ?Hz S-adenosyl transferase : ) ?Hz oH
n . A —
Al Asp " Oxaloagslate eretyl CoA =—— Aceloacetyl CoA HC — S HyC _§ 20
i . "
] 15 . ' Methionine H H
L Ketone bodies ’ OH OH
| 2 I T _ CI%I;CIA:M Cithte S adenosyimethionine
£ 1 : %t’\re |— Fumarate _ : Fig. 9.5: Synthesis of SAM
3 i : ' . . Synthesis of S-adenosyl methionine occurs by the transfer of adenosy! group from ATP
- Agr  Gln to sulphur atom of methionine. This reaction is catalysed by methionine S-adenosyl
I 1. Suecint Coh o-Ketoglutarate «——— Glu  His f h i L S . .
. / yt Co. Pro transferase. The activation of methionine is unique as the sulphur becomes sulfonium ioh.
E !}gr c‘:l_t._ o : Uniqueness of the reaction lies in the fact that all the three phosphates of ATP are
o - : eIiminated as pyrophosphates (PP) and inorganic phosphates (P;). Three high energy
) : Flg 9.4:Difforgnt fates of the amino.acid carbon skeletons _ . phosphates (3 ATP) are consur@ed in the formation of SAM.
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| S-Adenosyl methionine is highly reactive due to-the: presence of positive charge. Enzyme
transferring methyl groups are collectively called as. methyl transferase. S-adendsyl
méthionine trancfers the -methy! group to an acceptor and gets itself converted to
S-adenosyl homocystine. SAM also participates in the synthesis of polyamines.

Transmethylation is a very important reaction . biologically, since many compounds

‘becomne functionally active only aftet-transmethylation.

Methylation -protects the protéin from self-degradation. In ‘plants. S-adenosyl
methioniné i the precursor for the synthesis of plant hormone, éthylene, which reguiates
the plant growth and development. It is also in'vplved'i'n the ripening of fruits. ~

:M'eth)l'l droup acéeptor Methylated product
Norepinephrine ' ""Epinephrine
S-adenosyl methionine _ ~ Epinephrine M_etan_ep'hrine
: : '3\‘043 Ethanolamine .Choline
_ §-adenosyl homocysteine. .. serine Cho'ine
t RNA bases Methylated t RNA bases

2. Synthesis of Cystelne: A PLP dependent enzyme cystathionine synthetase brings

about condensation of homocysteine to serine to form dipeptide cystathioniae. -

The next enzyme cystathionase (cystathionine lyase) cleaves the cystathione to cysteine and
a-ketobutyrate. Thus, in ajl, there is a transfer of sulfur group from homocysteine to
cysteine. The carbon skeleton of the cysteine is obtained from serine.

SH 7 NHz“?H_COOH .
| ’ Crystathionine
CHy + My synthase
. _ » N
- CH, T ho
© HyN—CH—COOH
Homocystelne ~ Serine
- §—CH :
CI:HZ— 2 Crystathionine
cH,  GHy—NH; lyase
H N-.-clzu COOH Y~ O\
o HaN=! o~y N0
COOH 4
Crystathlanine
S O CH
N~ CH—COOH " HOOC—C=0 " -
Cysteine - ‘a » ketobutyrate

Chp.9:|9.13
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Cysteine is used for protein synthesis and other body needs. a-Ketobutyrate is
decarkoxylated and converted to propionyt - CoA.

3. Degradation of Cystelne: Cysteine oxidation by cystéirie dioxyg'engse yields
cysteine sulfinate, which on oxidation is converted into cysteic acid: The cysteic acid on

decarboxylation produces taurine. Taurine conjugates with bile acids, alternatively, cysteic.

acid can also be degraced to keto acid pyruvate. . 7

An enzyme disulfhydrase catabolises cysteine into sulfur (in the form of H-ZS.),' arri'fnor]ia
and pyruvate. T
9.6.2 Cystine and Cysteine

The major catabolic fate of cystine in mammals is conversion to cysteine. Thi§ reaction is
catalysed by cystine reductase (Fig. 9.6). Catabolism of .cystine then -merges with that of
cyste ne. Cysteine is catabolised via two catabolic pathways: ' ' S

(1) The direct oxidative pathway (cysteine sulfinate) @ The _'_,:tr"ari"éa"mination
(3-mercaptopyruvate). - oo

1. Conversion of cysteine to cysteine sulfinate is catalysed by cysteine _dtgxygébéiei
Cysteine dioxygenase requires Fez*- and NAD(P)H. Further catabolism of cysteine
sulfinate probably involves its'transan:\inét'ion to B-sulﬁnylpyruvate. Conversion of
B-sulfinylpyruvate to pyruvate and sulfite catalysed by desulfinase, occurs even in the

" absence o° enzymatic catalysis. :

Cysteine transaminase catalyses reversible transamination of cysteine to
mercaptopyruvate, also known as thiopyruvate. Reduction of 3fmgrcapt:opymvate by
lactate dehydrogenase forms 3-mercaptolactate (Fig. 9.7). Later it is present in

()

normal hurran urine as its mixed disulfide with cysteine and excreted in large °

quantity by patients with mercaptolactate cysteine disulfiduria.

Catabolism of Cystine

s
H 3 NH;
] C/C ~ /O | 3
Cystine . a
i g re uc{ase e CH\ e °
S : 2cd, . €
- AT
0 SI' NADH + H NAD SH
If
e CH,
o \(I:H/
NHy T
L-cystine Loystelne

Fig. 9.6: Cystine reductase reaction
' Chp 91914
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CH 0 Nl
v '\ﬁ/ HeS \ﬁ/ '
Hs' 0 HS Y
. " 'LsCysteln® L-Cysteins
— : i
‘dlaxygenase : : '
. a-Keto acldv\
-
N AP  a-Amino acld‘/l ‘
H,C. ¢ _ : - _
- il . o}
0;$ 0. | )
L:Cysteino sulfinate. " C/ C\C /o
- a-Keto acids i 1
» HS Y
Transarinase | | - S 3-mercaptopyruvate
—— a-Amino acids {thiopyruvate)
Sulfurtra- Lact
o] nsfarase 2H NADH< D:tl:m;éer’o-
. g o T oeH genase
SN v .
H,? ' H,S NAD \
X @ ) H__-OH
- p-sulfinyl pyruvate N\ /0 /C 0
. H,C X H,C \C/
2- g | g
505 Pyruvate HS
0 3-Mercaptolactate
i -
o
AN
HC ﬁ
0.
Pyruvate
{a) Method 1. {b) Method 11

Fig. 9.7: Catabolism of L-cysteine

'Cystinosis:

It is alsa known as cystine storage disease. It is a lysosomal disorder characterised by
defective. carrier mediated transport of cystine. Cystine crystals are deposited in tissues and

organs, particularly the reticuloendothelial system. Cystinosis

generally occurs along with

amino aciduria, Other renal functions are also seriously affected. The patients die at a young

age ﬁpm_écute renal failiire.

™

Biochemistry (B.Pharm. Sem. I

A-Cystinuria:

This. clinical condition is characterised by urinary excretion of cysteine upto 30 times tﬁe
normal level. Excretion of lysine, arginirie and-ornithine-is also-increased, suggesting defect
in renal reabsorptive. mechanisms of these .f'opr}j’amino acids.. Relatively insoluble cysteir;\i.e'
forms cysteine. calculi in the renal tubules of cjysteinuri'C.patignts.'The' mixed disulfide of L.

cysteine and L homocysteine present in the urine of -cystinuric patient is more soluble than -

cystine andeduces the formation of cystine-crystals and calculi
Homocystinuria: '

This is a heritable. defect of methionine caiaboiis_;m. Miss.i_ng or impaired; cystéthi'onine

synthetasé leads to homecystinuria, 'Ab_out 300 mg. o'f'h-omocys‘tine, sometimes together

with S-adenosyl methionine is excreted'daily i the. urine. There is considerable rise in the
plasma methionine level. At least four metabolic defects cause homocystinuria.' In 'type.I
homoéystinuria, clinical findings include thrombosis, osteoporosis, dislocated eye lenses and
mental retardation. .

A diet low in methionine and high in cystine prevents pathological changes if initiated

‘early in life,

Other types of homocystinuria reflect defect inreméthylption cycle @, I, IV).
9.6.3 Trypto'phan '

.- Chemically, tryptophan is a-amino B-indole propionic acid. It contains an indole ring in
its structure. It belongs to the group of essential amino acids. It aiso belongs to both
ketogenic and glucogenic group of amino acids. Tryptbphan is a precursor for the synthesis
of important compounds like serotonin, melatonin, NAD* and NADP+. '

The metabolism of tryptophan is divided into two pathways:
1. Serotonin pathway.
2. Kynurenine pathway.

9.6.3.1 Serotenin Pathway

- Serotonin is a neurotransmitter, synthesized from tryptophan. 'Chemicaily,-serotoriih is
5-hydroxytryptamine. The production of serstonin oceurs in-the target tissies e.g. intestinal
cells and neurons. ' ' o '

Chp9|91s

Chp 9 916

Metabolism of Arhino Acids and Proteins -




Wbk e D5 el i e

Biochemistry (B.Pharm. Sem. i}

-
Metabolism of Amino Acids and Proteins T

Biochernistry (B.Pharmi. Sem. 1)

- Serotonin and Melatonin Synthesis: T
= Tryptophan . —

‘—J < CHy - CHS hxg'm&ﬁi CHz"?H"lCOOl
g[ I, : . . . Mt

. . . . - > . NH
. ’ NH, /_\ N 3

H,-Biopterin "H,-Biopterin " H
. ’ 5-Hydroxy tryptophan

-
o Tryptophan

o : "\ Decarboxylase Aromatic
NH, -amind acid

decarboxylase
. (PLP) .-
: cH,-c-pOO' = CH, CH, CH, - CH,
oo _N "N . . . ’ N : ‘H3
Dol e l | i '!‘ | k
. H . s H ’ :
L7 IndoleZpyrinvite T T Tryptamine Sarotonin
T ‘ /" MAO ‘
SR | - ~ CH,CO - SCoA
. ¢o ST A acetyl CoA
B NH, NH,,_ MAC Serotonin
N-acetylase
c H1_.000:-.0}-12-coo' CoASH
) v = z O CHyp=CH,~NH
: . 0=C -
Indole acetate 5-Hydroxy indole N
: acetate _ ,1' ’ :
) . . ) N-Acatyl serotonin
Urine o .
) S-Adenosyl- NoA
o -Acétyl serotonin
. methionine O-methtyyl transferase
S-Adenosyl- ’ '

homocystaine

{HC-0 CHg =.CH,
o N O=C—CH;}
|
' Melatonin
(MAO - Monoamino. Oxidase, PLP ~ Pyridoxal Phosphate)
. " Fig.-9.8:Ti l';yptophan Metabolism :
Synthesis of Serotonin: . . . :

.+ Enzymé“tryptophan hydroxylase, hydroxylates tryptophan at the 5t carbon in the

© - 1%t.step, This.enzyme ;equi(qs_.ftetrapxd_rob,:qpt_;_g;ir_x as .a- cofactor. 5-hydroxytryptophan is
decarboxylated by aromtic amino-acid decarboxylase to give serotonin,

Chp 9917
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9.6.3.2 Biochemical Role of Serotonin L em@ L RS T T pdmmbng
Serotonin is a heurotransmitter and performs a variety of functions.asfollows...: .=~
It is necessary for the motility. of gastrointestinal tract, also known: as peristalsis—
Serotonin stimulates the release of peptide hormone from: the gastrointestinal tract. '
Serotonin contrals behavioural patterns, sleep, body temperature and blood: pressure. It is
involved in the regulation of cerebral activity. Being a vasoconstrictor, serotonin-infiGences
smooth muscle contraction in bronchioles and- arterioles. Degradation. of serotonin occurs
with the help of enzyme monoamino oxidase. This enzyme converts serotonin. into- 5-
hydroxy indole acetate, which is.excreted in urine. o
9.6.3.3 Kynurenine Pathway : S
Liver is the site of this pathway. Tryptophan is converted to vitamin niacin in the
following set of reactions, : _ .
Tryptophan pyrrolase, also known as oxygenase, breaks the five membered ring. of

tryptophan to produce N formyl kynurenine. Tryptophan pyrrolase is a ‘metalloprotein .

containing iron porphyrin ring. The enzyme is. controlled by feedback mechanism. The
activity of this inducible enzyme, increases: with rise in concentration of:the substrate,

. tryptophan. Tryptophan pyrrolase activity.is also elevated by cotticosteroids. : .

The next enzyme formamidase hydrolyses formyl kynurenine and liberates formate an

kynurenine. The formate then enters. the one carbon’pool and kynurenineformed in" this

. reaction can undergo two different reactions as follows: '

1. ; Kynurenine hydroxylase; hydroxylates the kynurenine to.5-hydroxy-kynurenine. The

reaction is dependent on NADPH. _ :

2. A PLP dependent enzyme kynurinase breaks off the alanine from the 3-hydroxy

kynurenine along with the formation of 3-hydroxy anthranilate.

Enzyme kyaureninase is very sensitive to vitamin B, deficiency. Hence, kynureninase
reaction can be blocked due to lack.of PLP. The 3-hydroxykynurenine is ‘converted into
«anthurenate. Elevated excretion of xanthurenate serves as an indication of Bg deficiency. .
Administration of antituberculosis drug isoniazide induces Bg deficiency and causes reduced
synthesis of NAD* and NADP* from tryptophan. Symptoms of. pellagra can-be explained on - !
this basis. ' . S

3-Hydroxyanthranilate is splitted by an oxidase: (Fe2*) dependent 0 2 amino, 3 carboxy
muconate semi-aldehyde, This compound ¢can undergo three:differefit fédctions as follows:

e

1 Picolinate carboxylate, detarboxylates the same compound to picolinate.

2. 1t can undergo spontaneous cyclization to form quindlinate which is‘used for NAD* ;
synthesis. -

3. It can undergo decarboxylation catalysed by -amino carboxy ' semi-aldehyde
decarboxylase to produce 2 aminomuconate ' semi-aldehyde which enters the
glutarate pathway. The semi-aldehyde is converted to 2 aminomuéonate by a

dehydrogenase. The aminemuconate is ultimately convertéd to glutaryl CoA and - .

+finall to acetyl CoA, The acetyl o can be completely oxidised via TCA ydle or can

be converted to fat (since-tryptophan“is- ketogenic),

Chp9{9.18
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Flowchart of Reaction from Tryptophan:

Kynurenine: pathway ]
. - CH, ~ CH - COO
" NH;
h
Tryptophan
0, Tryptophan
pyrolase

Qs
i

N—CH
ol
‘H O
N-Formyl kynurenine
(o]
Mo Formamidase
One 'C' pool «— HCOO #
Formate
Kynurenate E
Alanine ., .
Anthranliate
Kynuronlno
\| Kynurenine
hydroxylase
0 .
Il
c _*W
NH,
CH.
Xanthurenate 3-Hydroxy kynurenlne
(In By deficlancy)

Alanine

3-Hydroxy anthranllate

Conto...
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3 ~Hydroxy anthranllate

0,
oanase (Fe )

' Picofinate 2Ny €00
i _ carboxylase = GH I
| — - NH,

N ~ 00C
N" €90 €0, 0 4 pming 3-carboxy muconate
_— ' -Amino 3-carboxy muco
v Picolinate Semi-aldehyde-
Spontaneous Decarboxylase
H,0 '2
Z coo” |
I . : O=CH ’
™ - _ _
N~ COO _ T ooc” NH;
Qulnolinate 2Ami '
-Aminomuconate
PRPP aPRT semi-aldehyde
. NAD'
| P Aldehyde
. dehydrogenase
A\, €00 NADH + H
s )
i ool ]
00C
: ' 00C” "NH,
mononucleoiide . 2-Aminomuconate
RN At
l 1
' i 4
NAD' . Glutaryl CoA
l ! }
NADP * Acetyl CoA

(QPRT - Quinoline Phosphoribosy! transferese,
PRPP - Phosphoribosyl pyrophosphate, PLP - Pyridoxal phosphale)

Fig. 9.9: Kynurenine pathway for metabolism of tryptophan

NAD* Pathway: Quinolinate undergoes decarboxylation and is converted to nicotinate
mononucleotide by the enzyme quinolinate phosphonbosyl transferase (QPRT). Thus,
tryptophan synthesizes NAD* and NADP*, :

Chp 99.20
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Indole Acetate Formation: . ' - .
Tryptophan can undergo deamination and decarbow!a'.lor_\ to produce indole pyruvate

tamin ctively.

ond ;Z&:‘tz?ﬁ:::s;e::g;pour{ds can be converted to indole acatate and excreted in urine.
9.6.3.4 Melatonin

A pineal gland §

_ which is explained in t

acetylase to give N ace

~ methyl group donor.

- controlled by light. ] ) .
'Melaton)i/n ias some inhibitory effect on ova<ian lunctions. Melatonin also performs

‘neurotransmitter function. Melatonin inhibits the production of melandcyte stimulating
hormone (MSH) and adrenocorticotropic hormone (AZTH). It plays an important role in
sleep and wake process and hence is important for diurnal rhythms.

9.6.3.5 Hartnup's Disease o ' ,
It is a hereditary disorder of tryptophan metabolisr. Tne disorder was first reported in

~ the family of Hartnup: hence the name, Hartnup’s diseasz. Hartnup's disease has_ its root
" cause in the defective absorption and transport of tryptcphan and other neutral amino acids
from intestine and-kidney tubules. , , o _
Clinical Symptoms: Dermatitis, ataxia, mental reta_‘dauonj\. Disease is charactense.d by
low plasina tevels of trypto_phan aqd other neutral Efmlnc? acids .and their elgvateq l{rmary
excretion. Increased grinary ‘excretion of indoje acetic acid and indole pyruvic acid is also

observed in the disease.
9.6.4 Branched Chain Amino Acids _

Valine, leucine and isoleucine are branched chain as well as essential amino acids. They
all contain branched chain aliphatic group witt common metabolic features. All three

initially form respective ket

products. . :
These three amino acids undergo common pathways for the initial three steps of

ynthesizes hormone melatonin A tryptophan is convertec to serotonin
he above mentioned pathway. Serotonin is acted upon by serotonin N
tyl serotonin. This undergoes metylation, S-adenosyl mrethionine is a
The synthesis and secretion cf melatonin from pineal gland is

reactions.,

9.6.4.1 Transamination , .
The reversible transamination to form their respective kato acids, occurs in the first step.

9.6.4.2 Oxidative Decarboxylation _
This reaction is brought about by the a-keto acid detydrogenase complex present in

mitochondria.

The enzyme requires many coenzymes viz. FAD, TP®, coenzyme A, lipoate, NAD*, for its

action. o-keto acid de i €3 , b i
the corresponding acyl COA thio esters. This is an impc-ta1t control point in the catabolism

of branched chain amino acids.
e

Chp9]92-

o acids and then change their route to form' respective end

hydrogenase catalyses oxidative decarboxylation of a-keto acids to

9.6.4.3 Dehydrogenation T S
Dehyzrogenation reaction requires FAD as the coenzyme. There is incorporation of
double bond in these reactions. Infact there are two enzymes catalysing dehydrogenation
reactions. : ) : .
After nitial three common reactions mentioned above, metabolism of individual amino
aciv takes independent route.

In th= series cf reactions that follow as given in the flowsheet; valine is converted to
propionyl CoA, a prezursor of glucose. C

Leucine prod.aces "acetyl ToA and acetoacetate. .
Isole'scine is degraded tq.propionyl CoA and acetyl CoA. Thus, we can say that -

Valine -~ Glycogenic '
Leucine - Ketogenic
Isoleucine - Glycogenic and kétogenic

Catabolism of Valine, Leucine, Isoleucine o
Mctabolism of Branched chain amino acld
Valine, Leucine, Isoleucine
-} Branched chaln amino a¢id
) transamirase

_Corresponding a-keto acids
(a-keto isovalerate, a-keto Isocaproate;
" a - keto B-methyl valerate) °

NAD' CoASH .
a-keto acid
NADH dehydrogenase. complex
CO,

Cuorresponding a, f-unsaturated acyl CoA,
thio esters {isobutyryl CoA, isovaleryl CoA,
a-methyl putyryl CoA)

FAD
Acyl CoA detydrogenase
FADH, '

Methylacrylyt CoA B-Methyicrotonyl CoA ™ Triglyl CoA ~ ~

: ; : i _

Y \i \J

Propionyl CoA HMG CoA Methylacetoacetyt CoA
L
) l\v Acetyl CoA 4™ Acetyl CoA -

Methylmatony! CoA Acetoacetate | Propiony! CoA 1

| 1 PR | 1. ) N

1 . i . ) Fat

3.ucose ' Fat mmme Glucose

Fig. 9.10: Metabolism of branched chain amin acids
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Catabolism of proline,-'_beﬁgins ‘with its oxidation to pyroline S-carboxylate which

undergoes non-enzymatic conversion to'glitamate 5-semi-aldehyde. This compound is then

converted to glutamate and ultimately transaminated to a-ketoglutarate.
Metabolic Defect of Proline Metabolism: -

Hyperprolinemia type [ It is observed due to defect in the proline dehydrogenase.

Hyperprolinemia type - it is observed due to defect in hydroxyproline metabolism.
9.6.8 Lysine ) '

Lysine is an indispensable.amino acid to human beings and higher crganisms. It does
not.exchange its. nitrogen with other amino acids' of the pool i.e. it does not participate in
transamination reaction. Lysine is a ketogenic amino acid. i _

Catabolism of lysine begins with its conversion to saccharopine. Saccharopine is oxidised
and cleaved by dehydrogenase to remove the glutamate and produce a-amino adipate
& semi-aldehyde. Second compound is then converted to «-amino adipate by the action of
dehydrogenase. The latter then undergoes transamination to form a-ketoadipate. This
compound is converted to glutaryl COA by the enzyme a-ketoacid dehydrogenase. A double
bond Isintroduced into glutery! CoA in the next reaction. This gives rise to glutaconyl CoA

" which is, decarboxylated to.crotonyl CoA. The firial product acetoacetyl CoA is obtained after -

degradation of crotonyl CoA.
9.6.8.1 Methylation of Lysine
~ S-adenosyl methionine (SAM) methylates some of the lysine residues in proteins. Methyl
lysines are obtained after degradation of such -proteins. e.g. trimethyl lysine serves as a
precursor for the synthesis of carnitine, a protein, participating in fatty acid-transport from
. ¢ytosol to mitochondria. Only lysines present in the protein are methylated and not the free
lysines: Hence, free lysine cannot serve as a precursor cf carnitine synthesis. T
9.6.9 Glutamate : .
' Glutamate is synthesized from a-ketoglutarate by a simple bne-step transamination
reaction. This reaction is catalyzed by glutamate dehydrogenase.

NADPH + H* NADP* -
NH, +a-Keloglutarate —>  Giutamate
NADPH + H* NADP*

Glutamate plays a.major role in amino acid catabolism. Glutamate is a non-essential
amino acid. It is synthesized in the bedy. It is-important in the fixation of dietary ammonia
and amination of keto acids. )

Glutamic acid is decarboxylated in brain.to GABA by glutamate decarboxylase. GABA is
the inhibltory neurotransmitter required for proper neuronal function.

Gluta'mic acid is directly involved in the final transfer of amino group for urea synthesis.

Amino acids, histidine, proline and arginine are converted to glutamate in their
metabolism, .

Glutamate:is also-involved:in the production. of certain.important compounds like:

1. y-Aminobutyric acid (GABA)-an inhibitory neurotransmitter.

2: Acderivative of glutamate - N-acetyl-glutamate is an allosteric regulator of enzyme
Carbamoyl phosphate synthetase ], the.enzyme of urea cycle.

3.- Glutathione -Atripeptid_e contains glutamate as a constituent of amino acid.

Chp 9'}9:27

9.6.9.1 Glutamine . L o .
An:enzyme glutamine synthetase in an irreversible reaction synthesizes glutamine from

glutamic acid, ammonia, ATP and Mg?*. Glutamine, is also known an an amide of glutamic

acid. The breakdown' of glutamine to glutamic acid is carried out by the enzyme

glutaminase. o )

Glutamine is an important temporary-reservoir of the ammonia in the tissues. Glutamine
takes part in transamination. Glutamine is freely diffusible and hence easily transported.
Glutamine can easily cross blood brain barrier.: Glutamate shows active participation in the
conjugation reaction. Glutamine donates n’itrdgen for the purine and pyrimidine synthesis.
NH; production is elevated in acidosis to maintain ‘acid- base balance. The glutamate donates
NHj; to'the kidneys.

9.6.10 Phenylalanine and Tyrosine .

Phenylalanine is an essential amino acid, however tyrosine is non-essential. Both of them
are aromatic amino acids having similarity in their -structures. Our body is not able to
synthesize phenylalanine. But tyrosine can-be synthesized from.the phenylalanine.

The exzyme involved is phenylalanine hydroxylase which is a mixed-function oxygenase.
One atom of oxygen is incorporated into hydroxyl of tyrosine and -other into water.
Tetrahydrobiopterin is the cofactor for this reaction, '

?OOH 0, 2 Cl}OOH
CH,—CH >~ " . o CH,—CH

| Phenylalanine |

NH, hydroxylase NH,

Phenylalanine Tyrosine

Phenylalanine and tyrosine are part of the-infrastructure of protein. They are also
required for different metaboiic reactions. They “are -required for the synthesis of melanin

pigments, norepinephrine, epinephrine, catechiolamines as wefl as thyroid hormonés. .

Phenylalanine and tyrosine are both glucogenic as well as ketogenic as they can be

converted into the compounds which can serve as the precursor of glucose or can be .

channeled towards lipogenesis. .
9.6.10.1 Catabolism of Tyrosine and Phenylalanine
The metabolism of phenylalanine and tyrosine is considered together. As phenyl- alanine

is converted to tyrosine in the course of its catabolism, a single pathway is responsible for

the catabolism of both of these amino acids. .
" Tyrosine is catalysed by the tyrosine transaminase into p-hydroxy phenyl pyruvate. The
enzyme requires PLP as the cofactor. .

p-Hydroxy phenyl pyruvate undergoes vitamin C.dependent oxidative decarboxylation
along with hydroxylation of phenyl ring to produce homogentisate. This conversion shifts
the hydroxyl group from para to meta position as well as there is addition of new hydroxyl
group at para position on homogentisate. : .

. Abenzene ring of the homogentisate is cieaved by the homogentisate oxidase to form

4-maleylacetoacetate. Oxygen molecule is responsible for the cleavage of the benzene ring.

-
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m.of Tyrosine and Phenylalanine:

_ Metabolis Phenylalanine

Phenylalanine
hydroxylase

Q OH,- O - c0C"

. NH,
Tyrosine

Tyrosine -
transaminase
Q CH, - C coo~

p-Hydroxy phonyl pyruvate
Ascorbate

I
3

p-Hydroxy phenyl2 Pyruvate
Dehydroascorbate dioxygenasse (C.~ )

+H,0 + CO,

Homogentisate

0, Homogent'sate oxidase
. i Fe )

.g/' o
- ‘\cH2 ~ 00"

(@]
4-Malaylacetoacetate

H—c [6oc"
H— C —C —CH,~C— CH,— COO0"

4-Maleyl-acetoacatatc
(ro tton)

(_Cotttlnué...) _
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-Maleyl acetoacetate
isomerase

Fascl-5

H — C == C - CH, — G — CH, — COO"
1

\
4-Fumaryl acetoacstate
Hzo Fumaryi acatoacetate

hydrolase
- v ' .
i QOC}—ﬁ—H H;C — C —CH, —C00
H—C—{coo”
Fumerate Acetoalcetate
TCA Cycle R Glﬁebse' +
Fat

Fig. 9.15; Metabolism of Tyrosine (Glu - Glutamate, o KG ~ & ketoglutarate)

The next step is the isomerization of maleylacetoacetate to 4-fumaryl acetoacetate’

catalysed by the enzyme maleylacetoacetate isomerase.,

4 Fumaryl acatoacetate is hydrolysed to fumarate and acetoacetate by the enzyme
furnary! acetoacetate hydrolase.

Fumerate is an intermediate of TCA cycle and also .one of the -precursors of
gluconeogenesis. Whereas acetoacetate is one of the ketone bodies from which fats can be
synthesized.
9.6.10.2 Thyroid Hormone Synthesis

Thyroxine-tetraiodothyronine (T4). and tri- -iodothyronine (T;) are thyroid hormones,

synthesnzed from tyrosine of protein thyroglobulin and: activated iodine. fodination of . . -
tyrosine ring occurs to produce monoiodotyrosine, duodotyrosme, Ty and T;. The protein

thyroglobulin undergoes proteolytlc breakdown to release the-free honnones = namely Ty
and T,
9.6.10.3 Biosynthesis of Catecholamines

Catacholamines, dopamine,..- norepinephrine (noradrenaline) and. ‘epinephrine
(adrenaline) are synthesized from the tyrosine. The conversion of: tyrosme to catecholammes
occurs in adrenal meduila, sympathetuc nervous system and:CNS.
. The dihydroxylated phenyl ring is called as the citechol and . amlne derivatlves of
catechol are referred to as cateécholamines.

Catecholamines carry out a number of important-functions in the body Eplnephrine and -

norepinephrine stimulate the degradation of triglycerol as well. as glycogen. They regulate
carbohydrate and lipid metabolism. They cause an increase in blood-pressure.-

A deficiency of DOPA (L-dopa) or decreased.production of dopamme is reSponsible for
parkinson's disease. It is a neuromuscular- disorder. affecting older people. Clinical

symptoms include — muscular -figidity, tremors, expressionless-face, lethargy, lﬂVOIUﬂtaf}’

mcvements etc. The dlsease is: treated by: the admmustratlon of l.-dopa L-do Venters into -

Chp9|930
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Catabolism of Branched Chain Amino Acids:

. co0"
_COO i O\ S -—CoA
C e | ' - C=0 N C/
HyN' — (I: —H CoASH  CO, |
) H.— CH CH,— CH
CH,—CH Branched cli'hain CH, | NAD ? |
amino acl CH CH
CH, transferase 3 )
Valine
- . coo”
cO0 '
) é o O\c /S CoA
HN —C—H | |
~ > CH—CH CH,— CH
CHy—CH Branched chein |
CH amino acid CH, CH,
| 2 transferase o I
L CH, CH,
isoleucine
oo © COO -
) | ' é=o O\C/S—COA
HyN —C~H : Branched
3 Branched chain hain a-keto acid l
CH, amino acid transferase (I:H, cdehydroglenase ?H2
CHy— CH Oty — o coéex e
<|:H3 - CH o
-keto acids Acyl-CoA
Leucine o Maple syrup deriyvalives

urine disease

Fig. 9.11: Three branched chain amino acids share _the first two enzymes in their catabolic pathway

9.6.4.4 Metabolic Defect of Branched Chain Amino Acids _
" The most common defect is in the o-keto acid dehydrogenase. Note that there is only
one dehydrogenase enzyme for all three amino acids and hence all the three a-keto acids
accumulate in the body and are excreted in the urine, This disease is known as Maple syrup
urine disease because of the characteristic odor of the urine. The urine smells like maple
syrup or burnt.sugar because of the presence of a-keto acids.
Biochemical Changes: _
Branched chain amino acids competitively inhibit glutamate dehydrogenase. The protein

biosynthesis is reduced. The disease results in acidosis, lethargy, convulsion, mental
retardation, coma and finally death within 1 year after birth. The neurological problems are

because of poor formation of myelin in the CNS.

Chp9]9.23
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Investigatigns:
An early'diagnosis within 15t week of life is useful.

Estimations of urinary branched chain amino acids and keto acids are helpful in the
diagnosis.

Management requires formulated diet. intake, low content of branched chain amino
acids. Unfortunately, as these are essential amino acids, they cannot be restricted too much.
Hence, life of these patients is short and development is abnormal. '
9.6.5 Histidine, Proline, Arginine

All the three amino acids, histidine, proline, arginine are converted to glutamate in
catabolism. Hence, metabolism of histidine, proline.and arginine is considered together.
9.6.5.1 Histidine

The conversion of histidine to five carbon glutamate occurs in a2 multistep pathway. The
extra carbon is released in the step as formamino groups that employs tetrahydrofolate as
a cofactor,

The enzyme histidase acts on histidine to remove ammonia with the formation of
uroconate. The uroconate formed in this reaction is acted by urocanase ‘to produce

4 imidazole 5 propionate. Imidazole ring of the histidine molecule is cleaved by hydrolase to °
give N-formimino glutamate (FIGLU). Tetrahydrofolate (THF) takes the formimino group to

form N S-formimino THF and glutamate is liberated.

Deficiency of folic acid blocks this reaction and causes elevated excretion of FIGLU in -
urine.
Histamine is produced after decarboxylation of histidine. Histamine regulates HCI

secretion by gastric mucosa. Excessive production of histamine causes asthma and allergic
reactions. ’

Chp 9 |'9.24




' Biochemistry (8.Pharm: Sem. I - Métabolism of Amino Acids and Proteins

= c\- CH,—~ (in -Co0"
NH  NH; “ooc—- - Tooc- ?H ~CH,-CH,-CH,
. ']l NH;
, Lo
Histidine Proline Arginine

) Y202~ pros
.,/ Histidase, \ 'g;%!aﬁsae Arginase
o NS HQ < Coe)

HC== G ~CH=CH=C00 - ) “ooc - Cl:H ~ CH, ~ CH, ~ CH,
\i B NI NHy
- :
g

21442

Ornlthine
e Pyrrollne"' Omithine
. __Urp:;an.at_e _ s-carboxylate . §-aminotransferase

Ho0~] Urocanase ' - . R Y Glu 0
- o Non-enzymalic  _ 7
00 - GH - OH, = CH -

) °\
NG G CHy - CH, - COO" " H
NH ' o _ Glutamate 5-Seml-aldehyde
NAD(P)" N
H . Gllutamate
. L . B » 8| .
4drhidazole-5-proplonate ) ::r?;/ d?édgve’:?;dsz
' . - +
H,0~_| imidazole NAD(PH .
2 r%pk;_nat_e.
| hydrolasé - - _
R i s . 0O0C-CH=CH,~CH,~CO0
~50C - GH - GHy - CHy - €00 N-Formirmino ' NH,
ada Nl 2= « THF- NH; :
: N . Giutamate Glutaminase
H,0

AN THE

- . . Gluiamate
Glutamate NAD(P} dehydrogenase
formimino -
transfarase 00C ~ CH - CH, - CHz ~ ﬁ - NH,

N-Formimino +
_ -glutamate NAD(P)H + H 0
NH, _élutamlne
“ooc - ? - CH, ~CH, - CO0"

a-ketoglutarate

(Glu - Glutamate, a-KG - o ketoglutarate, THF - Tetrahydrofolate)
Fig. 9.12: Metabolism of histidine, proline, arginine, glutamate, glutamine
9,6.5.1.1 Metabolic Defect of Histidine _ :
Histidinemia: It is a rare disorder of histidine metabolism. It is due to defective enzyme

histidase. The disease is characterised by elevated blood histidine level and increased
. excretion of imidazole, pyruvate and histidine in urine.

Chp.9 ] 9.25.
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patients of this disease suffer from mental retardation and defect in speech.

Taere is no cure available for this disease till date.
9.6.6 Arginine

Amino zcid arginine is broken down by arginase to liberate urea and produce ornithine.
The 5 amina group of ornithine so formed undergoes transamination to form glutamate
y-serri-aldehyde which is converted to glutamate. Though arginine is formed in the body
during urea cycle, it is considered semidispensable. The biosynthesis of creatinine requires
arginine. Hyperargininemia is an inborn error in arginine metabolism due to defect in
enzyme arginase and the rate of its synthesis is too slow to provide normal growth and -
maintenance.
Catabolism of ﬁ}r_{ginine

2
I

C - NH,
| .
HN NHy
o _rgnase - (GHek
. « *+ HN-C~NH
b, CH ~— NH; =
[ - | 0
CH, coo
H—C~-NH; Ornithine Urea
|
Ccoo™
Arginine ] .
Fig. 9.13: Arginine catabolism
9.6.7 Proline and Hydroxyproline
) Arginine CH,—CH,
| Urea cycle CH, CH — COOH
* transamination
B L
Hy (l: —NH, CHO . NH
CH, ?Hz l T Proline
CH, (.ltH2 +——p H,C —-5(3_H2
CH — NH, CH — NH HC CH—COOH
i ¢ : A%
COOH COCH
Ornithine Glutamate 4 Pyrroline

y semi-aldehyde 5 carboxylic acid

Glutamic acid
Fig. 9.14: Relationship of proline, ornithine and arginine

Proline is interconvertible with ornithine through the formation of glutamic
-semi-aldehyde. Hydroxyproline is present in collagen, precisely in cross linking of colfagen
fibres. It requires vitamin C and oxygen for conversion of,proli‘he to cross-linked

hydroxyproline in collagen fibres.
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dto opamine: Wthh alleviates (lessen) the symptoms of
fdopamine is of o use as it cannot cross blood brain barner

_Blosyntheﬂs ‘of Melanm (Metabahsm of Tyrosine):

CH2 CH .CO0”

Tyroslne

Tyrosinase (Cu )

CH2 CH coo”
NH;

Ho'i-
3 4-Dlhydroxyphenylalanlne (DOPA)

"] Tyrosinase
<_CH,~.CH-CO0"
NH;"

e

o) CH, CH coo’
' - [ote ]

. H- Cysteine

Leucodopachrome -

I
}
1
[}

Houd
' *
' : Melanin Polymers
HO - r'« : RED

' - H .
5, 6 - dihydrox VI d le -
yorexy lnde Melanin Polymers

0,
Tyroslnase BLACK
" H,0: , ?

Dopaqulnono
on-enzyma!lc :

- . ..
3. 3 -
ZE

Q

o

(o]

I =

o

| | e pe— - L Meianochrome .

Indole 5-ﬁ-qulnone
FJErQ-J-G‘ Tyrosine metabolism showing. melqnin formation, Genotuc error.in
Tymlnueuum non-producﬂon of melanin-a ‘condition called as Albinism
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Synthesxs of Thyrmd Hormones (Tyrosme Metabolism):-

Thyroglobuiin

I
CH,

' Tyrosine
" residue
‘/ctlvelodlnen :

Thyroglobulln H0;, Thyroglobulln
. 1
CHz Dllodotyroslne . 'CH,
residue - ok

OH
Diiodotyrosine

OH
Monolodotyrosine

Thyroglobulin '  Thyroglcbulin
Triiodothyronine|(T)] ' Thyroxine [(T,)
CH coo” CH coo”

-¢- -¢a

. OH
Trliodothyronine (T,) Thyroxine

. Fig. 9.17: Synthesls ofThyroid hormonds 3
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echolamines (T yrosiné Metabolism): .

pisorders of Tyrosine and Phenylalanine Metabolism:

Synthesis of Cat . L Phenyl Ket ia (PKU)

. o . Phenyl Ketonuria : '

HO—@*Q“:—?H - A deficiency of hepatic enzyme phenylalanine hydroxylase is responsible- for phenyl:
NHy Letonuria. This enzyme deficiency impairs the synthesis of tetrahydrobiopterin required for |

OZTV'“'“ : the action of phenylalanine hydroxylase. Deficiency- of the above mentioned ‘enzyme:-leaves.

H,-Biopterin - Tyrosine . phenylalanine unmetabolised. . j . -

Hy-Bicpterin hydroxylase There is accumulation of ph.eny.lalanine in the tissue§ and blood le‘adin‘g.tq'its,incyeasgd

' excretion in urine. Urine contains increased concentrations of metabolite’ phenyl pyruvate

H,0

[oH | {CgHsCH, - CO - COO0 ), phenyl acetate and phenyl lactate. Hence, ‘the name Phenyt
' ' = ' Ketonuria. : .
.HO Q CHz--?H—ECOO-- . Biochemical Changes in PKU: : ©

NH, 1. If untreated, patients show very low LQ, mental retardation, failure'-t_o walk or talk,

Dihydroxy phenylalanine (DOPA) failure of growth, tremor and seizures.
: : 2. There is defect in myelin formation.

AL ﬁz:r:r?:%ﬁlr:sigo aeid _ 3. An enzyme tyrosinase, synthesizes melanin with the help of amino: acid tyrdsin. "

. -m : . Accumulation of the phenylalanine competitivelyrinhibits tyrosinase and in effect

- . [on ] o reduces metanin formation. 4
. . : P

4. Urine of PXU patients show mousy odour due to accumulation of the above %

HO Q CHZ—CHZ—NHJ ' mentioned keto acids. e
Investigations of PKU should be done in new born babies for increased plasma levels of

" Dopamine ‘ AN ] g
opamin phenylalanine (normal 1-2 mg/di) with the help of Guthrie test. <
- Ascorbaté —— Doparnine . 2. NeonétalTyl’O'sinemia o ) ‘
_ g-hydroxylase : The disorder is caused due to the absence of enzyme P-hydroxy phenyl pyruvate
Dehydrogscorbele ‘ ' dioxygenase. The condition responds to ascorbicacid. = _' :
3. Tyrosinemia type Il (Richner Hanhart Syndrome) ' o R 5
The defect in the enzyme tyrosine transaminase is responsible for this- disorder. The -
. . disorder affects or blocks the normal catabolic pathway of tyrosine. ) E o
HO — CH, — NH3 _- _ The disorder is characterised by the accumulation of tyrosine metabolites like N acetyl |-
: : ~ tyrosine, tyramine, p-hydroxyphenylacetate, p-hydroxyphenyl pyruvate, pshydroxyphenyl .~ %
SA denos’ylv Norepinephrine _ lactate. . o ’ o ’ R L
mathionine (<CH,) Phenylethanolamin2 Clinical signs of the disease includg confusion, disturbed self co-ordipatipn, skin'aqd eye ¢
N-methyl transferase : : lesions and very rarely mental retardation. -
S-Adenosyl* .. _ : R
homocysteine i ] . 4. Albinism )
[ oH | ‘ Albinism is an autosomal recessive disorder. It is an inborn. error due to lack of the " - ;“
synthesis of pigment melanin, ‘Albinism. develops -due to‘__the {nability _to-corjvert DOPA to ¥
HO " CH—CH, —’i‘ melanin because of the deficiency, of the enzyme tyrosinase in the'melanoc'ytegcells. - ;4
Ho Many possible causes for albinism:are known such-as ~ !
Eplnephrine 1. There is presence of inhibitors of tyrosinase. . A

(Synthesls,df:qua‘min;_e,_-qurepinephrine.‘ Epinephrine)
: Cgtechd,lghiln’e synthesis

2. Duetolack of the enzyme tyrosinase. g S
Chp 91933 - | - T —
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.

"3, Defect in melanin P°|ymerizat-ion'.-'
4, Lack of protein matrix in melanosomes.

" & Limitation of tyrosine availability i.e. substrate to the enzyme.
. Lim _ Lo o
e thbef- of melanosomes and melanocytes is decreased.
The cc.m.e‘or central cause of albinism is defect or deficiency of tyrosinase, the main

) enzyme synthesizing melanin, In this condition, there is no pigmentation in skin, hair and iris.

".. Person sufféring from albinismis known as albino. Lack of melanin impairs the ability of
such. patients 0 tolerate.sunlight. As most important function of melanin is protection of
b'ody' trom radiations-of sun, albinos are more susceptible to skin cancer. They also suffer

from photophobia.
5 Alkaptonuria

Observations of alkaptonuria by Garrod are actually responsible for the discovery of the
inborr. errors of metabolism. Alkaptonuria is an autosomal recessive disorder.

B l.\l'ka'p.iébﬁdfi; was first described by Lusitanus in 1649,

. an enzyr;“e catabolizing tyrosine, homogentisate oxidase is absent in alkaptonuria. This
gives- rise .to. accumulation of homogentisate in tissues and blood and its excretion into
urine. If the urine sample is left undistributed then on standing for some time,
homogentisate is oxidised to the corresponding quinones. Quinones polymerize to give
black or brown colour.

Biochemical Changes

o 'The.enzyme- polyphenol oxidase oxidizes homogentisate to benzogquinone acetate, The
latter undergoes polymerization.

6. ' Tyrosinemia type !

It is also known as tyrosinosis. It occurs due to deficiency of the fumarylacetoacetate
hy'droxylaéé and malenylacetoacetate isomerase. This serious but rare disorder causes liver
?a'illi‘i"'c",' ﬁckéts, polyneuropathy, renal tubular dysfunction. Clinical signs of the disease are
characterised by the urinary excretion cf the tyrosine and its metabolites along with many

Aspargine is first converted to aspartate due to action of asparginase -Which ..om

transamination is converted into oxaloacetate.

Since the transamination catalysed by AST plays the most fmpor;ant rolt? in Centf?'
amphibolic functions, it is incompatible with life. Hence, no known metabolic d?fECT is
associated with this catabolic pathway.

Aspartate AST 'Oxaloacetate

Metabolism of Aspartate and Asparagine and Glutamate

A ° pe

[ S, H,0 NH,' g PTR T i

CH, 2 4 CH, S AL - CH, _
H—C—NH, Asparginase H_<|;_NH3‘ © Transaminase ~ C=O .

kl:oo' coo” ) €00’
L-Asparagine L-Aspartate. . Oxaloacetate-

a) . -

. A : ::)/o : s /O_

NG o o

CH, CH, _ CHy

| H,0 NH,” 1 PYR ~ AA |

THZ _L.A‘ i AZ_, ?Hz .
coo coo” il coo”
a-Ketoglutarate

L-Glutamine L-Glutamate

. B .
Fig. 9.19: Metabolism of Aspartate, Asparagine and Glutamate
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other amino acids.
In acute tyrosinosis, the infant suffers from diarrhoea, vomiting and cabbage like odour..
Death.may-occur due to the liver failure within 1 year. .
- Treatment: Diet formulation low in tyrosine, phenylalanine and methionine.
9.6.11 Aspartate and Aspargine
Aspartate and Aspargine are glycogenic as well as non-essential amino acids. Both are
converted to oxaloacetate in the course of catabolism. Aspartate forms oxaloacetate,
(an intermediate of TCA) by transamination (AST).

Aspartate is responsible for linking urea cycle and TCA cycle. It is also utilized for tl"\e
synthesis of purines and pyrimidines, and donates amino group for the urea SY“t.r_‘e'S's-
Aspartate along with malate forms malate aspartaie shuttle which transfers reducing
equivalent from cytoso! to mitochondria. '

9.6.12 Alanine

Alanine is a non-essential amino acid..

Transamination of alanine forms pyruvate.

" Chp 919,35

Chp 91936




AT

N B '-rﬁ-rtz,x TP A Y Ly

" Biochemistry (8Pnerm: Sem-f

‘Catabolism of Alanine: .
NH, )
CI:H\ / Glu o-KG /C< /o"
AA-,
" C/ i H,C o
S i
Alanine .  pywvad
I\’ co,
0
CH3 ~C~S~CoA
Acetyl Co-A

\ ALT
planine ~2505 pyruvate 20, Acetyl CoA
- Alaninetransaminase

- Pyruvate dehydrogenase
bolic defect reported for a-alanine catabolism.

ALT
POH
There is no méta

Alanine Pyruvate Shuttle:
Alanine is helpful in detoxification of ammonia along with glutamate and glutamine.

Pyruvate is produced at the end of glycolysis in many tissues like muscle, kidney etc.
Pyruvate is converted to. alanine by transamination reaction. Alanine is transported to liver.
The pyruvate can be regenerated from alanine in the liver. The pyruvate serves as a
precursor for glucose whereas amino group goes for the urea formation.

Thus, alanine pyruvate shuttle carries nitrogen for reutilization or for conversion-of the

nitrogen into urea.

9.6.13 Serine - .
Serineisa non-essential and glycogenic amino acid.

1. Catabolisth of serine takes place primarily via glycine in human and many other

rtebrates.
ve Serlne hydroxymethyl tmnsferase

' Serine ¢
PLP

lycine

H,folate Methylene H, folate

a 2 -Serine can undergo deamination to form pyruvate. This reaction takes place in

rodent liver. _ _
. €00 C00

+ _Serine dehydratase |

|
H—C— NH,

> Cc=0
_ PLP N |
CH,0H NH, CH,
Serine Pyrhvate
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- 9.6.14 Threonine v
Threonine does not take part in transamination reactions. It is an essentlal as well as -

[

. Metabolisni.of Amirio-Atlds And:Proteins:

3. Serine can also undergo PLP dependent decarboxylatioh® to* form: nitrogens base”

ethanolamine.
-+
NH,

- | . +
COO—C—CH,OH- H,C — NHy
| O D |

H 0 _ CH,OH

2

Serine Ethanolamine - " :

glucogenic aminc acid. Yeast and E.coli can synthe5|ze threonine from the aspameacnd

An enzyme threonine dehydratase catabolises threonine to o-ketobutyrate. The later is
then converted to p-opionic acid.

Threonine — «-Ketobutyric acid — Propionic acnd — Glucose.

Theonine can be cleaved to glycine and acetaldehyde by serine hydroxymethyl

transferase. Sequential dehydrogenation and decarboxylation of threonine results in. amino

acetone which can te ultimately converted to pyruvate or lactate.

Threonine is also “equired for incorporation into proteins. Like serine it is a carrier for the
phosphate groug in phosphoproteins. '
9.6.15 Glycine

Glycine is a nor-essential, optically inactive and glycogenic amino acid. Glycine éctiQely
participates in the synthesis of many specialised products like heme, purine, creating, etc. It

is also incorporated 'n the proteins. It is also utlhzed for the synthesis of serine, It: actlvely
participates in one carbon metabolism.

An enzyme serine hydroxymethyl tranisferase synthesizes glycine from serine. Glycine can
also be obtained from threonine with the help of the enzyme threonine aldolase.
Oxidative deamiration of glycine by glycine synthetase takes place to liberate NH: , COz

and one carbon fragment N3, N0 methylene (THF). This provndes a major route for
breakdown of glycine in mammals, s e

Glycine synthetase is a multienzyme complex and-: requires - PLP, NAD* and: THF as
coenzymes. The reaction is reversible, hence, it can synthesize glycine too. .

Serine hydroxymethyl transferase converts glycine into serine. It requnres THF “for lts '_~

activity. Serine is degraded to form glyoxalate which in turn undergoes transammatlon to

give back glycme Glyoxalate is converted to oxalate an excretory product) and formate,'.

which enters one carbon pool.
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leferent~Routes of Catabohsm of Glycine:
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Glyclne cleavage enzyme
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coo" Formate
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_ Oxalate . -

N"’-Formyl THF
_ ) Fig. 9.20: 'Glycine-metabollsm
Disorders of Glycine Metabolism:

"L Primary hyperoxaluria: An - increased urinary excretion of oxalate is the
characteristlc symptom of this- disorder. Patient suffers from oxalate stones. Deposition of

. oxalates -in . varioustissues is also observed. The disorder is due to increase in glycine

transaminase along Wlth ‘the defective glyoxalate oxidation into formate. Dietary
consumptlon of oxalate is not blamed for the urinary excretion, as it is entirely endogenous

in orrgm
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2. Glycmur'a This rare disorder is charactensed by elevated levels of excretion of
glycine in the urine. On the contrary, the ‘serum glycine concentration is within the normal :
range. The disorder is believed to be due'to defectlve renal reabsorptron Glycmurla patrents
have increased tendency for the formation of oxalate renal stones but urinary oxalate levels

~are normal

Nrtrogen balance represents the dlﬁerence between tota :nitrogen intake and nitrogen -
loss in faeces, urine and perspiration.. The maximum: amount ‘of nitrogen ‘in the body is
present in the proteins. Hence, .nitrogen balance s talked about in terms. of proteins. .
Proteins like many other body constituents, : are ‘synchronously. synthesized and broken
down. A synchronous anabolism and catabolism is essentlal for the proper ‘metabaelic
functioning of the body.

A positive nitrogen balance represents ingestion of more nitrogen than excreted
Positive nitrogen . balance occurs in growth. ‘The group “of individuals showing “positive
mtrogen balance are pregnant women and infants, Growth is characterised by addition of
new proteins or new cells to the body. Nitrogen:ingested is used for assimilation in growth

‘and very less amount of nitrogen is excreted ingrowth.

Normal adults are subject to mtrogen equnlubnum, their nitrogen intake matches the
nitrogen output. :

In conditions like surgery, advanced cancer, starvatron, wasting diseases like tiberculosis,
burns, the tissue proteins are catabolised to a greater extent than they are formed.
Consequently, there is loss in body weight, owing to loss of body proteins. Such a condition
represents negative nitrogen balance in which nitrogen-output-exceeds intake.

The ‘essential amino acids - namely valine, - trjptophan, threonine, phenylalanine,
methionine, lysine, leucine, isoleucine, histidine are required to be supplied through the diet.
There are no biosynthetic pathways for them -in animals. But non-essential amino-acids
serine; tyrosine, proline, glyciné, glutamate, glutamine, arginine, aspartate, aspargine,
cystine, alanine are synthesized by diverse metabolic pathways. These biosynthetic pathways
change from one animal to another. But one thing that remains common to all these -
biosynthetic pathways is the origin-of carbon skeletons. of amino-acids. The carbon skeletons
of all biosynthetic pathways are -obtained from.the intermediates of important metabolic
pathways like glycolysis, citric acid cycle, pentose phosphate pathway: The primary ‘amino
group of amino acid generally comes from the transamination of amino acid glutamate.
There are six different metabolic intermediates serving as the carbon skefeton of the non-
essential amino acids. Leadmg to it are six different metabollc routes for amino acnd

blosyntheSIS e . L L
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o ' _ Amino Acld Biosynthesls
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“Fig. 9.21: Syntheslnf artilno-acids from common precursofs

Flowchart represents six- dlfferent ‘metabolic-routes for synthesis of the nen-essential

T he end product of heme catabohsm are bile’pigments, bilirubin and biliverdin.
. The cellular site of heme catabohsm is: macrophages of reticuloendothelial system. In a
.normal healthy adult body, 6 9 of ‘heme: breaks down ‘per day from whick 250 mg of

blhrubln is formed

-y
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Bilirubin Production at Molecular Level:

A moalecule of Hemcglobin looses its protein part a globin'in the blood cell. This creates
a sepe'ra'.e Heme molecule. Enzyme Heme ox_yg'enase. removes a molécule ef COin presence
of oxygen from Heme. This gives a new compound - Biliverdin [ x o, The same -compeund is
reduced with the help of eazyme biliverdin reductase and NADPH: to bilirubin. Billmbln;.-a
water insoluble compound enters the liver via blood circulation. The liver enzyn_ié‘s.‘ attach
molecules of glucuronic acid by virtue of which there is a formation of ‘bilirubin
diglucuronide, a water soluzle compound. This compound enters intestine infthe;;qu'r‘se”df
blood circulation, wherzin it gets converted into urobilinogen by action of intestin‘allba'c,-teri,a.
Urobilinogen can be excreted in the urine as urobilin, in the course of its '-p'assa:g_e'frOm

intestine to kidney and finally into urine.

Urabilinogen is convertzd into stercobilin in the large intestine and excreted in feces. - .

cl:oo (l:oo'
M = Methyl: CH, _ HC— He-
J P = Proplonic: CH,CH,COOH HEOH HCOH |
| V = Vinyl: CH = CH, S
: HCOH HCOH

Moo | rboH
Hbo—] Heo—
\ /

\ :
] M © Bilirubin
\ My MV

H o RHHY. oy
Bilirubin diglucuronide

0, Heme oxygenase . uoP .
UDP-glucuronic acld ¥ UDP-glucurony|
CO, Fe ‘ (2 moledules)- - fransferase .
v NADPH M
H ~HF L .
Bnlwerd.n 1H, Bilirubln 1H o

Blllverdln reductase

Fig. 9.23: Heme degradation and bilirubin production flowchart
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Hyperbilirubinemia (Jaundice):

.. Excessive hemolysis gives rise.to excessive productzon of brhrubm This causes excessive
."?V?'. of bilirubin in the blood, giving the skin, urine mucus membrane and a yellow
) colouratlon ‘of scléra bf eyes, a conditior known as jaundice.

"~ Excéssive level of bilirubin in’ the blood is a pathologrcal condition called as hyper-
bilirubunémia.

'. ,‘Especia"y,new-bornfbabie's are not able to get rid of bilirubin and it Can-build'up in the
blood and other.tissues and fluids of body.

.In pregnancy, bilirubin from babies. body is remoyed through the placenta.

Jaundige js.the. term used to, describe yejlowish tinge to the: skin and whites of the eye.
Body flu:ds may also. be Yellow, Jaundice is also known as icterus.

Jatindice most often happens as a result of an underlying disorder that either causes the
production of the too much bilirubin or prevents the liver from getting rid of it. Both of
these resuits in:bilirubin being: deposited. in-tissues, : :

Some diderlying conditions that may cause jaundice are: 1. Acute inflammation of liver

2. Inflammation .of. bile duct 3. Obstruction of bile duct 4. Hemolytic anemia

5. Cholestasrs 6. Grlbert’s syndrome

Symptoms of jaundice include yellow tinge of skm and whites of the eye. Accompanying
symptoms of jaundice mclude high’ bilirubin level,” fatigue, fever, nausea, vemiting, pale
stools and dark uririe. :

Liver
damage
_Excess of | | Excess production . || Excess load
hemolysrs . of bilirubin - |} Jaundice of bilirubin
— Bile duct
obslruction

Fig. 9.24: Heme degradatloﬂ
Hyperblllrubinemra can be caused by
{) Increased bilirubin productron
(i} Decreased uptake of brhrubrn in liver cells.
i), Imparred conJugatlon of brlrrubrn
. “(iv). Problems.in the secretion of conjugated bilirubin.
Examples of Diseises Showmg Hyperbrllrubmemra
0] Hemolyticjaurtdlce' Disease results due to increase in production of bilirubin,
Here, more than normal amount of bilirubin is conjugated and excreted. However,
amount of:hiiirubin. -produced-isimore. than.the.capacity of body.to conjugate it, This
results in the Iarge amount of unconJugated brhrubm in the blood.

“Chp 97943
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(if) Gilbert's disease: The cause of the drsease is inability of the hepatocyte to take up
bilirubin from the blood. As a result unconjugated bilirubin is accumulated in the
blood.

(iii) Physiological jaundice: It is the condition wherein conjugation is impaired. As a
result, unconjugated bilirubin retains in the body.

(iv) Dublin - Johnsoh syndrome: The disease résults-due to mabrhty of hepatOCytes to
secrete conjugated bilirubin ‘in :the- bile after its formation. Conjugated bilirubin
returns to blood Itisa rare, autosomal recessive bénign disorder which causes black :

liver.

) Brlrary obstruction: Brllary calcuii causes backup and reabsorptron “of conJUgated
blltrubrn This gives rise to élevated blood levels of conjugated bilirubin.

QUESTIONS

1. Define inborn errors of metabdlism. Add a detailed note on the rnborn errors of
amino acid metabolism. ) :

© 2. Describe in detail the pathway of catabolism of amino acid tyrosrne and phenyl-

alanine. :

3, Write a brief account of catabollsm of sulphur contalnrng amino acrds

4.  Explain the fate of carbon skeleton of amino acrds.

5. Write notes on the catabolism of the followrng amino acids:
(a) Histidine, (b) Protine, (¢ Arginine; (d) Valirre, (e) Leucine, (f) Isoleucine

6.  Explain in detail the pathway for the synthesis of thyroid hormone. -

7. Write a note on the pathway of synthesis of catecholamrnes

8. Explain the importance of glycrne in the synthesrs of specrahsed prOdUCtS in
biochemistry. . . .

9. Explain.the pathway for the synthesis of urea.

10. Define transamination. Add a note on the significance and mechanrsm of the same.,
11. What is meant by deamination? Write a hote on the same.

12. Give account of significance of the one tarbon metabolism in biochemistry.

13.. Write notes on: (a) Cystinuria {b) Catabolism of serine (c) Nitrogen balance (d) Amino
- acid biosynthesis
nan
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l)’a variety of roles in the cglls, First, they are precursors of Rf\]A-é‘hd‘&D )
Nudeoudesp to some extent .GTP are important and essential carriers of chemical
second, A P of nucleotides are components of cofactors NAD, FAD, S-
energy- Third, ine and coenzyme A and activated biosynthetic intermediates like uoep

adenos)’lmethgg dizcyf glycerol. cAMP and ¢cGMP are also cellular second messengers.

gIUCOse,a:’a | léd olements; also known as tracers zre used to study the biosynthesis of
racers

enable us to understand the exact source of each and every element in
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ol 4 of the purine are provided by the glycine, The nitrogen at the
S position 5 an am the glycine. Thus, the entire molecule of the glycine is incor,

i« also ob‘amel e AMin0 nitrogen of aspartic aC|d.provides the nitrogen at position 1.
the purine nuc e rovides amino nitrogens at position 3 and 9. The respiratory carbon
Whereas g|uzamonor of C atom at position 6. One carbon compound FHy is the donor of -
dioide s tz:ition Y and 8. __(FH4 - Tetrahydrofolate),

carbon at P .

LA
7 position
porated in

Amino nitrogen of aspartate - Np

¢ ;
_ N ) a-carbon of glycine and FH, - ¢ , C
/=N AP Sy
N " )CH -Amide nitrogen of glutamine - N3, Ng*
- 9 Glycine ~ ¢4, Cs, Ny
’ lz $(«¢ —N Respiratory €O, - ¢
Ni/

1. 10 souf?esh of diftf;ront atoms lq purine biosynthesis
. itted step of the pathway, an amino group donated by glutamine s at
In the ﬁ;’s; C?;;Tesufﬁng 5 phosphoribosyl amine is highly unstable. The

. ‘ ighty purine ring is
c-10f P’t‘l Luit upon s structure. The: above reaction is catalysed by the enzyme
* subsequenty :

i amidotransferasé
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- There are two types of pathways leading to nucleotides
1. De novo pathways 2. Salvage pathways. .
De novo synthesis of nucleotides begins with their metabolic Pr
ribose 5 phosphate, CO, and NH,, : ] release
Whereas salvage pathways recycle the free bases and nucleosides _ s
acid breakdown. Both pathways are important in cellular metabolism- ‘not synthesuz__ed
De novo pathways are similar in all living organisms. The free bas up one of a few
first and then attached to the ribose. In fact, purine ring structuré is .
atoms at a time, attached to the ribose throughout the process. d to ribose and then:
The pyrimidine ring is synthesized in the form of orotate, attaCh.e.-s nthesis.
) tides used in nucleic acid » p——

v any

SO PR UG SRIoES

SCUrsOrs: amino acids,

d from nucleic

es are
puilt-

JA

o
Gluta- CH,0O
Gutamine mate z ® £
PPi
P-Rlbosyl-PP H
- glutamyl
amidotransferase - OH AQ
{5-phosphoribosylamine)
5 10 .
FH, N N Methanyl FH,
Formyl iransferase
Glycinamide
(rlb);syl-5-P)
H H
Giutamate Glutamine N
N -
et 1 SeH . The?l 7 BICIH
o amwe o
1 ,C4 _Ci 0
HNZ ™ N 0% \TH .
|.
g Ribosa 5-P Ribose 6-P o
(Formyl glycinamidine (Formyl glyclﬂ;"‘
ATP ribosyl-5-P) tibosyl-5-
Mg
(o]
Hy @B
\ HC/7\ HO/ \05 7\ H
\ Jl\ a \"cozl' 4 9
3 ? . ATP, M . 3 N
S
Ribose 5-P . Rlbf’ ‘.’l.
{Aminoimidazole (Anilnolmlld’;z 15-P)-
ribosyl:5:P) Carboxylato rib

Fig. 10.2: Synthesis of amino iiﬁidazole carboxylate jﬁ‘ﬂ/’————
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Bmsynthesns of’ purlne nucleotides take place in liver and other tissues except brain and

erythf eytes.

De :novo . synthesis - of purme nucleotides  bégins with PRPP (phosphoribosyl pyro-

-phosphate) The first reaction takes place in the liver. It involves the ribose-5-phosphate,
ATP; and magnesium ions-and gives AMP and 5. phosphorlbosyl - 1 - pyrophosphate. The '

reaction .is catalysed by the enzyme, P-Ribosyl-PP synthetase. The ribonucleotides are
reduced into'deoxyribonucleotides. The reaction'is catalysed by nucleotide reductase.

" “ooc ; ﬁ
| ; .o " ooG ct
HC — NH ' I+ NN
[ " HC —N HEAN
CH, ] |1‘ , " 8 CH
—nak H,C 3 Cus/
00¢ , -1 HN N
\._  Aspartale 00C 2 |
T~ Ribose 5-P
H0 . Aminoimidazole succlr%l
carboxamlde ribosyl-5
(o]
:f Formyl y:‘
1 —N Adenylo
P FHa HzN/ \,05 7\ succlr);ase
I }CH
Trans-formylase 3,09 -
rmy H \'hll 00C  CH
Ribose 5-P Fumarate HC — COO~

Aminolmidazole carboxamide ribosyl-5-P

? — O
i g
. 6 ~o—N Rin 1 8™~ o—N
H'ih sTI 7 \CH closure HN 5C| 7\\\CH
8 )
HE2 oo/ H.0 0=C2 46
\r?j e \,il 2 H\ﬁ e ?ij/
Ribose 5-P H  Ribose 5-P

Inosinic acid
o Fig. 10.3; De novo synthesis of purine nucleotides
Further. reaction of phosphoribosyl pyrophosphate and glutamine is catalysed by

glutamine amido transferase to form 5 phosphoribosylamine, glutamine donates Ny of the

purine ring: 5 phosphoribosyl amine then reacts with glycine to form glycinamide ribosy! -
- phosphate.
The.activity of the-enzyme phosphoribdsyl pyrophosphate glutamine amido transferase

-is regulated by feedback lnhlbltlon Particularly, AMP GMP and IMP are its feedback

modulators.

Chp 101103
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Formylation of glycmamlde ribosyl. phosphate occurs: in- the.-reaction in: WhICh'
transformulase and tetrahydrofolic acid (N* N10 methenyl FH,) participate. Transfer: of one
carbon moiety from glycine to position: 8% of the purine ring .occurs.in the above reaction.
Glutamine, the amino group donor, donates. amlno ‘group to-carbon 4 of the formylated
glycmamlde The hew coming nitrogen occupylng position.3 in the purine nucleus. Next step
is the ring"closure forming amino imidazole nbosyl 5 (P) followed. by carbamoylation. The
respiratory carbon dioxide supplies carbon for: carbamoylation - and aspartic acid is the

source:of nitrogen in the above reaction. The carboxylatlon reaction does not require: biotin.

Sphttmg of fumaric acid. occurs in the next step. Formylation occurs again, with F° FH,

and the newly added carbon accounts for the carbon 2 of the purine nucleus Ring closure

- occurs again resulting in the synthesis of the!first purine nucleotide namely inosinic acid.

Amination ‘6f hypoxanthine or xanthing”nucleotides respectively gives rise to ‘the. adenine
and guanine nucleotides. Antimetabolites l|ke amethoptenn, a folic acid antagonist,‘block

- formylation by way of preventing the reduction of dihydrofolate to tetrahydrofolate

“OOCCH, — CH coo”

5]: > Adenylosucclnate

“00C —CH,— cI:H —Co0

o ,
_ N NH

T o
\N' N GTP. Mg’

Adenylosuccinate
Ribose 5-P synthetase - Rlbose 5P
IMP o . y
Adenylosuccinase | ,
(AMPS) 00C — C = C-—C00

NAD'\ | , H,0 _
N ; '

/ IMP Dehydrogenase (Fumarate)
NADH

b ’
H+
‘ L
O .
/\i >Glulamune Glutamate HN
NHZTJ\N

Rlbose 5-P
Xanthosine monophosphate
(XMP)

Ribose 5-P

Adenosine
monophosphate (AMP)

o
-+ Ribose 5-P
Guariosine monophosphate
(GMP)

Fig. 10.4: Conversion-of IMP in@ .:AMP,_ GMP and XMP
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Brann, erythrocytes and neutrophls are not able to synthesize purines by de novo
syntheSIs Liver is-the major site for the: suppIy of purines, which are salvaged by the brain,
erythrocytes and neutrophlls .

' _' The salvage pathway recycles nucleosides produced from nucl=|c acid degradation.
" These pathways involve two important routes:’

1. Phosphorylation of purine nucleosides at 5' hydroxyl group.

2 :PﬁoéﬁhokiBaxylation of preformed purines of purine nucleosides by the specific '

© enzymes. _
Salvage..of . purine nucleoside to: purine nucIeot|de is carriad out by the enzyme
adenosine kinase.

The major salvage pathway is catalysed by the -enzymes ‘ike adenine phosphoribosyl .

transferase (APRTase). Another salvage pathway. is catalysed ky the enzyme hypoxanthine
guanine phosphoribosyl transferase (HGPRTase).

Interconversion of IMP and GMP into IDP and GDP, and dIMP and dGMP into dIDP and
dGDP is carried out by the purine 5" nucleotidase. These nuclecsides are further phosphory-
lated at the sugar moiety producing-their respectwe sugar phcsphates and release the
nitrogen bases free. Hypoxanthine and guanine can be phosphorylate:i in a similar manner.

The following three enzymes are found to compete for the substrate, PRPP. These are:
1 Hypoxanthlne, guanine phosphpnbosyl tvransferase '
2. PRPP glutamine amido transféka‘se'.

" 3. Adenine phosphorlbosyl transferase. .

GMP, IMP, AMP, the products formed, mhtb;t the enzvme PRPP g|utam|ne amido .

transferase by the feedback inhibition.

_ Urinary as well as serum uric acid is also produced by the 2nzymes APRTe{se and
HGPRTase. This prevents the de novo .Synfhesis of uric acid. Dietary purines cause a shortage
of PRPP and thus inhibit de novo- SyntHeSis of purines. This is because salvage pathway
“enzymes, APRTase and HGPRTase consume the substrate PRP> more rapidly than the
enzyme PRPP amido transferase '

- Chp 101105
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Pyrimiaine nucleotldes afe made from aspartate and nbose 5 - phosphate.

Pyrirhidine nucleotide biosynthesis proceeds with.the initial formation of a six membered
pyrimiding ring. The ring is then attached to ribose 5 phosphate. This process requires
carbamoyl phosphate, also an intermediate to urea cycle. Carbamoyl phosphate synthetase

" T, a cytosol enzyme, carries out pyrimidine biosynthesis. (Carbamoyl phosphate synthetase |

employed in-urea synthesis is present iri the mitochondria).

Carbamoy! phasphate reacts with aspartate to yield N-carbamoyl aspartate in the first
step of pyrimidine biosynthesis. The enzyme aspartate transcarbamoylase carries out this
reaction, by removal of water from N-carbamoyl! aspartate. The reaction is catalysed by
dihydroorotase. A pyritnidine ring is closed to form L dihydroorotate. This compound is
oxidised to yleld the pyrimidine derivative orotate, a reaction in which NAD" is the ultimate

—electroii acceptor.

Orotate is then attached to- yleld orotidylate. Orotidylate is then decarboxylated tc yield
uridylate, which is phosphorylated to UTP. CTP is formed. from UTP by the action of
oytidylate synthetase This reaction occurs by way of acyl phosphate intermediate
{consuming one ATP), and the nitrogen donor is glutamine in animals or NH," in some
bacteria. ’

Regulation of pyrimidine nucleotide biosynthesis occurs by feedback mechanism.
Bacterlal enzyme, aspartate transcarbamoylase (ATCase), catalysing the first reaction is
inhibited by CTP. Urldyllc acid is also a competitive inhibitor of orodyhc acid decarboxylase

DNA and RNA two dlfferent nuclelc acids are produced by the process of rnphcatlon
and transcription respectively.

DNA is formed in the cell before cell division by the replication process. DNA flow is
comparatively lower in the non-dividing cells.

Whereas RNA synthesis occurs continuously in all the cells. Not only mRNA but rRNA,
tRNA are also synthesized by transcription.

Ribonucleotides are reduced to deoxyribose nucleotides (i.e. reduction of hydroxyl

G RN cRE G D s o
Nucleotldes of the cel undergo regular and continual wear and tear The oId nucleotldes

are catabolized and new ones are formed. The order of breakdown of nucleotides occurs as
follows:
Nucleotide

d Nucleotidase
Nucleosides

4 Nucleoside phosphorylase
FreeNbases + Ribose-1-phosphate

(Some of the bases are reused in the salvage pathway.)

" Chp 10107
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AMP| -Purine Bases GMP|

g

1 .
Adenosing | ~e———y- 7 osing l
Adenine nucleotides are '
degraded as Hypoxanthine . Y
8 Guanine ' .

—

" Guanine nucleotides are
degraded as Xanthine -

- l XMPI—> ,Xanthosine] —

Fig. 10.6: Flowchart showing catabolism of p_drines

N)IN\ -
(L) ko
R-5-

Nucleotidase Nucleotidase

P pi H,0 NH, pi

enosine
T)IN\ deaminase
(ADA) Pl R
§N ,‘) Purine nucleoside lbOSS

I hos|
Ribose Ribose 1 phosphale phosphorylase (PNP) -
Adenosine is not HN N, Nuclgotidase
degraded by PNP, N
but converted lo k
inosine and further .- \N Hh,0+ 0
metabolized z 2 ) : - Guanoslne
Xanthine oxidase : Pl
- ) Purine
o H,O i /| nucleoside
22 . Ribose 1 phosphate phosphorylase
HN —N\ Guanine deaminase
i Guanine
A ﬁviﬁ
H,0 + 0 NH,
o HNZ NN
Xanthine oxidase J\
NH N H

2, 6, 8 -trioxy purine

Fig. 10.7: Reactions showing,catabolism of purines and produdién of uric acid

Chemistry and Metabolism of Nucleotides
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Other bases are degraded to products that are excreted. Uric acid is the end product of
purine and amino acid catabolism. Some mammals and lower primates possess enzyme
uricase which converts uric.acid to allantoin which is more water soluble. Man does not

have this enzyme uricase hence uric acid is the end oroduct of purine catabohsm Uric acid is

formed primarily in liver.
Normal serum uric acid concentration is 5-6 mg/dL. Uric acid is cleared off the body by
glomerular filtration and tubular secretion.
Hyperuricemia and Gout: ,
1t is the condmon of increased uric acid leve!, above 7 mg/dL in men and 6 mg/dL in
' wornen. -
It results from mherlted metabollc disorders, malignanecies, pre-eclampsia or excessive
- alcohol consumption.
Gout is a metabolic disorder of purine catabolism which results from over-production of
uric acid. Uric acid is found in minimal soluble ferm, monosodium urates - which easily
- precipitate at lower temperature.
Types of Gout
. o Primary gout: It is found to be a causative factor of 90% of cases of gout. It occurs
dueto inborn error of metabolism caused by defective enzyme of purine synthesis,
« ‘Idiopathic gout: It occurs in 10% of cases of gout. Primary gout occurs due to
different reasons like:

1. Elevation of glutathione reductase enzyme. This enzyme converts oxidized
glutathione to reduced form by using NADPH, from the HMP shunt. Abnormal
excessive activity of the gIUtathione reductase produces large amounts of
NADP*. Rise in the NADP* levels rises Ribose-5-phosphate and PRPP synthesxs

* which is responsible for the over production of purines.

2. Glucose-6-phosphatase deficiency - Van Gierke's disease. Owing to deficiency
of the enzyme, excessive leveis of Gluccse-6-phosphate builds-up, which enter
the HMP shunt and produce excess of Ribose-5-phosphate and PRPP, this way
causing purine overproduction. Besides. lactic acidosis in Von-Gierke disease
interfers with uric and excretion,

3, A variant form of PRPP synthase enzyme produces lot of purines. This
genetically- variant enzyme cannot be controlled by the allosteric mechanism,
hence the control over purine prodiction is. lost. Excess of purines are
responsible for excess of uric acid production.

4. A one more variant of PRPP glutamyl amidotransferase .enzyme is not
sub)ected to feedback control and product purines ceaselessly,

Chp 10} 109
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Secondary Gout: U

It occurs due to different diseases causing increased synthesw and decreased exc"emn
of uric acid.

(a) Overproduction of uric acid occurs due to rise" m turnover rate Of
occurring in the following conditions:

1. In psariasis ~ due to increased tissue turnover

2. In ragidly growing mahgnant tissues in cancer

polycythemia.

3. In the conditions leading |ncreased '(ISSUE breakdow

chemctherapy, trauma and starvation: ' Co D
(b) Reduced excretion of uric acid: : L Ly
1. Inchroric renal failure due to reduce GFR. ‘
(i) Increased alcohol consumption - leads to lacti
responsible for decreasing tubular excretion of uric acid.
(i) Ketcacidosis ~ decreases the tubular excretion of uric acid.
(iii) Thiazide diuretics - irihibits tubular secretion of uric'acid.
Symptoms and Biochemistry Behind Gout Pathogenesis:

A low solubility of uric acid is the core reason behind the
gouty arthritis affects great toe or phalangeal joint. It is the class
urate level exceed solubility limit leading to the rise in formation of.m
crystals which get deposited in joints. These déposits are called ‘Tophi*.

nucleic acids as

s - like leukemra, Tym homas,

B T Rk Ao (U A T
n a3 in radlotherapy and

¢ acndosrs, and Iactlc add is E o

clmrcal sympto_ms_.-;’l'ypical L
ical sign of-gout. The.setum "
onosodiufp-.urate
Tophi deposition

Paadesat U 4 e u Ses e s

(LY

causes inflammation of joints, painful arthritis -which culminates into chronic gouty: arthritis. . i
Other complications include urolithiasis and renal damage. ' " o
QUESTIONS ‘ ' Do

1. Explain the sources of different atoms in purine nucleotides. o T .

2. Write a note on the de novo synthesis of purine nucleotides

3. What is meant by salvage pathway? Add a note on the sa
nucleotide biosynthesis.

4. Explain the metabolic pathway for the biosynthesis of the P)’”m'

5. Discuss the de novo pathway for purine nucleotrdes biosynthesis.

6. Write short notes on:

(a) Reculation of pyrimidine nucleotides biosynthesis.

(b) Reculation of purine nucleotide biosynthesis. . P

() Metabolic disorders associated with catabolism of puriné nucleotides. o ~

(d) Inhibitors of purine synthesis. . *

{e) -Role of carbamoyl phosphate synthetase II. . ,

Explain in detail the biosynthesis of inosine monophosphate- - . -

lvage- pathway for punne

idine nucleotides.

7.

8. Describe in detail the role of PRPP in purine and pyrimidine biosynthesis. P =
9. Explain with flow chart catabolism of purine nucleotides. o o
10. Describe in detail the terms ~ gout and hyperuricemia. o o
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'RECOMBINANT DNA TECHNOLOGY

. + LEARNING OBJECTIVES +
Revise Important Aspects of the DNA Structure.
: Understand Roles of Different Enzymes in the Process of Replication.
 “Understand DNA Mutation:and Repoir,
: Understand Recombinant DNA Technology.
; Campm ?rokﬂryam and £ukpryahc ﬂ(;pﬁauwn Process,

Biochemistry (B.Pharm. Sem. I) ) DNA, Replication and Recombinant DNA Technology -

. dideoxynucleotides are shown in Fig. 11.1 (B).

- DNA’ (deoxyribonucleic-acid) -is the pnme genetic: material, wh|c1 carries here itary
information within chromosomes. A portion (segment or region) of DNA that contains
information. required for. the synthesis of a functional biological product (protein or RNA) is
called ‘as a gene. Typically, cell has many thousands of genes and thus DNA molecules are
very large. Storagé of biological information is the only known function of DNA.

... —DNA is a-polymer of deoxynucleotides. Each nucleotide is made up of:

1. A nitrogenous base
2. A pentose sugar
3. . A phosphate-group. .
. NH, 0

N2 N HN N
‘\J r|> ' HzNJ\ I bll\>
Adenine (:) Guanine (G)

0 NH,
HN” | CH, W | HN |
o)\rl« _ o).\rlq _ o)\;lq
Thymine (T) Gytosine (C) UracHn W)

Fig. 11.1 (A): Structures of purines (A, G) and pyrimidines (T, C, U)

The phosphate groups are strongly ac'dlc, s
' thus the name nucleic acid. The nitrogen bases - : {4 I,j
are of two types: purines and pyrimidine. In. B8

DNA, pyrimidines are thymine (T) and cytosine:
(C) and purines are adenine (A) and guanine:
(G). RNA contains uracil (U) instead of thymirie.: -
(Fig. 11.1 (A)]. The structures of the respective :

Pentoses are also of two types: deoxyribose: .
in DNA:and ribose in RNA. In deoxyribose- there-
is one less oxygen atom than ribose.

Fig. 11.1 {B): Dideoxynucleotides
: °

The, base is joined covalently (at position N-

|
1 of pyrimidines and N-9 of purines) via a OO sweng

N-glycosyl linkage to the 1' carbon of the ZH
pentose and the phosphate is. esterified to the W
5' carbon. The syccessive nucleo-tides of both = H H
DNA and RNA are covalently finked .via : 0 _H
phosphate group bonds. The S'—hydroxyl.groub_ s O F:',=,°/: e
of one nucleotide unit is joined to 3'-hydroxyl - ?
group - of next nucléotide by a - CH 0
phosphodiesterase linkage. . H” “H
The backbone of DNA and RNA consist of - » 9 M
alternating phosphate and pentose residues 0—P=0
and thus is hydrophilic. Both DNA and RNA . . ¢
have distinct 5' and 3' ends: 5' end has a - 0 ©
phosphate group but lacks a nucleotide at the ,,," HH
5' position and 3' end has a hydroxyl group but OH H
lacks nucleotide at 3' position. ¥-and
(Fig. 11.2) - Fig. 11.2: Ba’ckbo_m_structunofDNA_' .
3 segment showing phosphodiester linkage
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"I 1950, Erwin Chargaff at Columbia University showed that no matter which tissue from
" an animal -;«'i'as looked at, the. percentage content of each of the four nucleotides was the
same Howeiief the pércentage varied from species tc species. Imnportantly he also showed

that in all animals; :
%G = %C
%A =% T .
gs were crucial in elucidating the structure of DNA.
A was proposed by Watson and Crick in 1953 based on the X-ray
< and Franklin. This structura suggests that DNA is composed of
two right-handed helical polynucleotide chains that form a double helix around the same
central axis. These two strands. are antiparallel and bases are stacked inside the helix in a
plane perpendigilar to the helical axis. These two st-ands are held iogether by hyfjrogen
bonds betweén the nitrogenous bases moieties of opposite strands and only cartain base
pairs fit into the structure. Thus, the: only pairs possible are AT and GC. There are two
hydrogen bonds between A and T and three between G a1d C and hence GC fair is more
stable than AT pair- (Fig. 113)- Note that hydrogen bonds are formed only between a

hydrogen atom on -one pase and. oxygen Or nitrogen atom on the other base. This is

because a hydrogen bond can only be formed when hydrogen atom comes in close
proxirnity to an oxygen or nitrogen atom of a base pair on the opposite strand. Hence, only
two bona;*-'eah"5@='fai:med'betweéh AT pair and three betweeri GC. The two anti-parallel

polynucleotide chains of DNA are not identical in base sequence or composition but are

~ complementary to each other.
The features of Watson-Crick model of DNA ca

These findin

The structure of DN
diffraction- data of Wilkin

n be summariséd as given below:

+ There are two complementary
bonds. » | -
THe'Hyd}ogen bonds are formed between the bzses Aand T an d between G and C.
ladder-like structure and as the bases are hydrophobic,

.+ This base pairing:leads to a ‘ ) =
' h other producing a twist in the structure creating a

- succeeding pairs-attract eac
right-h'anded'double helix. ‘

«  The strands are referred to as complementary, zs saquence on one determines what

the sequence on the other mustjbe'e.g.._ the sequence ACTTGA on one, pairs only

-with TGAACT on the other.- ’
« The two strands are antiparallel; meaning they can in opposite direction. Hence,
5" ACTTGA+3' pairs with 3-TGAACT-5".
g ACITGA . 3

ULGARCT

»

polyn'ucleotide‘ strands held together by hydrogen .

Chp11|113°
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Genetic information is stored in the sequence of bases.:

N H eemennn 0. CH,

5 ‘N,N ----- H"‘N; '\s>
. 3/j 1/
N

Adenine: Thymnine

r,\'7
&

3

M

) ‘ Guanine: Cytosine
Fig. 11.3: The A.T. and G.C. base pairs of DNA

Most of the DNA is right handed and of the B-DNA form. The B-DNA conitains two kinds
of grooves, calle.d the major groove and the minor groove. (Fig. 11.4). The minor groove
co~tains the pyrimidine ~ O; and the purine - Nj of the base pair. The major groove is .= ™

slichtly deeper tan the minor one and is.on the opposite side of the base-pair.
5 3 '

The dehydrate relative humidity below 75%) shows a different form of .DNA

dezg major groove and a very shallow (almost non-existent) minor groove.

» _ than
dascribed above, called A-DNA. This change in the conformation is. reversible. A-DNA is .
wide-, flatter and shorter right-handed helix compared to B:DNA. In'A-DNA, the planes of
the bases are tilted to the helix axis rather:than normal:like in B-DNA. Thus,-A-DNA has a

A-helix form is also seen in-double stranded regions of RNA and RNA-DNA hybrids.
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i ' A-form DNA - B-form DNA |
"+ Sharter, wider helix than B. . Narrower, elongated-helix:than A.
i Most RiA and RNA-DNA duplex arein{+ Most common DNA conformation in| -
I this form. | vivo. S 1
il- Deep, rarrow major groove and is not}+  Wide major groove, easily 'accessible to
{ _easily accessible to proteins. proteins. L
- contd. ...
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J \{Vide,shallowminorgf°°v‘3_-. ' +  Narrow minor groove.
o Base pairs tilted to helix axis and |+ Base pairs are  approximately

displaced from axis. perpendicular to helix axis.
«  Favoured conformation at low water+« Favoured conformation at high water

concentration. concentration.
The third type of DNA was identified during the crystai structure determination of

-d(CGCGCG) by Alexander Rich and co-workers. They revealed that duplex of antiparallel

strands was left handed and was-named Z-DNA because of zig-zagged nature of phosphate
backbone. Z-DNA cqntains'only'one'deep minor groove and no identifiable major groove.
‘Most of the DNA in any'genome is the classic Watson-Crick B-DNA form. The additional
A-DNA and Z:DNA forms show that DNA is flexible and dynamic.
Chromosomes are long, thin, rod-like structures prese
following characteristics:
« Al cells of an organism and. all organisms of the same species have the same
number of chromosomes, except sperm cells and egg cells.
+  There are two copies of each type of chromosome, such cells (i.e. somatic cells) are
called as diploid cells.
«  Germ cells i.e. sperm and egg have one copy of each chromosome type. Such cells
are called as haploid cells.
+ The fertilization of an egg with a sperm cell produces a diploid cell i.e. zygote, which
has the same number of chromosomes as that of somatic cells.
«  During mitosis, the number of chromosomes double just prior to the cell division.
Eukaryotic chromosomes are larger and have a higher degree of structural orgartisation
than those of prokaryotes. The DNA in eukaryotes is tightly bound to small basic proteins
called as histones. In eukaryotic chromosomes, half the mass is histones and half being DNA.
This nucleoprotein chromosomal material is called as chromatin, Chromatin is a term which
designates a structure in which DNA exists within the cell. The histones and DNA can be
separated from each other by -treating chromatin with salt or dilute acid. The unique
characteristic of histones is their high content of -positively charged side chains ( ~ one in
four residues is either lysine or arginine), In all, there are five types of histones — H1, H2A
H2B, H3 and H4, the mass ranges from 11 kD to 21 kD. ‘

3,

e @B
nt in the nucleus. They have the

... —A-chromatin is made up of repeating units each consisting of 200 bp of DNA and two of

H2A, H2B, H3 and H4. These repeating units are called as nucleosomes, The adjacent

"nucleosomes are attached by linker DNA, Thus, a chromatin fibre is a flexibly joined chain of

nucleosomes; like beads on a string. (Fig. 11.5 (A)).
Nucleosomes from different organisms and cell types range from about 160 - 240 bp of

. PNA. Irrespective of the initial DNA content of nucleosome, a core particle of 140 bp of DNA
.is obtained after the treatment of nucleosomes with nuclease. This 140 bp of DNA is not

furthér digested and this nucleosome core is probably nearly the same in all eukaryotes. This

Chp 11| 113

8

Biochemistry (B.Pharm. Sem. I) DNA, Replication and Recombinant DNA Technology

core consists of 140 bp of DNA bound to a histone octamer; two each of H2A, H2B, H3 and
H4. (Fig. 11.5 (B)). The other class of DNA binding proteins is a diverse group of proteins
called as non-histone proteins. Non-histone proteins include transcription factors,
polymerases, hormone receptors and many nuclear enzymes. In any given cell generally
there are more than 1000 types of non-histone proteins bound to the DNA.

-Histone
octamer

Nucleosomes

Linker DNA -

(B) Nucleosome

(A) Nucleosome and linker DNA

Fig. 11.5

The chromosomes of many viruses and bacteria are circular molecules of double
stranded DNA. In this circular duplex molecule, both strands are covalently joined by DNA
ligase. DNA ligase catalyzes the formation of a phosphodiester bond between the 3'-OH
group at the end of one DNA chain and the 5'-phosphate group at the end of the ather.
This enzyme cannot link two molecules of single-stranded DNA or circularise single stranded
DNA. '
Circutar duplex DNA molecules sometimes have a peculiar twisted appearance, known as
supercailing or superhelicity. Supercoiled DNA is more compact than "relaxed” molecule
with the same number of nucleotides. (Fig. 11.6).

Mk=+2

Left handed hellx

B o i I

Right handed WY BT
helix of a double PRGN & of a double right
right handad helix SN ..’s"ﬁ: hondod helbx

Negative Positive

supercolt - supercoil

Lk= 18 tk=22

Fig. 11.6: Circular DNA and supercoiling
Chp11|116




SRR S 1.

Biochemistry (B.Pha'rm. Sem. 1)

DNA, Rep ication and Recombinant DNA Technology

double helical DNA is that :ts number of coils cannot be altered

A géometric property of
f the strands. Mathematically this can be expressed as:

without first cleaving atleast one O
L=T+W , .
L, the linking number, the number of times a strand of DNA winds in the right hand

direction arou
remain covalently intact (DNA molecules differing onlv in linking numbers are topoiogical

isomers [topoisomersl).

T, the twist, complete revolutions (helical winding, of strands around each other. T is
considered to be positive for right-handed duplex. For B-DNA it is normally the number of
base pairs divided by 104 (observed number of base pairs per turn of B-DNA in aqueous
solution). _ :

W, the writings number, measure of DNA supercoiting. Number of turns of duplex axis

around the superhelix axis.

The double helical structure of DNA proposed oy Wazson and Crick has the following

features: : :

() Two polynucleotide chains running in opgeste directions coil around a common
axis to form a right-handed double helix.

(i) The purine and pyrimidine are on the inside of the helix, whereas the phosphate
and deoxyribose units are on the outside. ..

(i) Adenine (A) is paired with thymine (T) anc guanine (G) with cytosine (C). AT base
pairs are reinforced by two hydrogen bonds and GC by three such bonds.

One DNA strand is the complement-of the other. The strict base-pairing rule suggests

that the use of one strand as a template will result in another strand with a predictable,

* complementary sequence.
Cells (both prokaryotic and eukaryotic) do not live forever and hence must pass their

genetic information to riew cells (offspring). Thus, they sheuld be able to replicate:the DNA
to be passed.to the offspring. The process of accurate, efficient and rapid duplication of the

genome is called as DNA replication.

DNA replication has a cemi-conservative meaning. If each DNA strand serves as a.

template for the synthesis of a new strand, then two daughter DNA molecules will be

formed, each having one new strand and one old strand. .
- The hypothesis of semi-conservative replication was proposed by Watson and Crick and

was proved in 1957 by Mathew Meselson and Franklin Stah'.

11.4.1 Meselson - Stahl Experiment _
E.coli cells were grown for many generations in a medium which contained BNH,.CL a

" heavy isotope of nitrogen. (The DNA isolated from these cells had a density of about 1%
greater than the normal [*N] DNA and can be separated by centrifugation in a cesium

_ chioride density gradient), (Fig. 11.7).
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§§3 "N DNA (heavy)

1 Generation §+§v Hytrid DNA

/ Hybrid DNA

§_)‘ : <
2 Generations § * * §"‘§§ "N DNA (light)
R \__.___l_____..:_j :

3 1

3 Generations 2{§ + 8
-, .

Light DNA l Light DNA

7 Y

4 Generations k) § + ¥

/—§ A .
Light DNA Hybrid DNA

Fig. 11.7: Meselson and Stahl experiment
These cells were then transferred to a normal medium (N) and were allowed to grow
until the population just doubled. The DNA isolated from these first generation cells gave
only one band in the cesium chloride gradient suggesting that the DNA from daughter cells

were hybrids containing one new ‘normal’ [**N] and one parental [**N] strand.

This semiconservative nature of replication was further proved when cells were allowed

to double in number again in the normal medium. The DNA of this cycle exhibited two
different bands 5 cesium chioride gradient, one with density equal to that of light DNA and

the other having the density of hybrid DNA.
11.4.2 Replication of Circular DNA or Bacterial Replication

DNA synthasis begins at a site termed’as origin of replication. Each bacterial .

chromosome has only one origin of replication. Synthesis of DNA proceeds bidirectionally

around the bacwerial chromosome - eventually meeting at the _opposite side of the

chromosome where replication ends. Directionality of DNA strands at replication fork.
Duplication of circular DNA does not involve the creation of linear DNA. The parental

strands maintain a circular form throughout the replication. The
oroceeds outwardly in both the clockwise and anti-clockwise directions.
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1% : hain Growth:Occurs In Both Directions

‘The: two. daughter strands being synthesized at each replicating fork run in opposite
diréctions. Hence, direction-for chain growth must be 5' = 3' and 3' = 5" for the other
strand. But enzymes that add nucleotide precursors to DNA ie. DNA polymerases, extend
chain only.-in the 5'-» 3'.direction. The reason being the reaction catalysed by DNA
polymerases allow a nucleotide triph
polynucleotide strand, The:energy for formation of the phosphodiester bond in 3' to 5" is on
the 5 end of the:growing chain. That is, if wrong base is put in and removed, then no energy
wilf besleft on the resulting monophosphate end for the condensation. But in case of 5'to 3,

the energy for condensation is on the triphosphate of the incoming base. Thus, if there is
e bond formation and hence because of the need of the

diti sre is:still energy. for th
olyi e-to edit'its:work; replication cccurs in 5" t0.3' direction. Inspite of lot of research
no.replicating enzyme thatwouild add nucleotides onto free 5' - ends have been found. As
“rep on. praceeds; one strand s synthesized ‘continuously whereas other newly
synthesized :DNA strand exists-as small fragments, 100 to 1000 bp long, called as Okazaki
fragmerits, that later link Upto the main ‘daughter strand by DNA ligase. This suggested that

ain:whase ultimate direction of growth is 3' — 5" might, in fact, be formed by the
of OKazaki fragments, which grow in the conventional 5' — 3' direction. The strand
- formed from Okazaki fragments is termed as the ldgging strand, whereas the one
" synthesized.continuously is termed leading:strand. Thus, the discontinuous assembly of the
lagging ‘strand enables 5= 3' polymerisation. at the nucleotide level to give rise to overall
growth in the 3" =» 5 direction (Fig. 11.8).

" In eukaryotes, chromosomes are linear and are very large. So to complete the replication
in & reasonable time, beginning of repiication occurs at several origin points (Fig. 11.9). Each
replication -origin grows in.both directions with similar process as described above (leading
and lagging strand). But the precise nature or origin of replication in higher eukaryotes is
not clear. ' :

: o Ori lOri

T8 | |
5 . - I 1

() Multiple origins of replication

Leading strand
: -~ 5
Parertal DNA /
.5

\:—- Okazaki fragments

.

3

Lagging strand
5

(b) Chain growth occurs in both directions
Fig. 11.8

osphate to react only with the free 3'-OH end of a
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E.coli chromosome

ATTteh rglon -

5-GGATCCTGGGTATTAAAMGAAGAT! ATTTATTTAGAGATCTGTTCTAT
CCTAGGACCCATAATTITICT! AGATM'ATAMTCT_ AGABMGATQD

TGTGATCTCTTATTAGGATCGGACTGCCCTOTGGATAACAAGGATCGGCT
ACATTAGAGAATAATCCTAGCGTGACGGBACACCTATTGTTCCAAGCCGA
1 IR EN . 4
. TTTAAGATCAACAACCTGGAAAGGATCATTAACTGTGAATGATCGGTGAT
\ ) AAATTCIAGTIGTTGGACCFTTCCTAGGAATTGACACTTAGTAGCCACTA
101 : : ST T Dnakbex, L 190
QCTGGACCGTATMGCTWMTGAGGGTTATAGACAGCTCM
GOACCTGGCATATTCGACCCTAGTCTTACTCCCAATATGTGTCGAG
1by ‘DnaAbag-.
ACTGAACAACGGTTGTTCTITGRATAACTACCGGTTGATCCAAGCTTCCT
TGACTTGTTGCCAACAAGARACGTATTBATGGCCAACTA GTTCGAAGGA
2bt  DsmAbox: T Co 2bo
GACAGAGTTATCCAGAGTAGATCGC. - -
CTGTAGCAATAGGTGTCATCTAGCG-S"
a1 ' N

@ -

The origin of replication of £ coli is termed as ori C-0

r.jg_iﬁ;of chromoesomal replication, There are two
lon; (i) DnaA boxes.

A/T-rich region DnaAboxes

DNA replication ls-Iniisted by the binding of
DnsA gmlolns to the DnaA box sequences

s DnaA proteln )
75 -3 gtrand cai.lm,—mo'mglén o wrap

‘around.the DnaA protetns:and
e © -separatesthe AT=ich fegion
3. P . a.r " L -
<
l DnaA proteln (helicase) binds to the origin

(d) - . o .
DNA replication is initiated by binding of DnaA protein.to DneA box sequence. Dna protein causes the . i}

region to wrap around the DnaA proteins and-separatesithe AT-rich-region.
. Hellcass: - .

Halicageéieéamtea the DNAIn both
directions; creating 2 replication forks

3 &

()
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DnaB.protein helicase binds to origin. Helicase bind to single strand of DNA at the
origin. Helicase uses energy from-ATP to unwind duplex DNA. Helicase separates the DNA in
both directions causing feplication fork.Helicase separates the two DNA strands by breaking
the hydrogen bonds between them. This generates positive: supercoils ahead of fork. DNA
gyrase travels ahead of the helicase and alleviates these supercoils. Single stranded binding

proteins bind to separated DNA strand to keep them apart. Then short (10-12 nucleotides) -

. "RNA ‘primers are Synthesized. by-DNA, primase: These short RNA primer strands start or

prime DNA synthesis. DNA polymerase Il does major work of copying DNA in replication.
Single-strand: -

binding protein

~ Helicase DNA polymerase Leading strand 3

7

Topon-somerase "\ DNA synthesls in

‘continuous pattern

_RNA prl'mer
DNA polymerase
Okazakl fragment

- DNAligase

DNA synthesis
in discontinuous
pattern

" Direction:of fork movemant

Lagging strand

* (d);Reglication fork
Fig. 11.9: Picture of replication fork showing role of different proteins and enzymes
11.4.4 DNA Polymerases .

In £, coli-there are three different DNA polymerases (I, Il and HI)..Although it was thought
for long, DNA polymerase 1 was the major enzyme which joins together deoxyribo-
‘nucleotides. Now, it is: known that multisubunit assembly containing polymerase I
synthesies new DNA, whereas polymerase I-erases primer and fills the gap. DNA polymerase
ILis not needed for DNA replication but participate in DNA repair. It has been suggested
"~ _-that DNA polymerase II could be dispensable as.mutant cells having no or if any, very few
" molecules of DNA polymerase. Il which are known to survive. In £. coli it has been shown that

_besides DNA polymerase 1 and III; there are more-than 20 proteins, which participate in DNA
replication. ) . )

In eukaryotes, there are five distinct polymerases - a, B, v § and & (Table 11.1). The
-eukaryote DNA polymerase which is-equivalent to £.coli DNA polymerase lll is bolymerase-a.
Ecoli DNA polymerase 1 is equivalent to eukaryotic DNA polymerase-B. Eukaryotic DNA
polymerase-y is responsible for the replication of mitochondrial DNA.

: Table 11.1: Eukaryotic DNA polymerases

Polymerase . Location: Function
T a Nucleus - |Lagging strand replication
B |Nucleus - | DNA repair '
¥ Mitochondria [Mitochondrial DNA,replicati'on‘
5 Nucleus. Leadihg strand replication
£ Nucleus - . | Replication
Chp11|1111
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All the thrae DNA polymerases possess 3' — 5’ exonuclea_s'e-activity',- _m_eén’in‘_g all DNA .
polymerases have the ability to cut back hascent polynucleotides.as well-as to extend them.
Generally, synthesis is overwhelmingly favoured over degradation. This exonticlease:activity
preferentially acts on incorrectly” paired bases. Thus, high fidelity is: :achieved in DNA
replication because of 3. = 5 exonuclease activity which acts as a proof reading mechanism. -
11.4.5 Helicases ' ' :

To per'mit the rapid rates of DNA ponrherisation observed, the double helix should
come apart frequently but this. does not -occur spontaneously. The facilitation -of strand -
separation is done by specific proteins called as helicases. Two diffefe_ntfh,elit_:'a;_e;-have_ been .
identified. Helicase 11 or Il binds to the template for the lagging:strand and movesin 5' —.3'
diraction. Whereas, the other Relicase, called. Rep protein, binds to template for leading
strand and moves in the 3' —» 5"direction. Helicases are proteins that are‘bound to.DNA and
derive the energy from ATP to move progressively along with DNA‘and increase the rate of
strand separation. The unwound portion-of DNA is then stabilised by siﬁgle,'stfand"binding_
protein ($58). SSB is a tetramer and binds co-operatively to single-stranded DNA. Thus, the
single-stranded DNA tightly covered by SSB is rigid, semiextended without benids or knicks.
Ths is essent al in order to avoid its tendency to fold back on itself to form imperfect base-
paired hairpin loops.

11.4.6 RNA Primers

ONA template
3 § . s
Primase
3 . 5
§ ZZ7TTT77 ¥
RNA
Primer DNA Polymerase i

” e
ANA ' ‘New DNA
Primer

ONA Polymerase

. aw
Fig. 11.10: DNA replication’is primed by RNA prlmérs
DNA polymerases require a primer, pre-existing polynucleotide:chain, with a-free 3'-.Of-i
group for DNA synthesis. How is this primer formed?-it-was observed that RNA -synth.ess is
essential for the initiation of DNA synthesis. Thus, starting points. for DNA synthesis- are

fecognised by enzymes that transcribe DNA to RNA, These RN_A-Ch_al'ns thus geggrated serve _':  '
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“as primers. A specialised RNA polymerase called primase joins prepriming complex calied as

primosome and prepares primers for Okazaki fragments (Fig. 11.10). Primosome consists of

primase, polypeptide of 60 kD, present in 50 - 100 copies per cell in E.coli, and six or seven
other polypeptides. The components of primosomes ensure movement along the DNA, the

displacement of SSBs, the recognitior of appropriate start site and the polymerisation of

ribonucleotides into RNA. The RNA pnmer is removed by RNase H and the gap is filled by

DNA polymerase 1.

11.4.7 DNA Polymerase III
The active form of DNA polymerase HI holoenzyme (an assembly of seven different

ponpeptldes) positions at the replication fork and begins the synthesis of the leading strand
using the RNA primers (see above).

One of the seven polypeptldes is o, which carries the 5' — 3' exonuclease activity as well
as the polyinerisation'.fun_c'tiop, while the ¢ (epsilon) polypeptide possesses the 3' — &'
exonuclease activity. The functions of the remaining polypeptides are not known.

. The. duplex DNA ahead of DNA polymerase IIl is unwound by helicase, SSBs keep the
unwound strands of DNA- extended and accessible. DNA polymerase II continuously
synthesizes the leading strand and does not release the template untit the replication has
been completed.

As seen earlier the lagging strand is- synthesuzed in fragments so that 5' — 3
polymerisation leads ultimately to growth in 3' — 5'-direction. (See Section 11.4.3). This is
achieved by looping lagging strand template through the one subunit of polymerase so that
it passes in the same direction as the leading strand template in the other subunit. DNA
polymerase I releases the lagging strand template after addition of about 1000 nucleotides.

Then a new loop would be formed synthesizing short stretch of RNA primer for another

Okazaki fragment,
11.4.8 Telomerases .
. There is a problem when replication approaches end of a linear structure of

chromosome (telomer). Remember that a primer is needed. It was not understood, how is
this last part of 3' end of chromosome repliacted? This mystery was solved by thé"discovery
of an enzyme - telomerase. Telomerase is like reverse transciptase, it has a small RNA
template of its own. This template is used for the addition of telomer repeat (repeated
sequences in telomers) at 3" end. Thus, RNA primer is synthesized and then the last piece of
DNA for Iagglng strand is synthesized.

Mutatlons are mhentable changes in the DNA Mutatlons are passed énrto‘next
. generation when the DNA replicates and are also transcribed into RNA; they may result in
chariges in the-protein produced.

Chp11]1113

Mutations in DNA can be of various types:
(i  Substitution of one pair for another.
(i)  Deletion of one or more base pairs.

(ii) Insertion of one or more base pairs.

The most common type of DNA mutation is the substitution of one. base for another. -

There are further two types possible, and they are:
(a) Transition: Replacement of one purine by other purine or one pyrimidine by other

pyrimidine.
(b) Transversion: Replacement of purine by a pyrimidine or pyrimidine by a-purine.
Transition mutations can be generated by base analogs e.g. 5-bromouracil and 2-
aminopurine. 5-Bromouracil, a base analogue of thymine normally pairs with adenine,

whereas, 2-aminopurine normally pairs with thymine.

e Keto-tautomer ' Br Enol tautomer
O---H H = 'H\ /H
ANV N
5-8U N — Nsau'N T-A—=C-G
N N N
/ TH-C / ad S N
Cy j;/' N \> 01 )\ N
H N N
5-Bromouracll é
aTanalog C . 1

Point mutations are single base pair changes.

A sense mutation has no effect on protein sequence. For example, if AGU is changed to
AGC, the protein would still have the appropriate serine at that position. A missense
mutation leads to changes in the mRNA code, This chan§e will alter the shape or properties

of the protein. For example, if AGU is changed to AGA, then protein will have arginine

instead of serine. A nonsense mutation creates a stop codon and.hence shortens the

resulting protein.
Mutations can also be generated by chemical modifications of the bases of DNA e.g.

_nitrous oxide generally reacts with bases which contain amino groups. Nitrous oxide can
oxidatively deaminate adenine to hypoxanthine, cytosine to uracil and-guanine to xanthine.
Nitrous oxide causes ATe3GC transition i.e. hypoxanthine pairs with cytosine, uracil pairs
with adenine rather than guanine and xanthine pairs with cytosine.
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"R, _
SN =
_ E R, N=N=0
0---H H Oxidative ~H.
K\r’ SN deamination H~., A-T—+G~C
T ————_’

)qYN H~< N/ /N J‘i
é c1 N
° > Cytoslne u:: >

1
Hypoxanthine ln

H ' main tautomer
~ . ' PO~=--H.. _H .
H~o Oxidative N
TQ . deamination |/U\( ' N : G-C—-A-T
Y T NN I N/
. \> C o >
\H\N/k N
' |
c1 Uracll . C1

Flat aromiatic molecu_les. like acridine produce insertion or deletion of base pazir(s) leading
to alteration of the reading frame in translation, These molecules slip in between adjacent
base pairs i.e. they intercalate in the DNA, '

Not only chemicals but ionising radiation and ultraviolet light can also damage DNA.
DNA can be damaged (or lesioned) in a variety of ways e.g. alteration or loss of bases,

. breaking of phosphodiester bonds and covalent crosslinking of strands. As genetic:
information is stored in both strands, the information lost by ane strand can 2e retrieved

from the other, thus much of the damage can be sustained.
Let us discuss an example. When DNA is exposed to ultraviclet light, pyrimidine dimers

* are formed i.e. adjacent pyrimidine are covalently finked, thus cannot fit into double helix
-and hence inhibit replication or gene expression. In £ coli initially an enzyme complex

consisting of a protein (which is a product of uvrABC gene) dezects the defect because of

pyrimidine dimer. Then the uvrABC enzyme cuts the damaged DNA strand at two positions -

on' 5' side, eight nucleotides away and on 3' - side 4 nucleotides away. This 12-

-deoxynucleotide portion is then cut by a specific enzyme calied exinuclease. After this DNA

polymerase I enters the gap and carries out repair synthesis.

. Pyrimidine dimer can also be repaired photochemigally by & photoreactivating enzyme
called as DNA photolyase. This enzyme binds to the defective reg'on of DNA ard absorks a
photon at near UV and blue spectral region of light. The energy created by absorptior: at
photon cléaves the dimer into its original bases.

DNA repair is clinically very important. Xeroderma pigmentosum (an autosomal recessive

_ disorder characterised by dry, rough discoloured skin) is 3 disease in whick pyrimidine

dimers can not be repaired, This disease may be a result of cefect in the exinuclease and/or
in other genes necessary for DNA repair.
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Most mutations are deleterious and cause many of the genetic disesses. However,

mutations can result in beneficial new genes and functions, which will enable an organism to.

adapt to the changlng environment,

Recombmant DI\Atechnology is also referred to as genet(c engmeerlng Recombmant
ONA technology was introduced in early 1960s. Initially this technology was used mainly by
academicians to understand the basic mechanisms of various cellular processes.

Isolation and manipulation of DNA is the main objective of recombinant DNA:
technology (rDNA technology). The major components of rDNA technology are as follows: - -

(i) Restriction endonucleases _

(i) Preparation of chimeric DNA molecule

(iii) Transfer of hybrid DNA into host cell

(iv) Gene expression.

(i) Restriction Endonucleases:

Restriction endcnucleases {or restnctlon enzymes) recognise and cut specific DNA -
sequence. These enzymes help in protecting host cells from foreign organism. Host: DNA s
methylated so it is not cut (or cleaved or digested) ‘by these enzymes. The restriction
endonucleases are named according to the bacterial source e.g. Bam Hl.from Bacillus
cmylollquefaaens, EcoRl from E. coli.

Each enzyme is very specific in recogmzmg and cutting particular double stranded DNA

sequence (Table 11.2).
G GAT C C Bam H1 G caTC C

’ +
CCTAGG > ¢ (CTAG G
Till to date more than 700 restriction endonucleases have been isofated. '
Table 11.2: Examples of restriction endonucleases ({ denotes cleavage site)

Name of the restriction Souite . Sequence cleaved
gndonuclease _ )
EcoRl Eschericia coli 4
GAATTC
CTTAAG
T _ )
Hint I ' Haemophilus influenza !
" IAAGCTT
TTCGAA
T .
contd. ...
Chp 111116

Cam s ina e D #amem




et

- D_NA,TReolicatlon and Recombinant DNA Technology

‘A
CTGCAG

GACGTC
, )

T Smal - - |Seratiamarcescans . l
L ' CCCGG

O -6

GGGCC

Sstl " |Streptomyces stanford S 4
o : GAGCTC
C 'T C G A G

[ lurneric (hylmd) DNA Molecule. '
- Pipees:, DNA cleaved:by endonucleases-are then joined by DNA ligase. Thus, a new
plece (segment) of ithie. DNA can be inserted. The genetic material i.e. DNA segment, is

rncorporated into’the: DNA-molecule of bacterial plasmid or phages. Bacterial plasmids or -

phages used for this purpose are-called as cloning vectors. The only shortcommg is that there
- isha control over the orientation. of the insertion.

' Plasmrds are small, crrcular duplex DNA molecules. Phages usually are linear DNA
molecule into which forelgn DNA can be inserted. Large fragments of DNA are generally
cloned in cosmids.

_ The commonly used plasmid vector is-pBR322.

: (lll) Ttansfer of Hybrid DNA Into Host Cell:

: The process. of transferring plasmid - hybrid DNA Into the host cell is called as
trahsformatwn While. transfer of phage hybrid DNA is called.as transfection.

Various techniques are “available to. transfer the hybrid DNA into bacteria. The basic
theme.is: to make the bacterial membrane permeable to the DNA. CaCl, is widely used for
this purpose. |
(iv): Géne Expression:

The ‘main interest.of rDNA technology is to ultlmately produce proteins for clinical or
'oth‘er ‘pltcatlons. The prokess of protein production from its gene is called as ‘expression’
‘and the.DNA component: (DNA carrying.vector).in this process is called as ‘expression vector'.
- ‘Remeinibet: that the productlon of protein is occurring: in the host cell. The host cell and
expre;' ron vector arejolntly called as-an expresston system,
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Above mentloned techmques are summarised: .n-Flg 11 11
TR © DNAfragmertofinterest . .

Donor DNA | _ l R o
‘ Restriction e CUDNATL TR\ Newidnsert
‘R sndonuclegse R ~ ligase S ‘

Q : C/R . ' Recomblnant DNA

" R : _ ) miolegule’ (hyblrd DNA)-

Plasmid DNA

R= Refstrlctlon site Tra‘n'sf'er.{of hybrid
- | DNAInto host
Hybrid DNA

Productlor\

of protain -Baigteriur

contalnlngu
new ‘DNA:

_Expression

: Fig. 11.1L: Technlques in: recomblnant DNA technology
Appllcatlons of Recombinant DNA: Technology
Genatic Mapping: *

Specific genes on different chromosomes can. be - localised. This has tremendously
helped in mapping the human genome. The genes mvolved in various heredltary disorders
can be located.

Pharmaceutical Application:

The pharmaceutical industry has taken a good -advantage' of this technology Protems

which could not be produced on a farge scale by: conventional production method, can: be O i

produced by recombinant DNA technology: e.g. human insulin, interferon, urokinase,
somatostatin and many vaccines such-as hepatis:B. Recombinant DNA technology has also
been used for diagnostic purposes such as-AIDS testing.

The Polymerase Cham Reactlon (PCR) isia simple, faster, convenient and powerful
technique for the amplification of specific DNA- segment This technique was invented by .
Kerry Mullis in 1985. and received ‘the Nobel prize for ‘the same .in 1993. PCR contams
double-stranded DNA segment of interest, two. -primers which will hybridize the- ﬂankmg .
sequences (end sequences of DNA-fragment) ~on .opposing.- strands, . all . four
deoxyribonucleotides (dNTPs) and-a DNA'polymerase. For-PCR, it is not essential to know

o b

R

DNA. Replrcatlon and Recombmant DNA Technology Rt
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the entire sequence of the DNA segment, only the short sequences at the end of the DNA
segment of interest néeds to be: kniown. PCR uses heat stable DNA polymerase. Heat stable

'DNA polymerases: are- abtamed from’ thermophilic bacteria i.e. bacteria that live in high

temperature surroundings e:g. hot:water streams. Examples of such DNA polymerases are -

Taq DNA polymerase (obtained: from Thermus acquaticus), Pfu DNA polymerase (obtained -

from Pyrococcus furiosus) which: are now commercially available.

PCR (also known s cell free molecular cloning) consists of the following steps:

L

-3,

Denaturation -of DNA: PCR:mixture is heated at 95°C for 15 - 30 ‘sec. The heat

- separates: double stranded DNA into single strands which can act as templates for
‘new DNA: synthesrs

. Primer annealing: The reaction mixture is then rapidly cooled. This allows the
- primer to: anneal: with: their complementary sequence on both the strands of DNA.

Setting: appropnate anneallng temperature.is important so as to allow binding of
primers only'to the. desired: sequence on DNA.

‘Elongation/At pllﬁcatlow The temperature is-again raised (usually to 70°C) for a

predetermined. time - period. This allows synthesis of new DNA strand. Thus, single

" stranded DNA becomes double stranded

Above three steps constitute:one PCR cycle which'is then repeated for a number of
times. These steps are’ summarrsed inFig. 1112,

5‘
3!

0+ | Steps (1) (2) -
Primers
.
K-S
N . 5'
L dNTPe |-
Y stes @)
R
3!
.5l .

! 12‘ One cycla of PCR
crease 'he amount of target DNA sequence by one
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Applications of PCR:

PCR has a wide variety of applications, some of them are as follows:

+  Due to its specificity, PCR can be used to amplify srngle DNA: molecule from a
complex mixture,

"+ PCRis commonly used in 'DNA sequencing.

+  PCRis used for creating point,.deletion and insertion mutations and hEr'lce is used in
the study of gene expression and function. .

+  PCRis used in the diagnosis of drseases such-as AIDS and- genetlc drseases _

« As PCR is extremely sensitive it is used in forensic medicine - to: amplrfy DNA fromy -
hair or drop of blood, also in archeology to. study evolution. frorn DNA of
archeolog cal samples .

ybrldlzatron' technrques are also called: as - blotting  tec hmque <and} are
identification of DNA, RNA or proteins with specrf‘c séquence. ' i ._
Various steps involved in the hybndrzatlon techrique for DNA (Southem blotﬁng) are o

shown in Fig. 11.13.
DNA loaded

"t

Rastriction = V.. . _ v
{ ] endonucleases¢ . = NaOH denatiration dnes i
Gel elactrophoresis = -Tranafer of DNA
Hgnmwona’  N= |
Low-M.W. DNA e .
DNA molecule - j— |
A ateea el -
IIIIIIlIIIIIlIIII Fllorpaper O
Nitrocellulose 1 STy
membrane ' Ager_a.eje;,gel- o
Sheet of S el
filter paper oo )
$
Transfer ¥ ¢
Buffer Transfer dssambly ) -
. — ' “Nitrocslivlase -
Hybridization with “% ... Nitrocsilulase
! labelled DNAprobe ’ \__ Complementarylg l‘nembranewlm

Autoradiography - DNA to’ pmbe -
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First the DNA is digested with restriction endonucleases. The resultant fragments are

then separated on agarose gel. Note that electrophoretic mobility of DNA fragment in the

gel varies according. to molecular weight (i.e. number of base pairs). Now, the gel is soaked

in NaOH which converts DNA to single stranded DNA. This gel is then Blotted on the.

nitrocellulose membrane. Nitrocellulose membrane has the property of tightly binding to
single stranded DNA; nylon or polyvinylidine difluoride membranes can also be used for this
purpose. To-permanently fix the DNA on membrane, membrang is vacuum dried at 80 °C.
Now, the 3P - labelled single stranded DNA (probe) which is complementary in sequence to
the DNA of interest is added on the membrane. Radiolabelled DNA (probe) hybridizes with
the DNA of interest, unbound radioactive probe is washed away. This is then exposed to X-
" tay film and position of restriction fragment with a sequence complementary to that of the

probe can be identified.

Thus, a particular DNA fragment present among the thousands to million others can be

easily identified. This useful technique for DNA was developed by Edwin M. Southern and

hence called as Southern transfer technigue or Southern blotting. Similarly, using the

analogues procedure, RNA molecules with specific sequences can be identified. The

: analoguss technique for RNA for some whimsical reason is called as Northern blotting (RNA

is opposite to DNA and Norther is opposite to Southern !). This whimsicalness with word

continued and analogues technique for identifying particular sequence in protein is called as

Western blotting. Southern, Northern and Western blots are also called as DNA, RNA and

protein biots. ' . '
QUESTIONS

Explain the replif:ation of DNA with a neat labelled diagram.

Give an account of - Roles of various proteins in the replication of DNA,

Describe the salient features of DNA'replication in eukaryotes.

Write a note on the polymerase chain reaction.

Describe the terms of replication fork and Okazaki pieces.

I

Write notes on:
(a) DNA polymerase III.
(b) Meselson and Stah! experiment.

(c) Role of helicases in replication.

Biochemistry (B.Pharm. Sem. )
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(d) Replication fork. .
(e) Recombinant DNA technology.

] Restriction endonucleases.
7. Define mutation. Explain various types of the same, Add a note on the DNA repair.
8. Give the significance of hybridization techniques.

9. Explain in detail the significance of rDNA technology.
' L L]
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RNA, TRANSCRIPTION AND
) TRANSLATION'

N
I + LEARNING OBJECTIVES +
' Understand the Structure of RNA and Different Types of RNA.
Understand the Process of Transcription. ' ' .
Recognize the Role of RNA Polymerase and Different Proseins in the Transcription.
Recognize Significance of Promoter. ' '
Recognize Process of Reverse Transcription.
Understand Concept of Genetic Code and Its Role in Protein Synthesis.
Learn important Steps of Protein Synthesis.
Recognize various ways of Inibition of Translation.

dONZ - w fEd

RNA is almost always single-stranded but almost every RNA molec.le has many short

double-helical regions. This is because two sections of an RNA chain within a hairpin loop-
are in the correct antiparallel orientation to base-pair. :

- Each cell contains many RNA molecules with lengths varying ‘rom less than 50

nucleotides to tens of thousands of nucleotides. *

There are fSur major types of RNA:

.+ mRNA - messenger RNA: It is a copy of a gene and has a sequence complimentary
to one strand of the DNA and identical to the other strand. “h2 mRNA carries the
information stored in.the DNA in the nucleus to the cytoplasm wtere ribosomes can

. use it to make proteins. . :

« tRNA —transfer RNA: It is a small RNA and has a specific seccndary and tertiary
structure. It binds an amino acid at one end and mRNA at the other end. It is an
adapter to carry an amino acid to the appropriate place as coded by the mRNA.

'+ rRNA - ribosomnal RNA: It is one of the structural componenis o7 the ribosomes. It

" constitutes about two-thirds of the ribosomal mass.

+ snRNA -smail nuclear RIA: It is involved in processing RNAs as they travel
between the nucleus and the cytoplasm.

All types of RNAs are shown to hybridize with complementary sequences on DNA from
~ the same organism. Hence, all RNAs are transcribed from DNA templates, In addition, RNA,
. fike DNA, is a chain of four different nucleotides which indicates that geretic information of
. DNAis transferred to a complementary sequence of RNA nucleotides.
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RNA polymerase is a multisubunit complex and is involved in DNA directed synthesis of
RNA (transcription of DNA to RNA). This enzyme couples together the tibonucleotide
triphosphates, ATP, CTP, GTP and UTP. _

RNA polymerase consists of four subunits. The composition of the entire enzyme i.e.
holoenzyme is «; B ' 4. ¢ subunit identifies transcription beginning site (promoter site),
initiates RNA synthesis and dissociates from the rest éf the enzyme leaving behind core
enzyme (0, BP’). The a subunits bind to regulatory proteins, the ' subunit binds to DNA
template and B subunit binds to ribonucleotide triphosphates. '

The DNA strand that serves as a template i.e. its sequence is complementary. to that of
the RNA is called as antisense or non-coding strand. The other DNA strand having the same
sequence as transcribed RNA (except replacement of U with T) is called as sense or coding
strand.

The actual template for RNA synthesis is single-stranded DNA but RNA polymerase
normally uses duplex DNA for RNA synthesis. RNA synthesis is an extremely accurate
process and there is no evidence for any proof reading. Thus, overall precision is not as '
perfect as DNA-replication. As RNA is not self-replicating, the mistakes that do occur are not

genetically preserved.

‘ranscription starts at pr
o factor of RNA polymerases). When many prometers are compared, .a striking pattern-is
seen. Two common sequences of six nucleotide occur about 10 and 35 base pairs located on
the §' side (upstream) of the transcription initiation site. These are called as - 35 & -1
GACA — 3°) and ~ 10 (5' = TATAAT - 3') sequences; the nucleotide encoding the beginning of -
the RNA chain is termed as + 1. The - 10 position is sometimes called as Pribnow box.

(Fig. 12.1)
C Prbnow ©
N
5 —\-1—— TTGACA — TATAAT 3

sn

3 /' "
/ - . -10 bases \ +1, Transeiiption-

0) 35 bases Initiation site

Fig. 12.1; Promoter region ]
The exact - 10 and - 35 consensus sequences are found in only few promoters. Most of

" the promoters differ from them by only few nucleotides. Additional upstream sequences

may also influence RNA polymerase binding to DNA. . ,
Many protein-coding genes, known as structural genes, are individually transcribed in

eukaryotes. But in case of prokaryotes, genes are arranged along a single strand so they can
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re ted ru.';cuo.{ Thus, wecan have a model (Fig: 12 2) in which there is the regulator gene,
: operetorsrte and aset of structural genes:

. ; . Structural
Regulator Operalor :
ggene ) site - genes

Fig. 12.2
iinduction or. repression of enzyme synthesis, 'Operon model' was

lain the
[n order1o.&p d in 1961. In operon model, a unit of transcription called

. proposed-by F. Jacob. and 3. Mono
opemn ‘was proposed Operon:consists of:
(a) Oparator gene, site.for. activator or repressor and decrdes which whether or not
 transcription'should: be initiated.
(b) Set of structural” genes which may vary in number. Protein products of these
structural genes i.e. enzymes, are involved in ‘the different steps of biosynthetic

,-pathway in a- co-ordmated manner.

p.yroy t Z. y a

D63 5. D4 v

regulator gena-(ior repressor)
prgmoter gene {for transeription initiation)

.-operon g
translatlon Imllalion site

structural gene for - -galactosldase
structural gena for acetylase
structural gene

. o Fig. 12.3
'fB-Galactosrdase Is synthesrzed by. Excoli only when lactose is present, Normally,

or'‘molecules are present in the celt and these repressors check the activity of the

‘this case gene: forB galactosrdase) In general, the inactive repressor is made active

ing with corepressor. However, in the case of inducible system, active repressor is

sctive because of an‘inducer (in.this case factose).

yperon is: regulated by two proteins:

. ;. lac;repressor, inactivated by inducer (lactose) - negative control

catabolic'gene activator “protein (Gga protein), CAMP activates Cga protein-positive

.control.

. lacoperon: regulatron fs an. .example of negative control regulation. Meaning, the gene is

s m, allo ved:to. express unless fequired. But via’ Cga and cAMP, a positive control is also

ise _:n'»lac operon. .

CPN.OT .
nwee
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ibedl ogether- These: genetic unlts called as operons, generally contain genes with

_control. |

T XXX e X R R A ¢

I
There is another operon in & calr called: 8s; arabinose operon For this operon, the

negative control is exercised by a.repressor named:C-protein which acts asoperator."0",
Thus, regulation of .gene expression- system havf both posltrve as well as negative

The ‘identification of promoter region .to whlch RNA polymerase binds was done by a
process: called as foot printing (‘protection’ experlme t). Briefly, DNA is incubated with a
protein to which it binds (e.g. RNA polymerase) and-tht N treated with alkylating .agents such
as dimethy! sulfate (DMS). Due to alkylation of bases here is cleavage of backbone except
for the :protein = DNA bound portion which is-:protected from cleavage. This reslting
pattern of protectlon is called the protern 's footprtnt (Fld 12.4).

o end-labeled DNA Spedific

O binding
proteln

DNese nfcks

A

— — | T I e+
rmc—r — '
— — ———
— —_— —
-—e — — ) -—
2
’ P-labeled Gel eleotrophoresls P-labeled
fragments pattemn - fragments

Fig. 12.4: Foot printlng technique
The -initial recognition by RNA polymerase oceurs at — 35.region (mutations in ~ 35

region impair the binding to the promoter) and ia- closed‘ complex is formed. Thena:17-bp . ]

segment of DNA is unwound (which. corresponds to 16 turns of B-DNA helix). This restilting
‘open complex' is similar to the region of unwound:DNA at the replication orrgm. Notice that
in ‘closed complex’, DNA is double helical whereas in ‘open-complex’, DNA is unwound-

- Now, all the elements are in place to form- the first phosphodrester bond of the: new ,RNA '
chain. : : .

ere DNA synthesns, RNA synthesis ‘also. proceeds.in’ the 5"— 3" direction. The growing
RNA molecule has a 5' - triphosphate group and is qu1te umque. Itis usually pppA or pppG,
sometimes pppC and rarely pppU. - .

The important thing about elongation of RNA chain:is the. Ioss of o-factor, core enzyme_
thus left behind tightly binds to the DNA template. In fact, the enzyme is bound to: the
template until a termination signal is- reached
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- At ‘the point of RNA synthesrs, double-stranded DNA is opened up. This aflows the

antlsense strand:to_be ‘transcribed; The RNA chain thus formed forms a short-length of

= RNA-DNA hybnd complex. This- open Initiation complex (the region containing RNA

- -polymerase, DNA and-nascent RNA; called as transcription ‘bubble’, so called because of the

- presence of unparred 'bubble’ of DNA) ‘presumably travels along the DNA with the RNA
polymerase (Frg 12. S)

RNA polymerase

RNA-DNA hybrid

helix Elongation
slte

5'ppp Movement

of polymerase

7 Hg. 12.5: Schematic: rcpnunuﬂon of transcription bubble :
Note that the length of the RNA-~DNA hybrid and unwound portion of DNA remains
_~somewhat constant. This ‘suggests that DNA is rawound at almost the same rate at the rear
“as it is unwound-at the front of RNA polymerase.
Generally, the in vivo rate of transcription:is 20 - 50 nucleotides per second at 37°C. The
p error- frequently in RNA synthesrs is 10* to 20% higher than that of DNA synthesis, (one wrong
. base mcorporatron for’ every ~ 10* transcnbed) ‘These errors are tolerated because most
geries are: repetmvely transcrrbed" Als geneti¢ code contains numerous synonyms and in
o protem, ammo acid: substltutrons are ften functronally not harmful.

p.
sation of nucleotides, releases the RNA cham
es; cofe enzyme is capable of carrying out all these

'liand Ieaves the DNA At m.ost.' ‘

e_steps but:at'some- stepsan addrtronal.sprotem, p:(rho) factor is needed.

‘The- termination sequence (stop signal) shares: common features such as palindromic
‘GC-rich region . followed: by - ._T-rrch regron ‘The ~ palindromic - sequence is self-
- complementary, thus:fotms:a-h structure which is terminated by several U residues.
- (Fig. 12 6) Once the halrpm fold is. forme ; ‘RNA . polymerase pauses. At this stage,

Chp12|i25
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. because of the rU.dA base. pair, which is the weakest among: ‘Pase ‘paifs. T

*‘duplex DNA is again formed and as core enzyme has-less afﬁnity for: duplex‘ DNA it gets.‘ .

RNATramcrlpﬂodandﬁmslﬁbﬁ—i;-'
RNA —DNA hybrid fold is formed. At this stage, RNA - DNA: hybrid_ i ‘i :

dissociates from the DNA template and, from the:RNA: polymerase In

released.
U G~¢

{ U C)

Ge

&
|
U
|
c
|
. C
l.
G
|
c
|
c
|
G

0_0—9_0—0—0—>_

P A—A—U—G—~G—G—U—A \Auuuuor-r
{ 3I
5Flg 12.6: Termination sequence (Palmdromic sequence.and four U rosldues)

At some sites, termination of transcription is not spontanéous as ‘described -above but
requires the participation of additional factor (protein); called as rho factor. Rho.factor is a - A
hexamer of 419 - residue subunits. It helps in-termination. of. non-spontaneously terminating .
transcripts and also increases the termination efficiency of spontaneously terminatings-
transcrlpts .

145

In prokaryo\es,-RNA is: synthesized by a sing 'krnd

to inhibitors. RNA polymerase I is Iocated in nucle  {'_'

ribosomal RNA (r RNA) viz. 185, 5.85 and 28S. .
RNA polymerase I is Iocated in nucleoplasm and' synthesrzes precursors of messenger

RNA (MRNA).
RNA polymerase Il is Iocated in nucIeOplasm and synthesrzes 5S: rRNA and’ trara_sfer RNA o
(tRNA), L . T
In a given eukaryotic cell, numerous (rRNA genes have essentl

thus RNA pofymerase 1 recogmses ‘only: one : promot

promoter element:(position =31 to'+ 6} but for efficlent 1 seripti
upstream promoter. element (posrtro -18; {
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A considerable diversity .is seen in profmoters recognised by RNA polymerase I. The

structural genes (the house keeping genes which are constitutively transcribed) have the GC
rich sequences (GC box). The GC box(es) function similar to prokaryotic promoters. The
genes which are selectively expressed have a conserved AT-rich sequence located at - 25 to
-~ 30, called as TATA box (similar to - 10 region of a prokaryotic promoter). Many:genes also
have conserved sequence of CCAAT (CCAAT box) located at — 70 to - 90. Alteration in these
regions changes the transcription rate of gene. The sequence upstream of TATA box is the
binding site for RNA polymerase II. In addition, there are sequences iocated hundred or even
thousand base pairs upstream which act as enhancers or silencers. These enhancers or
silencers may alter the conformation of DNA so as to promote or interfere with binding of
RNA polymerase IL Transcription regulatory proteins (transcription factors) which act as
activators or repressors bind to enhancers or silencers thereby influencing the binding of
RNA .polymerase to the promoter. Note that transcription factors are proteins whereas
enhancers or silencers are DNA sequences (also known as transcription elements).

The promoters recognised by RNA polymerase Il are not in front (upstream) but within
the transcribed sequences.

In general, initiation and elongation are similar in prokaryotes and eukaryotes, however,
there are several important differences (Table 12.1).

Table 12.1: Differences in Gene Expression between Prokaryotes and Eukaryotes

Prokaryotes : Eukaryotes
1. All RNA species are synthesized by a 1. Three different RNA polymerases are
single RNA polymerase. responsible for the different classes of

RNA molecule.

mRNA is processed before transport to
the cytoplasm, where it is translated.
Caps and tails are added, and internal
portions of the transcript are removed.

2. mRNA is translated during transcription, | 2,

Genes are split and are not contiguous,
instead the coding sequences are
interrupted by intervening sequences
(introns),

3. mRNAs are often polycistronics. 3.

mRNA are monocistronics {(one gene
per mRNA),

4. Genes are contiguous segments of DNA (4.
" that are colinear with the mRNA that is

" translated in a protein.
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Regulation of transcnptlon also differs in prokaryotes and eukaryotes and s summanzed
below: : - .

Regulation of Transcription in Prokaryotes: ’ . z
+ Clusters of genes (operons) are transcribed-from a single. promoter. They. are not
founc in eukaryotes. Within the promoter region of an operon is a nucleotide
sequence called the operator. Some protgins (called as repressors) bind to the
operator and prevent RNA polymerase frqm transcribing the DNA into RNA.

"+ Repressars are generally present at the' opefator when the end product of the
biosynthetic pathway they are regulating is present. Thus; in the absencé of the end
product, the repressor is released-and- transcription starts to ‘make the mRNA- that
encodes the protein which ultimately synthesizes the end product:

* There are also proteins which activate transcription (activators). Activators.make _the
promoters tightly bind to RNA polymerase and initiate transcnptlon

Regulation of Transcription in Eukaryotes:

+ In pukaryotes, there are three RNA polymerasés.

* RNA polymerase is assisted by a Iarge set of proteins called as general transcrlptlon
factors which assemble at the promoter. These general- transcnptlon factors
recognize TATA box. :

+ Initiators and activators influence the initiation of transcription éven when they are
bound to nucleotides thousands of base pairs away from the promoter.

+  Eukaryotic transcription takes into account the packaging of DNA-into nucleosomes:

Rlbosomal RNA (rRNA) and transfer RNA (tRNA) molecules are generated by: deavage
and modification of nascent RNA,

In eukaryotes, there are several hundred to several thousand tRNA genes. tRNA
precursors are converted into miature tRNAs by cleavage of 5' leader sequence, splicing to
remove an intron, replacement of the 3' - terminal UU by CCA (the site where amino acrd
sequence is attached) by enzyme tRNA nucleotidy! transferase.

Thefe are three types of rRNAs in £, coli: 55, 16S and 235.1n eukaryotes, rRNA transcript
is 455 RNA which contains 188, 5.85 and 285 rRNA separated by spacer sequence. Initially,
455 RNA'is specifically methylated at ~ 110 sites and subsequently cleaved and tnmmed

I prokaryotes most MRNA transcripts are translated without any modifications. .In
eukaryotes, mRNA synthesis occurs in nucleus and translation in cytosol. Hence; eukaryotlc

mRNA may undergo post-transcriptional modification.
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. Eukaryatic mRNAs'have a cap structure. A phosphate is released from 5 triphosphate
end. The resulting drphosphate §'/- end attacks the a phasphorus atom of GTP to form a
~unique 5' - 5' triphosphate hnkage‘ called a cap. The termina. guanire is then methylated to
form cap 6. Further, riboses may Be methylated to form caz - or cap 2. These caps help in

enhancrng the translation of MRNA in protein synthesizing systems. Also, caps provide the '

protection-to mRNAs at the 5' endjagainst phosphatases anz nucleases.
The termination signal in eukaryotes i§ imprecise. Herce, 3' sequences of RNA tran-

- scripts are heterogeneous However, most eukaryotic mRNAs contain a polyadenylate (poly
(M) tail at their 3' end. The poly (4) tail is enzymatically acded (and not encoded by DNA).
“The poly (A) tail is generated by ATP through the acticn of polv (4):polymerase. The poly (A)

tail protects mRNA from nucleases. Although considered t= e not essential, absence of poly

(A tall makes mRNA a less effective template for protein syrthesis.

) Endcnuclease
G.p.p-s»\/\/\ /}e
\ A /Y

Cleavage
site /
RNA
polymerase

G-P-P-P

/\%N/\“ /'

=ply (A) polymerase

G-P-P-P

oo

MUW/\\{A AIATATATATAIATA]

Fig. 12.7

Unlike prokaryotes, eukaryotic genes are interspersed with unexpressed reg.ions. Thus,
'_ préf'mRNAs (primary trgnscript) are much larger than espacted size from the protein. The
pre-mRNA has non-'-expressed intervening sequences (introns) and expressed sequences
(exons). Thus, ‘pre-mRNAs are processed by the excisicn of introns, following which the
flanking exons are joined or spliced together. Introns zre preCISely spliced out of MRNA
precursors. The base sequence of an intron begins with GU and ends with AG. These 5' and
3" splice sites are important in detefmining where ‘splicing dccurs.

“called as small nuclear ribonucleoprotein particles (siRNPs). At each intfon a grouo of
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The introns are removed by unusual enzymes composed of protéin‘and RNA? ‘_.'"H’e'gr”':_afe"'

snRN®s assembles onto the RNA, cleaves the RNA, and religates the flanking exons. The
spliced intron is released and is eventually degraded in the nucleus. RNA portron of the
<7RNPs are involved i1 the recognition of introns by complementary base parrrng The
<nKNPs align GU (at the & end) and an AG (at the 3' end) in a lariat formation to allow -

precise splicing: :
Exon1 , Intron , ExonZ2

=
Intron

Exon 2

Small nuctear
RNA
5 Splicing enzyme

Fig. 12.8 R
Complex containirg the snRNP, mRNA and associated proteins is called as splrceosomes
Introns and splicing of introns are important:
. Splicing of introns allows variations ofa gene and hence gene. product to be made
»  Splicing allows for evolutuonary modrfrcatrons by making genetic recombrnatronj
between exons. e . :
Many viruses have splrced mRNAs and hence understandrng this process may lead: )
to new therapeutic approaches. ' T
Same ¢2-thalassemias (anaemia due to rmbalance of a and ] haemoglob‘in subunlts)
have been attribufed to a defect in polyadenylatron (aberrant sphcrng) Specrf cally there is a
mutation in the cleavage site from AAUAAA — AAUAAG
12.9.1 The Lifetime of mRNA
The leng:h of time the mRNA remains in the cytosol affects the amaount of protern that".
can be produced. Eventually, all mRNAs are degraded'but lifetime of individual mRNA varies -
corisiderably. In prokaryotes, such as bacteria, a typical mRNA has a lifetime of 3 minutes.
In eukaryotes, lifetime of mRNA varies from 30 minutes t6 10 hours..The lifetime of mRNA'is -
partly determinec: by nucleotide sequences between the 3' end of the coding sequence and:

the poly A tail. : . e
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Translatlon —+ Protsin

. Phenotype
D oun Fig. 12.9

Protem synthesls is the most complex of all the biosynthetic mechanisms. About 300

: dlfferent 'macromolec

¢ final procesSln9r tRNA and rRNA; are mvolved in the synthesis of polypeptide or
e. of DNA is transcnbed into RNA and then translated into protem

base sequeﬂc

o Inltmg ﬁ.-*basesl 'S0 theoretlcally aII three mouetles can be used for codmg the genetic

|nformat|eh But poly-suga"'

there are. four types of nucleotlde resrdue and twenty types of amino aclds, Thus
.codon @ bases per codon) will-not be suffi cient as 4 = 16. But a triplet
ases per- codon) will be: sufﬂaent as'4® = 64, The gerietic code has been
er\%ded byithe efforts of many blochemlsts namely Marshall Warren

n-sense codon (Tabre 12.2)

Chp12|1211

ules-e.g- r!bosomal protems, enzymes.to activate amino acids, auxillary .
‘factors. for mitlatton, elongatton and: termination of protein synthesis, .

phosphate backbone Is always the same, so it is not posslble )

e
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Table 12.2: Genetic Code

| First Seedt‘id Position . Thlr'd"_'
Position ' Position
c A
" lulu VAU || UGU U
’ Phe ucy . Tyr Cyst i
uuc | ucc | Ser lyac.| = |ueC
UCA o o
U UUA e UAA| - - [UGA  Stop A
‘ Leu : - Stop | - ' g
UUG UAG | - |UGG:  Tmp G
cuu cu ||V e lesu | y
CUC | Leu {CCC | Pro|eac| = |C6C | Arg c
CUA CCA IR CGA A
e (¢dc 177 an |co6
leag |
AW : AU | AGU U
ACU 1. ,
. . Asn | - Ser :
AUC, | le [ACC |- Thriaac’|. ~ lasc C
A ' ACA ' L S
B o _ | s | Arg | .
UVA  Met |AAG: . T 1AGG . G
GUC | Val [GCC | Alajgac | |6GC | - Gly C-
G [GUA GCA L GGA- | A
' GUG GCG GARL - lge6 |- 6
a _ _':_vGIu__

Experimental evndence suggests that’ genetlc code has the followmg characteristics:
() the codeis triplet :

(i) the code is not. overlep_pm_g
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~ (i) .the code is:commaless:i.g; it s continuous
(¥)"_the code is hon-ambiguous.

W), the code is universal: -
.AS discussed before triplet code i is the minimum requirement. Due to triplet code we will

have 64 codons (#*= 64) and as there are twenty amino acids, there is an excess of
44 codons. This suggests that:thére ‘are more t%an one codon for the same amino acid
i.e. the. code is degenerate (Refer- Table 12.2). The code is non- overlappmg, means that the
adjacent codons do riot: overlap. Codes are comrmia-free, meaning that there:is no signal to

' -indicate the-end of- one codon: .and the beginnirg of the another..Code is non- ambiguous,

meaning that there i§'no- amblgunty (doubt) abect a codon. A particular codon will-always
prov|de the code fora: pamcular amino acid. The genetlc code is universal and applies to all
.. organisms. In other-werds, genetlc code:is conservative i.e. genetic code was developed in

bacteria: approxumately three: bilfion. years ago and has not undergone any change (but there

are exceptions '

ptions). - Amino acids
. : 1 2

Codons —+ U U A A G U

" Non-overlapping, comma-free codons
Fig. 12.10

Also, the genetic code is read in-a sequential manner starting from a fixed point. Thus,
~any insertion or deletion will shift the reading frame. Hence, insertions or deletions are called

. asframe shift mutations.
12.11.1 Important features of Genetic Code

1 The genetic code s highly degenerate.
Arg, Leu and Serare speaf~ ted:by six differant codons Only Met and Trp are coded

by a single codon Codons that specify the same amino acids are termed as
.. synonyms.

. 2. ‘Mostly, codons which are synonyms diffet only in their third nucleotide. Changes in
the first codon tend to speclfy similar -amino acids. Pyrimidine at second position
éncodes mostly. hydr0l3h°blc amino- aclds whereas polar amino acads are encoded

when purines aré present‘ at: second position,

3. UAG, UAA and UGAare: stop: codons or non-sense codons and doriot encode amino '

‘acids. UAG; UAA-and UGA are often referrec as amber; ochre and opal codons. -

"4, The codons AUG and fess frequently GUG specify the starting point (initiation) for
polypeptlde cham syntheSls AUG encodes Met whereas GUG encodes. Val,

Earlier n was n‘te oned th‘at genetlc code is universal and has not undergone any
L change duﬁng the evorutlon- But over the last few years, vanatlons of genenc code have
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been found in yeast-and mammalian mltochondna For example, in yea, mutochondna UGA
instead of 'stop signal' codes for tryptophan, CGG mstead of codmg arginme codes for-
methionine in mammalian mitochondria. =

Variation cf genetic code -has also been ldentlfed ih a protozoa (Mycoplasma
capricolum). In this case, UAA and UAG code for glutamme lnstead of ' stop signal' :
12.11.2 Role of tRNA ;

Nucleic acids do not specifically;bind- amlno acids. So. lmtlally an "adapt '
hypothesized %o carry specific.: enzymaucally modified amino- ac|
correspondmg codon, Subsequently thlS adapter molecule was lden

: molecule ‘was. :

All the tRNAs have clover [eaf: secondary structure hav. g follow

(Fig. 12.11)
'3 Aminoacd -
OH 2 attachment site

Phosphorylated
5' terminus = 5' p~{"J....

Intramolecular.
base pairing

mRNA 5' LoIN T pa— | :
Fig. 12. 11. Scheimatic features of tRNA
«  Phosphate group at §'terminal. i
+  An acceptor or amino acid stem (ammo acid: resldue cerrled By the ARNAs: appended R
at: 3‘-term|nal of acceptor), assembly of . 7-base pa_lr stem i 5 al -

Chp 12] 12; 14




I

Biochemistry {(B.Pharm, Sem. 1) - RNA, Transcription and Transtation

-Thus tRNA recognises bbth the enzymes that attach the correct amino acid and

anticodon on mRNA-One of the unique characteristics of tRNA is the presence of unusual
bases (~ 25% post transcnptlonally modified bases). These modified bases help to promote

attachrient of amino acid to the’ acceptor stem or even strengthening codon-anticodon

interactions, -
The clover leaf structure discussed above does not give the complete picture of

tRNA structure, The three dimensional structure of yeast phenylalaniie tRNA was resolved
by X-ray crystailography in 1974 This three- dlmensmnal structure of tRNA has the following
charactenstlcs .

5 ~ CCA

s terminus

Anticodon
loop

Antidon '
kig. 12.12: The three-dimensional structure of yeast phenylalanine tRNA

+ - The tRNA moleculg is L shaped.
*  Amino acid attachment 5|te (CCA group) and anticodon loop are at the two ends

of L

+  Corner of the L is formed by dihydrouracil (D) rich and T¥C loop.

* Hydrogen bonding s also present between non-conventional base pairs e.g. GG.AA
and AC.

»  The two segments of double helix are like A-DNA.

" Amino acid attachment site and anticodon loop do not interact strongly with the
rest of the molecule. These sites may change conformation during amino acid
activation and protein synthesis. ]

3-D shape also plays a role in determlmng WhICh amino acid will be attached to the
amino acid attachment site, Recent research indicates that the anticodon loop, the D loop
and the amino acyl stem are.all important. The correct attachment of the amino acid to it's
tRNA 5 considered the.2" genetic code and- a lot of research is being done to understand
the details of this code.

12113 Aminoacyl tRNA Synthetase

Two vital steps afe |nvolved intranslation:

.. Amlnoacyl tRNA selects the appropriate amino acid. for the covalent attachment to
 tRNAand _

. Correct pamng ofaminoacyl tRNA with an mRNA codon on ribosome.
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The formation of peptide bond between amino group of one amino acid and carboxy!
group of another is thermodynamically an unfavourable reaction, Hence, amino acid esters
(carboxyl group of amino acids is-linkedto 2' - or the 3' - hydroxyl group of ribose at 3' -
end of tRNA); activated intermediates: are formed. These amino acid esters are called as .
charged tRNA or an amino acy! - tRNA. The overall reaction is-as follows: '

Amino acyl-tRNA

synthetase
AA + ATP AA ~ AMP.+ PP
" Arino acyi-tRNA -
synthetase
AA ~ AMP + tRNA AA ~ tRNA + AMP

Amino acids cannot recognise the codons on mRNA, hence formation of amino acyl
tRNA is important. As tRNA can recognise codons on mRNA, the synthesis of amino acyl
tRNA is carried out by activating enzymes called as amiino acyl - tRNA synthetases. There are
20 amino acyl tRNA synthetases - each recognizing ‘one amino acid and aII the tRNAs to
which that amino acid is to be attached. : :

There are two classes of amino acyl - tRNA synthetases called as class I and class IL Large
and more hydrophobic amino acids (Arg, Gys, Glu, lle, Len, Met, Trp, Try and Val) are
activated by class I tRNAs, Whereas, sraller amino acids (Ala, Asn, Asp, Gly, His, Lys, Phe, Ser,
Pro and Thr) are activated by class I tRNAs. Al class I enzymes produce activateéd amino acyl .
tRNAs via amino acid esterification at ribose 2'-OH group whereas, class II enzymes esterify

at the 3'-OH group. :

The activation of tRNA with the corresponding amino acid is a remarkably accurate
process. The synthetases can distinguish different tRNAs because different base sequences
are present on tRNA molecules that accept different amino acids, The. high degree of
accuracy is, surpnsmg because some amino acids are structurally very similar e.g. difference
between lle and Val'is that Ile contains a methylene group. Error frequency seen in vivo is
1 in 3000 only. Thus, the synthetase corrects its own efrors e. g. If tRNA specific for lle has Val
then this tRNA hydrolyses the Val - AMP and ‘avoids-the wrong incorporation into proteins.
Synthetases recognise the corresponding tRNA also on the basis of anticodes e.g. when UAG
anticodon of Val-tRNA was replaced with CAU, the anticodon for methionine, the Val-tRNA
‘containing the CAU.anticodon was amino acylated by methionyl tRNA synthetase. Thls ‘was
called as identity swap experiment.

12,11.4 Codon-Anticudon Interactions ' '

The anticodon on tRNA is the recognltlon site for the codon on mRNA and is
accompllshed by the base pairing. The .amino acid in amino acyl - tRNA does not play a role
in selecting acodon. Also, a tRNA molecule can recognise more than one codon and is
called as Wobble:hypothesis. It is suggested that first two base-pairings are normal Watson -
Crick pairings and:there could be:some steric freedom or wobble in-the: pairing.of the third
anticodon position. In fact, genetic: code suggests that iffirst two bases.are same then those

-
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 tranisferase activity attaches an incoming amino acid to an ongoing polypeptide’s C
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codohs always code for-the same amino acid e.g. GCU, GCT and GCA code for. alanine. Thus,
if codon differs in either of first two bases then they are reccgnised by different tRNAs e.g.

UUA and CUA code for leucine but are recognised by different tRNA.
- tRNA anticodon loop

Anticodon
AN S Wabble position
/
5 1 [l LCL 3 !
em——,
Codon

Fig. 12.15: Sch-ematlc representations.of codon-anticodan pairings allowed by the Wobble Rules
Table 12.3: Codon-Anticodon pairings allowed by the Wobble Rules

5' end of anticodon 3' end of codon
G UorC
< . G only
A . U only .
u - AorG

A : TR s
The synthesis of proteins is catalyzed by the ribosome. Ribosomes are important as they

' co-ordinate the interaction of tRNA, mRNA and proteins and catalyse the peptide bond

formation. Structurally and functionally, prokaryotic and eukaryotic ribosomes resemble
each other e.g. eukaryotic ‘185 and 285 rRNA are similar <o prokaryotic 16S and 23S. (Note
that'S reférs t6 a sedementation value of the structure i1 a sucrose gradient). Besides the

_ IRNA, the ibosome also contains binding sites for tRNA and mRNA.

Each protein (polypeptide chain) has two ends, at one end amino acid with free carboxyl
group (C'terminus) and at the other, amino acids bearng a free amino group (N terminus).
The direction” of polypeptide chain growth is from the amino to carboxyl i.e. peptidyl
terminus. Ribosomes read the mRNA in the 5' — 3' direction. Recall that, mRNA is also
synthesized in 5' — 3 direction. In fact, in £-coli, both transcription and translation are
closely. coupled” in space and time. But this is not the case in eukaryotes, because
transcription occurs in nucleus whereas transtation in cytosol.

Single MRNA molecule is translated simultaneously by rrany ribosomes. The kinding of
many ribosomes: to. mRNA looks .like beads-on-a-string and this structure is called as

~ polysome or polyribosome. Each mRNA contains a definite beginning and end signals for the
synthesis of polypeptide chain (See Fig. 12.14).

The unique form of Met-tRNA, -carrying a formylatec methionine residue, initiates

- translation. The most common initiating codon in mMRMA is AUG and rarely GUG. AUG, also
_ codes forinternal Met. Thus, besides initiation codon, more information must be needed to

specify initiqtion .site. Thus, it was found that a purine rich sequence i¢ present
~ 10 nucleotides upstream (5'-side) of the start codon. This purine rich sequenceis called as
Shine - Dalgarno sequence. The complementary pyrimidir e rich. sequence is present on the

165 rRNA. Thu;, base pairing between Shine-Dalgarno sz2quence of mRNA and 165 rRNA
' Chp 121217
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plays a1 important role in the selection of an- appropriate initiation site. This-process.also -
require: initiation factors (IF -1, IF -~ 2 and If - 3) but these factors are not permanently
associzted with the ribosome. - S C S
IF - 1: Pfomotes dissociation of ribosomal subunits. '
IF - 2 (+GTP): Required for fMet - tRNA™* binding.
IF - 3: Required for mMRNA binding, finding the AUG.

Neaﬂy completed
protéin

Beginning of
/ protein

Fig. 12.14: D'iagram of polyribosomes
The chain elorgation occurs at a rate-of '~ 40 residies per second and requires
zloncation facters (EF ~ Tu, EF - Ts, EF - G). EF ~ Tu is bound to GTP and amino acyl - tRNA,
GTP s hydrolysed when EF-Tu positions the amino acyl-tRNA to the ribosomal A site. A
secord elongation factor EF-Ts dissociates GDP, EF-Ts is then displaced by GTP. It is
impo-tant <o note that just like any other amino acyl-tRNA met-tRNA binds to.EF-Tu.
However, formyl methiony! - tRNA does not interact with EF-Tu. Thus, initiator tRNA is not

Helivared to the ribosomal A site.

Rlbosomé ]

GTP \> GTP -

& L5
aa-«RNAJf/ : d

/ aa-tRNA (:20
Ribosome
. GDP with aa-tRNA
% in A-site
Ts

(\ %S

Flg. 12.15: C cle of elongailon factor
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:the mcammg ammo acyl-tRNA is carefully scrutinised, Ribosomes take

f /ng wh ] her bound ammo acy! tRNA is the right one because formation
. /,,Df*pept' de bond does not take place until EF-Tu is released (see above) and release of _
EF - Tu dgpends on hydrolysis of GTP. Thus, hydrolysls of GTP and subsequent release of
EF - Tu GDP glves enough time (several milliseconds) for incorrect amino acyl-tRNA to

leave. The hydfolysrs of GTP also causes conformational changes in EF-Tu but the correct
amlno acyl-tRNA mteraCts strongly with mRNA in both the conformations (Fig. 12.15).
EF-Tu (.GTP).amds amirio acyl - tRNA to'the ribosome.

.Regenerates EF-Tu GTP

ERGEGTP): Increases translocatron rate,
'lhe hsecond stage of elongat«on is the formation of peptide bond, catalysed by peptidyl
transferase, an enzymatlc activity of the 50S ribosomal subunit. The 235 rRNA forms the
: peptlde transfel’aie active site, The two tRNAs are arranged on A and P sites, a third binding
site'E (exw site: transfently binds the tRNA once. peptidyl group is donated. The deacylated

£ .

tRNA qccupies E site on 50§ subunit while: staying in the P-site on 30S subunit The new

- > 3 : lszmnz 3 and'4 repaated
d.pepﬁdyl-tRNA occupies the P-site. on the 505 while staymg in the A-site of 30S. This js - @ o _ : ta, l peptide ehalnlseomprete
consistent with the fact that nbosome can bind three tRNAs During elongation, a residue is | N : i )A:- \

added at: C-termmus and. nascent polypeptrde is transferred to A-site, this process is called ]
as tmnspeptldatran The-next.step in elongation s translocatlon It is mediated by EF-G IFy, IFy, IFy.
(elongatron factor Gor translocase). In this step, the deacylated tRNA moves out of the P- -
site on'the:30S subunit, the dlpeptldyl - tRNA translocates from A-site to P-site on 30S and
finally MRNA moves a distance of codon ie. three nucleotldes Thus, the next codon is
positioned for reading by the new lncommg amino acyl-tRNA. This translocation is driven by
the hydrolysis.of GTP of EF-G.. Now, EF-G is released and new elongation cycle can begin,

Besides - conformational ‘c'harig'es, EF-G drives translocation by actively displacing the
ﬁeptidyl-tRNA from A-site. Thus, A-site i Is.empty and a new round of elongation can start, It
is important to take a note that A and E-site cannot be simultaneously occupied and filling

of A-site induces the release of deacylated tRNA from E-site. Thus, the unidirectional
- movement ‘of nbosomes through transpeptldatron and transiocation is accomplished by ' ' m.RNA . Poptide eynthoalzed

altematlng actswtres of EF-Tu and El‘~G accompamed by GTP hydrolySIS (Fig. 12.16). _ | Fig. 12.16: Proteln biosynthesis
‘ Chp 121220
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~ Normally, cell does not contain a tRNA with anticodon complementary to "stop signals’
or ‘non-sense codons'.' Thus amino acyl:tRNA does not bind to A-site of ribosomes if the
codon is UAA, UGA or UAG, Thiese termination codons are recognised by proteins called as
release factors in E coli. RF-1 recognises. UAA and UAG, whereas RF-2 recognises UAA and
UGA, RF-3 (GTP - binding protein) enhances the ribosomal binding of RF-1 and RF-2. But in
- eukaryotes, all the three termination codons are recognised by a single release factor, eRF.
The hydrolysis of bond between the polypeptide and the tRNA in the P site is done by
peptidy! transferase, which is activated by binding of release factors to a termination codon
in the A-site. Thus, peptidy! transferase itransfers the peptidyl group to water rather than
. -amino group. Then free polypeptide.and uncharged tRNA are dissociated from ribosome.
_The dissociation of release factors is-accomplished by hydrolysis of GTP. Before starting a
new round.of protein synthesis, mRNAis released from nactivated ribasomes.

12.12.1 Important Features of P"rote'ln:Synthesis

Protein synthesis. is carried -on Tibosomes and is summarized in Fig. 12.17. Protein
synthesis occurs intracellularly, Somie of the features to be remembered are:

() DNA molecules never leave chromosomes during protein synthesis.
(i) . Protein synthesns is-an accurate. process; errof -ate is about 0. 01%
(i)  Protein synthesis is cyclical. '

Cytoplans { Nucleus
‘ g MRNA
p X
Nl
‘Ribosom=mRNA ‘
' complex Riboside
tiiphosphate

O Ribosome
&

el AYAVAVAN
mRNA

Peptide chain

~ tRNAs amino-acid
AMP

‘AMP:amino acids -

ATP . {RNAs

* Amino acid PPi
: Fig. 12.17: Summary.of protein synthesis
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In addition many proteins are known to undergo modifications known as: post translation
modifications e.g. removal and/or derivatisation of specific residues. Many protelris are

synthesized as precursors - proproteins. These are activated by limited proteo,lysi_s_e 0. serine

proteases. _ .
Table 12.4: Post translational modifications ‘
. N N _
Proteolysis — ] | Proteases
R R -
Glycosy'ation Asn~NH; - Asn - NH, - Sugar{N-linked) ‘Glycosy! -
' transferase -
Ser - OH —» Ser- OH - Sugar .
Acylation ’ (l? o | ’A‘cyla‘s't'_a
Acetylation CH; - ¢ ~5CoA b o Acgtylase
HzNR N CH;-C ~NHR o
; ATP ' '
! Ser—OH—% Ser—OPO,
AP . _
Phosphorylation Tyt —OH =% Tyr ~OPO, Kinases
?roteln ﬁ fl’ \)\/\)\/\}\
[ O—Z-O—Z-CHz _
Lipid attachment protein=S=CHy \AAAAA Lipid transferases
| Prenylation : ‘ '

12.12.2 Inhibition of Translation
Many antibiotics act as inhibitors of protein synthesxs Streptomycin mterferes W|th the
pinding of formylmethionyl - tRNA to ribosomes and thus inhibits mltiatlon and / or causes
misreading of mRNA. Puromycin, an analog of-the terminal ammo acyl- adenosme portlon of
amino acy!-tRNA, binds to A-site of ribosome and inhibitsthe-entry of amin '_racyl-tRNA and
thus causes premature chain termination. Chloramphemcol bmds to 238 rRNA and blocks
protein synthesis by inhibiting peptidyl transferase actlvuty Thus, it'is lmportant to note that
protein synthesis inhibition by most annb(otrcs s ma(nly lmked to RNA and not proteln

component of ribosome.

Chp 12]1222 R -
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As dl§CU$$ed above the usual flow of information is from DNA'to RNA to protems ie. the
central dogma of molecular biology.

There are exceptions to the central dogme e.g. retroviruses (RNA viruses) like HIV-1.
Reverse transcription is a process that makes DNA from an RNA template. This is achieved
by an RNA-directed DNA polymerase, ‘called reversé transcriptase. Reverse transcriptase
turns RNA to DNA in a similar way that DNA polymerase turns DNA to RNA. Thus, there is a

_.—reversalto first part of central dogma i.e. RNA to DNA, instead of DNA to RNA, and hence
they are called as retroviruses. In Latin, retro means ‘backward’. The process of making DNA
from RNA template by reverse transcriptase is called as reverse ‘transcription.

A modified schematic diagram of central dogma including reverse transcription can be
shown as in Fig. 12.18. '

12.13.1 Structure and Functions of Enzyme: Reverse Transcriptase (RT)

. . St 66 .
HIV-1 RT exists as a heterodimer consisting of tightly associated p™ and p™ subunits.
This enzyme has three distinct catalytic functions:
1. An RNA dependent DNA polymerase activity.

2, Utilizing viral RNA strand as a template. It synthesizes a compllmentary strand of
" DNA. As this strand is being formed, activity residing RNAase H domain of p serves
to digest RNA template,

3 A DNA dependent DNA polymerase to complete the synthesis of the double

T e

Hence, RT is responsible for the synthesis of double stranded viral DNA from proviral
RNA for subsequent incorporation into a host cell chromosome.

‘The function of RT is essential for the replication of HIV. Therefore, thIS is a suitable
target for chemotherapeutrc intervention.

" DNA
replication
DNA

. Reverse
Transcription

transcription
RNA RNA
roplication

Protein
Flg 12.18: Modified central dogma of moleculer biology
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David Baltimore in 1975 shared the Nobel Prlze in Physlology or Medicine for his
discovery of reverse transcriptase.

Retroviruses are important, as some of them are respon5|ble for cancer and AIDS
Reverse transcriptase has been used as the target for. the anti-HIV drugs. For example,
3'-Azido-2', 3'-d|deo,,ythym|d|ne (AZT)is an rnhrbltor of HIV reuersedranscnptase

Qussrxous o
G e R R R e
Transcnption .

1. Defihe transcription. Add a note on transcrlptron inf prokaryotes and eukaryotes

2. Enlist the proteins partrcrpatmg in transcription. Describe the role of each protem in
short,

3. Write short nates on:
(@) Role of mRNA in transcription.
(b) RNA chain termination.
(¢) Inhibitors of transcription.
4. Give a schematic representation of transcrtptlon bubble
Translation
L. Define the term genetic code and discuss its characteristic features.”
Explain in detail - Protein biosynthesis.
What is meant by mh|b|tor? Add a note on the rnhtbrtors of translatlon

B oW

Write short notes on:
(a) Ribosomes
(b} Codon-anticodon interactions.
{0 lnhibttion of translation.
5. Explain the role of tRNA in translation. Give a schernatic.representation of tRNA.

6. What is meant by polyribosomes? Add a note on the role of polyrlbosomes in
protein synthesis.
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. + LEARNING OBJECTIVES |
. " Understand about ﬂio[égi]:af Catalyst and its Tremendous Potential to Pursue - various
" renctiois at Body Temperature. ' : :
o Understand the Role of Coenzymes, Cofactors, Activators, Inkibitors and factors fike
Temperature, pH, Concentration in Enzyme Catayzed Reactions. .
o Knowledge of Concept of Inkibitor and its Appiication in the Study of Enzyme.
. o Recognize fiow Enzymes Regulate Biochemicai Reaction within the Cell and Mechanism of
" Enzgyme Action. _
"o Knowledge of Nomenclature and Classification gf Enzyme.
o Knowledge of Restriction, Oneolytic and Pharmacentical Importance of Enzymes.

Enzym/es_g_ne_temfkablé and highly specialiszd proteins. Enzymes Wf the

biological system and are offen much more efficient as compared to synthetic catalysts.
Enzymology is a branch of science dealing with tive study of enzymes and has its origin in
the early days of biochemistry. In the 1850's Lolrs Pasteur suggested that conversion of
sugar to alcohol by yeast is ;atalys‘éd by ‘fermerss, later named enzymes. Further, Edward
Buchner showed that yeast extract can convert sugar to alcohol. This finding proved that
enzymes can work outside the cells. Later, James Sumner in 1926 crystallised. urease and
John Northrop in 1930's crystallised pepsin anc typsin. ‘These findings established that
enzymés"dre' proteins (although a small group of RNA molecules also have catalytic
properties). ' . .
The most striking characteristics of enzymes are -heir catalytic power and specificity.
Endoenzymes: : _
Endoenzymes are also called as ‘intracellular enzymes’. These enzymes are used in the
cells which make them.
Exoenzymes:
Exoenzymes are also called as 'extracellular enzymes’, These enzymes are produced by
cells and are secreted to different parts of the body. Enzymes of the digestive tract are the

" best examples of exoenzymes.

Biochermistry (B.Pharm. Sem. 1) . :Erizy"r'r"\esiﬁdCo-ehzyme's o

Constitutive enzymes:

Constitutive enzymes are formed at-constant rates and in constant amount regardiess of

the metabolic state of the cell or organism. This is the permanent.and basic machifiery of the

cell. For example, enzymes of glycolytic sequence. In general, constitutiveenzymes carry out

'housekeeping functions’ of the cell.
Inducible enzymes: _

l\-'ormal.ly inducible enzymes are present in very smail amounts in a cell. When énzyme
cubstrate is present, enzyme concentration can increase thousand -fold <qr: more.:

p-gciactosidase is a classic example of inducible enzyme. Cyclo-oxygenase-2 (Cox-2) is-also. ¥ 2

an inducible enzyme present in inflammatory cells.

Bit-atellular enzyme which is. secreted in active form is called as.zymase.-Whereas. the
one which is secreted in inactive form and is activated by an agent (or,enzymé) secreted by
other cells is called as zymogen. : AR AR

CERTUREANDICIASSIREATION:

Ini-ially, enzymes were named in an arbitrary mannér

. For example, names lk-sin,'

pegsin d.oes r.wot provide information regarding enzyme function or-the-substrate-oft which = .
enzyme is acting. Now-a-days, enzymes are commonly named by adding the suffixasetothe .7

name of the substrate or to a phrase describing the catalytic action of the enzyme Thus,
. Y P Dade EAE ks 't
ipase acts on lipids, urease catalyses hydrolysis of - urea” 4nd" alcchol ‘déﬁyd'rd'géria"sé
catalyses the oxidation of alcohols. Sometimes enzymes are given-names which doés ot

~ pravide cI}Je to .their function e.g. catalase. To avoid such confusions, Enzythe Commission ¢
was aopointed in 1961 by International Union of Biochemistry (IUB). Since 1964, the IUB" | #-
system of enzyme classification is in use. Enzymes are classified arid nameéd-actording to thé . P

nature of the chernical reactions they catalyse (Table 13.1).” Co a
Table 13.1: Classification of enzymes _

| Enzyme Class Type of Reaction Catalysed . - Example .
1, Ocidoreductases - Oxidation-reduction reactions . | Alcohol dehydrogenase,
: (Transfer of electrons) - cytochrome oxidase. -
2. Transferases Transfer of functional groups Hexokinase, transaminase,. .
) : : transmethylase, phosphorylase.
3. rydrolases Hydrolysis reactions (Transfer of | Lipase, choline esterase, pepsin,
: functiqnal groups to water) | urease, phosphatases. .
4, Lvases Group elimination to form Aldolase, histidase;
double bonds, addition of
' groups to double bonds -
5. lsomerases Isomerisation Retinol isomerase, glucose. .-
- phosphate isomerase.
16, Lligases .| Bond formation coupled with | Glutamine synthetase; succinate -
ATP hydrolysis. thiokinase. - -~ s |

Chp 131331
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-All: enzymes are dlwded ln $iX major classes Each class has subclasses based .on the type -

ur digit classification number (Enzyme

of réaction catalysed. Each enzyme s ‘given a fo
which identifies the reaction. Consider

Commlsslon, {EQ) ‘number) and a SYStema"'C name,

~ the: followmg example:
:ATP'+ D-glucose —ADP + D- glucose - 6 - phosphate
Hexokinase is the trivial name -of the enzyme which catalyses the above reaction. The

systematlc name. of the enzyme is ATP. glucose phosphotransferase (specifying that it
catalyses the transfer of phosphate group. from ATP to glucose). The EC number of this

enzyme is27.11.
The first drglt (2) denotes the name-of the class. In this case, it is transferase.
. . The second digit (7) denotes the subclass. In this case, it is phosphotransferase.

+ - The third: ‘digit (1) deniotes sub-sub class. In'thiis case, |t is phosphotransferases with a
hydroxyl group:as.acceptor.

«+  The fourthidigit (1) denotes arbitrarily assigned serial number in it's sub-sub class. In

. Ahis case, itis D-glucose as the phosphate group ‘acceptor.
.'Systematlc names of the enzymes are long and compllcated and hence trivial names are

‘used in:day: o-day practice.

. 'All enzymes are proterns AI‘hough recently few RNA molecules have been. shown to

,.‘L~——functl§n :as enzymes. (Refer Section 13.13). Each enzyme has its own tertiary structure and
partrcular conformation’ which is necessary for its catalytrc activity. The enzyme—catalysed
‘reaction-occurs within a-pocket. of the enzyme called the active site. The functional form of
the enzyme is called as holeenzyme Holoenzyme is constituted of two parts — apoenzyme

 (the protein - part). and a co-enzyme (non- protein organic part). The co-enzyme can be
separated by dialysis. Sometimes non- protein: part-is very: tightly bound to apoenzyme-and
cannot be separated by dialysis. Such a group is called as prosthetic group.

Enzymes which are made up of a single polypeptlde chain are called as monomeric -

enzymes;-:e.g nbonuclease and trypsrn Whereas, enzymes which contain more than one
polypeptlde chains..are called as oligomeric enzymes e.g: lactate dehydrogenase. Certain

reactions are tatalysed- by miultienzyme complex e.g. pyruvate dehydrogenase. In such cases, -

only: the intact complex is functionally.active and not the individual units of the complex
‘Enzyme catalysed reactions: are approximately 10° to 10% times faster coppared to
un_ceta_l_ysed teactions,” Also, enzyme -driven’ reactions require much milder conditions
CQmpared to. chemical reactions eg. nearly neutral pH, atmospheric pressure and
temperatures miich" below: '100°C. Compared to chemical reactions, enzyme catalysed
- reactions rarely ‘produce. srde products because of much higher substrate specificity. In
addltlon, -enzyme;catalysed reactions are well regulated. (Refer Section 13.9).
Enzymes showall the general properties of proteins.

Biochemistry (B.Pharm.-Sem, I)
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small organic molecules. The enzyme carbonic anhydrase requires Zn** for its actlvrty ian

example of metallic ion cofactor. The enzyme- glycogen phosphorylase requires pyndoxal .

phosphate for its activity - an example of a.small.organic:molecule.

Cofactors that are small ‘organic molecules are. called as-coenzymes. Coenzymes can: be
defined as nqn-protein, organic, low-molecular wetght substances: -associated with the enzyme
activity. Coenzymes are often derived from vitamins and ‘can be either loosely bound e.g.

NAD* or tightly bound, e.g: heme prosthetlc group' of cytochrome C, to the enzyme. The.

tightly bound coenzymes are called ‘as prosthetic groups. Loosely bound coenzymes are like
cosubstrates i.e. they bind to and are released from the enzyme just like substrates and
products. ,

Apoenzyme + Cofactor —— Holoenzyme.

Like substrates, coenzymes also undergo alteration - during’ enzyme reactlon However,

unlike substrates, coenzymes are regenerated.
Vitamins and Co-enzymes
Many co-enzymes are derived from vitamins (ReferTabIe 13.2).
' Table 13.2: Vitamins: and Co-enz“ mes

Reaction

Vitamin Co-enzyme :
Biotin Biocytin = : Carboxylation -
Cobalamine (B3,) Cobalamine co-enzymes. | Alkylation
Riboflavin (8) Flavin 'co-enzymes _ Oxidative - reduction
Niacin Nicotinamide co-enzymies. -|Oxidative - reduction
Pyridoxin (Bg) Pyridoxal phosphate Aml.nb'grou_p transfer
Folic acid Tetrahydrofolate' - .| One-carbon transfer
Thiamine (B,) Thiamine pyrophosphate | Aldehyde transfer

Most of the coenzyme precursors are. water-soluble vitamins but fat-soluble vitamins. -

(such as A, K and D) are also essential.
Vitamin K is required for normal blood clotting and participates in the carboxylation.

Vitamin K is required for the synthesis of y-carboxy-glutamate (an extra COOH on the

glutamate side chain): 10 of these residues are found-at the N-terminal of thrombin and are

required for Ca*? binding (which anchors it to phOspholipid‘membrane)

Vitamin A is a precursor of retinal, a lrght sensrtrve group in rhodopsrn and other visual
plgments o ' . :

eperids O ‘he pre nce of small, non-protern.
molecules called as cofactors: Cofactors.can be divided into two ‘groups - metallic'fons-and -

The functional enzyme i.e. catalytically active. complex of enzyme-cofactor is called: as
-~ holoenzyme. The enzyme without its cofactor is called as apoenzyme.

" Chp 13133
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Ascorbic acid is essential in'redufc.ing the ferric ion of the inactivated form of lpro‘lyl
hydroxylase and thus regenerating the:active form of arolyl hydroxylase. Prolyl hydroxylase
is required for the synthesis of hydroxyproline residues of collagen.

But not all co-enzymes ate derivatives of vitarrins. There are organic molecules which

are not vitamins but serve as co-enzymes (Refer Tab.e 13.3).

Table 13.3: Cpténzymes~pther than vitamins

" Cb.—eniyine Function
ATP. ) | Donazes phosphate
| cop | Essential for the synthesis of phospholipids
usP Required for glycogen synthesis

_S-adenosylmethionine: Methyl group donor

It is imiportafit to néte that & particular co-enzyme may participate in diffe-ent reactions
" - catalysed by.dlffer_ent enzymes. In other words, spe=iicity of the enzyme is not determined
by co-enzyme. Rather it is decided'by apoenzyme e.g. NAD" acts as a co-enzyme for both
jactate dehydrogenase and alcohol dehydrogenase

YA Y 4 : x i.
Various factors-influence the tate of .enzyme react ons.
(i) Concentration of enzyme:. _

Rate (velocity) of.reaction and-enzyme_concentration are directly proportional. Hence,

" . rate of reaction increases proportionally as:the concentration of enzyme is inc-eased. Here it

is assumed that_f.the..sub_strate-c_o_nfcentrati_dn iz in excgss__,_and hence the: reaction is
indépendent of substrate concentration. Thus, any change in the amount of poduct formed
over a particular time period will depend on the enzyme concentration. This can be
represented graphically as shown below:
20 units of
eénzyme /

.\,/' ) .

10 units of

enzyme

No enzyme

b
Time '

Fig. 13.1: A-plot of concentration of enzyme Versus time

) Enzyme activity
{concentration of products)
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(ii) Concentration af substrate:

Till a threshold zoncemtration, increase in rate of readion is seen with 'iﬁcrease in the
substrate concentration. At very low substrate. concentration rate of -reaction:is directly
proportional to the substrate concentration. Whereas, at very high substrate:concentration
the rate of reaction s.independent of substrate'concentration. T

Substrate concentration

Fig. 13.2: & plot of tate of reaction Vs substrate concentration

Rate of reaction

(iii) Temperature: o . .
At a particuler temperature called as optimum temperature, the.enzyme activity is
maximum. Enzym2 -eactions are extemely temperature sensitive’:and change in reaction
temperature as small as 1 or 2°C may change the reaction rate by -10"to: 20%."At high
temperature there s denaturation of j:roteins and hence inactivation of ehzymes.” )

Optimum -
temperature

Increasing
- activity .
Denaturing
takes place

Reactlon veloclty

. Tamperature ('C) ———— o
Fig. 13.3:'A plot.of reaction velocity agaipst rise in temperature )

For humans thz optimur temperature is ~ 37°C but for other animals it.is ~ 40°C.
At low temperature enzyme activity decreases. At 0°C, most-enzymes are inactive.
(iv) pH: S o .
Maximum enzyme activity is seen at optimum pH and is between pH.5; to. 9.A small .
change in pH wil significantly alter the enzyme activity. Extremely high:or low pH usually. . .
results in compleze oss of activity for most enzymes. ST

Changes in pH can alter the state’of ionization of charged amino acids e.g.- Asp, Lys and
hence catalytic aczion of an enzyme. The effect of pH on-the enzyme activity can-be seen as
shown below (Fig 13.4). Optimum pH for maximum’ activity is different for different
enzymes. For example, pepsin is active in acidic media; whereas trypsin-is:active:in neutral to
slightly alkaline medium. This makes sense because pepsin is an enzyme:thatis mainly found
in stomach wherz £H is low because of the presence of hydrochloric acid: Trypsi visfoundin -
the duodenum znd hence its optimum pH'is'in"the ranige of neutral-tc?1-'sli97 alkaline.to-— -
match the pH of the duodénum, - -~ -~ S ST N
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Optimum pH

Reaction veld_ciiy

pH e
Fig. 13.4: A plot of reaction velocity against change in pH
The optimum pH for maximum activity is different for different enzymes (see below).

Enzyme |  Optimum pH
Pepsin 15-16
" Invertase 45
‘Maltase .- _ 6.1-68
" Catalase - ) 7.0
Trypsin 78-87

For enzyme reactlons, rate (velocrty of the reactron (V) varies with the substrate
concentration ([S]) as shown in F|g 13.5.

Basically, the overall enzymatic reaction is composed of two elementary reactions: first,
in which enzyme (E) and substrate (S) combine to form an unstable enzyme-substrate
complex (ES) and second, in which ES decomposes to form products (P) and (E).

Kl K3 :
E+s | s > E+P - : - (13.2)
K;
Vrnnx
b
S
g Vind2
5
§
R Km

Subslrate concentration [S}
Flg. 13.5: A plot of voloclty of enzymatic veaction versus substrate concentration [S]
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Ky is the rate constant for the formation of ES, K; is the rate constant for the aissoéialiéh
of ES back to £ and S and K; is the rate constant for the formatron of product P

The Michaelis-Menten constant, K, is defmed as

K2+K3

=X .. (13.2)

m

With appropriate mathematical manipulations we will get equation (13.3), also known as
Michaelis-Menten equation, which is the basic equation of enzyme kinetics.

V= K, +.[S] } w (13.3)
where, V = Measured velocity
Vmax = Maximum velocity
S = Substrate concentration
Km = Michaelis-Menten constant

13.6.1 Significance of Michaelis - Menten Constant -
Let us consider that K, = {S], hence equation (13.3) can be rewritten as follows:

Ly I8
V s VIT\IX [S] + [s]
S
i€ Vo= Vmax-z[[_gj
1
hence, V= 5 Vimax .. (13.9)

Thus, K, is equal to the substrate concentration at which the velocity of the reaction is
half its maximum value.

Consider a situationwhere substrate concentration is very fow i.e. [S] much:less than K.
In this case, equation (13.3) can be rewritten as follows: :

_ Vinax [S]

From equation (13.5) it is apparent that when substrate concentration is very low,
velocity of reaction is directly proportional to substrate concentratron ‘(@S Vinax and Kq-are.
constants).

Now, consider a situation where substrate concentratlon is very high i.e. [S}:is much
higher than K, In this case, equation (13.3) will be rewritten as follows:

Vina [S)
[S] as Km + [S] ~[S]

ie. V = Voo : (136
.From equatron (13.6) it is clear that when substrate concentratron is. very high, velocrty of-

as K + [5] ~ K o (13'.55

reaction is at its maximum and is independent of substrate concentration.

,_ Chp:13113.8
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13.6,2 Lineweaver - Burk Plot :
Lineweaver - Burk plot is also called as double-reciprocal plot. It was formulated by Hans

Lineweaver and Dean Burk for determining values of Vaa and K. This method uses the
reciprocal of Michaelis-Menten equation (eq. 13.3).

: 1 Kat(Sl
Thus, V = VomelS]
1 K 1 _ Bl
e VT Ve 18] T Ve 181
' 1 Kl 1 .1
- hence, v = (Vr;) ES‘]' +§/'r'“: .. (13.7)

- . . . 1 1
This is a linear equation (similar to y = mx + ¢). Hence, plot of v and Ei wil. give a

straight fine (See Fig. 13.6).

=N 0 .
[ s
" Fig. 13.6: Lineweaver - Burk (double reciprocal) plot

~m

This is called as Lineweaver - Burk or double-reciprocal plot. The slope of the line is v

max
BH

_- 1 1 " 1 -
the intercept on y-axis ("‘) is = and the extrapolated x-axis (l—) intercept is ~ ‘l‘.
: \} Vinax ' \IS] Km

-Thius, calculation of Koy and Vpax is now much easier.

‘For all practical purposes, enzymes are expressed only as their activities and not- their
concentration viz. mg or pg etc.-Various units which have been-used to express enzyme
‘activities are King-Armstrong units, Reitman-Frankel units, Sofnogyi units, Spectro-
photometric units etc.

Katal

- “To maintain the uniformity, Enzyme Commission of 1UB introduced a new unit called as
fatalr (abibreviated as Kat). One kat indicates the conversion of one mole substrate per second

mol/sec). . : - - : y
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Biochemistry (BPharm. Sem. 1f) ..~ Enzymesand-Cq-enzymes .

international Units S 3 B
One In-ernational Unit (1U) or Standard Unit or System International (SI) unit is defined
as a conversion of one micromole of substrate per minute.
IU and Katal are interconvertible as shown below:
U = 60 pKat
or
1nKat = 1.671U
Old units, such as King-Armstrong units or Somogyi units are still in use, especially in
clinical laboratories. .

An erzyme inhibitor is a substance that binds with the enzyme .and decreases the
catalytic zctivity of the enzyme. Inhibition can be defined as ‘the process which decreases
the catalytic activity of the enzyme'. As enzymes .are involved_ in almost all the cellular

processes, enzyme inhibitors are very important pharmaceutical agents. In addition, enzyme
inhibitors can provide information about mechanism of enzyme action.
£nzyme inhibition can be: '
L. Reversible
2. [Ireversible
—37  Allosteric

. 1. Reversible Inhibition:

In this type of inhibition, inhibitors bind non-covalently with enzyme, and the inhibition
can be reversed by removal of inhibitor. Sometimes the effect of reversible inhibitor can.also:
be reversed by decreasing the concentration -of inhibitor (e.g. by dilution or dialysis).
Reversible inhibition can be of the following types: o

" (i) - Competitive inhibition

./ﬁ,l\// Non-competitive inhibition

Ly~ Uncompetitive inhibition
(i) Competitive inhibition:

Competitive inhibitor is a substance that competes directly with a normal substrate for
the active site of the enzyme. Competitive inhibitor usually resembles the substrate but'does
not undergo any catalysis, The main feature of competitive inhibition is that it can be
overcome by increasing the concentration of substrate, The enzyme reaction can be shown

as below:
E+S==>ES—E+P

1

3
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+ Com etittve

/ InHibltor -

‘.
No inhibitor
present

altered ;-tay competmve mhubmon and K,,1 value- mcreases The sIope of the line indicates
strength of bmdmg of competltrve inhibitor.

A,n_ e‘ mple .of .competitive” inhibition is succinate dehydrogenase (a citric acid cycle
enzyme) ',Wh'rch normally: converts succinate..to fumarate. This enzyme is competitively
mHnbitedA y “substances - like malonate, glutarate and oxalate, as they have -structural
slmllarityanth succinate.. :

, o0 | Suiccinat ; “ooc H
0 ~. . Succinate .
Ly —— N
S - dehydrogenase ]
SCH ¢
R A n’ \coo'
" éos . _
" Succinate Fumarate
~ coo” . CHyCO0 oo™
o | ]
CHy ' CH, coo”
T !
. CoO” - CH, CO0™
" Malonate Glutarate Oxalate
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More examples of - enzymes, therr substrate, mhlbrtor and -therapeunc 1mplucat|
grven in Table 134. o SR :

| Table 13.4: Few examples of enzyme W

Competitlve
_ Inhibitor:

~ Enzyme Natural Substrate '

 Muscle relaxatlon

Acetylcholine yl cholrne

Acetylcholine esterase

Dihydrofolate reductase | Dihydrofolic acid Trlmethoprlm -Antibacterial . -
(bacterial) o : '
Monoamine oxidase - B [ Dopamine Selegiline : »Antlparklnsenlsm _3 5

Xanthine bxidase' ‘| Hypoxanthine . --.Control of gout

Atlopurinol
(ii) Non- competltlve mhlbmon' .

In this case, inhibitor binds to both the: enzyme and enzyme-substrate complex.’ ThIS’IS'
also called- as-mixed inhibition. Thrs type ofinhlbitér Has-fio structural srmllarrty to’ substrate.
Non-competitive inhibitor changes the: enzyme- conformation -and hence can: affect both,
substrate binding and catalysis. The inhibitor - generally binds to a site ‘distinct from -the
substrate binding site. '

The double- recrprocal plot corresponding to non- competrtuve mhlbmon is shown in
Fig. 13.8. :

As can be seen in Fig. 13.8, y intercept (y-axis intercept) increases i.e. in non-competitive. -

inhibition, V., decreases.

+ Non-competitive
o Inhlbltor,,’

No inhibltor .

present
1
Vinae
PN
P/ vm.x
i N
Ka )

Fig.13.8: Effect of non-compeétitive inhibitér 6h e-uneweaver-Burk Piot
(dasheéd-line with: Inhlbltor)
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, " There is oftervlittle or 0 effect.on: K,.. Non-competrt
- by increasing the substrate conCentratron Non competrtwe in

ive inkibition cannot be overcome
hibition can be demonstrated
as follows:.. : ' .

E +.§ -—-——"‘ ES —_— E + P

. - s
+ 1 : |

H : fll

El 8}, ————> No reaction

Inhrbmon of enzyme by heavy metals SUCh as Ag®, Pb™*, Hg™. etc. is an examole of non-

. >.compet|t|ve inhibition.

(iii) UncompetltiVe mhrbitlon
In “this -case’ also, rnhlbrtor binds at-a sité - distinct from: the* substrate b1ndmg “site.

HOWever, ‘an uncompetmv nhibitor: binds:only to the'ES complex.
: E'+ § . 1:.._.—::‘ ES i B+ P,

{ES| ammmm——>p N0 reaction

Uncompetrtrve inhibitor may not: structurally resemble substrate and presumably distorts

the ‘active:site. Thus, makrng the enzyme catalytlcally inactive. _
© The double—recrprocal plot correspondlng to - uncompetitive inhibition ic shown in

. Fig. 139,

) + Uncompetitive
A inhibitor
v
4
No inhibitor
. present
’l .
e s .
. - !
,r' \_1-—
,"/ ; * Vinax
LT o L
Kn  Kn - i8]

Fig: 13.9: Effect of. uncompetrtlve inhibitor:on a Lineweaver-Burk piot
(dnslu Jlne with Inhibltor)

inhibition by uncompetitive inhibitor is not: reversed by in¢reasing substrate

’ rDIPF) which specifically reacts:with only Ser 195 of chymotrypsrn, thus; tlemonstratlng that-j
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As-can be seen from Fig."13.9, Gncompetitive mhrbrtor decreases both‘ : v
ncentrat\on
Uncompetitive inhibition is-not very common and is* srgnrfrcant only i *multrsubstrate
€rzymes.

2. Irreversible Inhibition: :

When an inhibitor irreversibly binds to an enzyme, it is called as. rnactrvator Irreversible
‘nhibitors combire with or destroy a functional group on the enzyme that is essentral forits.
activity. The irreversible inhibitor binds covalently with the:enzymes.

Irreversible inhibitors decrease the Vimax wrthout changing: K Hence; dnubl’e reciprocal
p ot of irreversible inactivation resembles that of non- competmve inhlbrtlon (Refer
%ig. 13.8).

Suicide inhibitors (also, called as mechanrsm -based. inactivators) are a specral ‘class of °
irreversible inhibitors. These type -of mhrbrtors act as-substrates,. but mstead of being” i
transformed intc the normal product, are converted to ‘reactive compohnds that: comb)ne '
irreversibly with the enzyme.

These inhibitors can be used-to udentrfy catalytrc site.e.g: Dnsopropylphosphoﬂuendate

this residue is in the enzyme’s active site.
Diflucromethylornithine, a: suicide inhibitor of ornrthrne decarboxylase, is used in th_e

treatment of African steeping sickness (trypanosomrasrs) ' :

Many.organophosphate insecticitles act as. rrreversrble inhibitor: of. acety1cholme esterase
and thus produce paralysis of nerve conduction. - N

Penicillins act as irreversible rnhrbrtors of enzymes in bactenal cell wall synthesrs.
3. Allosteric Inhibition: - s

For details please refer to Enzyme Regulation’ (Section 13 10)

13.8.1 Degree of Inhibition :

1f an enzymatic reaction occurs in the absence of aninhibitor with rate (velocrty) v and in o : '
_the presence of an inhibitor with rate (velocrty) V, the degree of znmbmon is’ deﬂned as

V-V . : £
Degree of Inhibition = _V" S (138). :

As degree cf inhibition is a ratio of rates, it has no units. '

Mumple protelns (enzymes) demonstratung the. same enzyme activity, (and-. -are
coded by different genes ie. which. are genetlcally drfferent) are called: FH zsoenzymes or -

isozymes. These multiple proteins should be present in'the same organ (trs‘sue) of the same

organism.
If drfferent enzymes catalysmg the same reactrons are- ;vpresent
in y-dre calle_
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- ~ysGenerally, jsoenzymesadiffer in their physicaland *chemical - properties. which include
electeophoretic, -immunojogical- kinetics; -requlatory properties,. in the - requirement-.of
cofacter. or in their subcellulag. distribution.-Isoenzymes generally have- similar, but not
identical amino acid sequences. :
13.9.1 Isoenzymes of Lactate Dehydrogenase
‘Lictate ‘dehydrogenase: ((LDH; systematic™ name is L-lactate-NAD"* -oxidoreductase)
* cataljjses the following reaction:

NAD'  NADH
CH3—CH~COOH - (==—=—= CH,— C — COOH
LDH. N
Pyruvic acid
. OH
Lactic acld

. :+ LBH was-one-of the fifst-enzyme found to have isoenzymes. LDH occurs as atleast five
différent isdenzymes which cah Be separated-by electrophoresis.

LDH Is a tetramer made-up of two kinds of subunits (each ~ 35 KD). M type (also
deésignated ‘48 A chain)'ine skelétal muscle and liver and H type (also designated as B chain} in
heaft. Tré-M:type: isoenzyme appears to mainly function in the reduction of pyruvate to
lactate by NADH. But H-type isoenzyme is better adapted to catalyse the reverse reaction.
These -subunits assdciate to ‘give five types of tetramers viz. Hy H3My, HoMa, HiM; and My
(Aw AsB AzBz AB; and B,). The H, isoenzyme (LDH,) has higher affinity for substrates

. compared tothe M, isoenzyme (LDH;). The different LDH isoenzymes have different values
of Vi and K, (especially for pyruvate). :

The M,isoenzyme reduces very low concentrations of pyruvate to lactate in skeletal
muscle. And H, isoenzyme appears to favour rapid oxidation of lactate to pyruvate in the
heart. Also Hy isoenzyme is allosterically inhibited by high levels of pyruvate but M, is not.
The remaining isoenzymes have intermediate properties depending on the ratio of the two
kinds. of chains. - ' . .

Isoenzymes of LDH have great importance in the diagnosis of disorders of heart and
liver. For example, heart attacks cause the death-of heart muscles, which eventually rupture
arid release H-type LDH into the blood. Thus, a blood test demonstrating the presence of H-
type LDH is a diagnostic of heart attack. Whereas, increased activity of M, isoenzyme in
blood is an indicator of liver disease. '

13.9.2 Isoenzymes of Guanylate Cyclase
_ There are at least two isoenzymes of guanylate cyclase.
7 Guanylate '
. GIP=——————> ¢GMP + PP,
Cyclase

acti

L ¥ i, "
i

vated by the birding of the hormone atiial natruretic factor.

Chp.13 1315

One of the isoenzyme is an integral part of the plasma membrane. This isoenzyme s -

. A. second anc? distif\ctly differeth .isoen‘zyme of guanylate- cyclase Is a:cytosclic protain;
This isoenzyme is activated by nitric oxide (NO) and by several nitrovasodilators -e.g.
nitroglycerin, nitroprusside. These drugs are-used in the treatment of heart.disease.

13.9.3 Isoerizymes of Alkaline Phosphatase

There are atleast six isoenzymes of alkaline phosphatase (ALP) viz. a;-ALP, o,-heat labile
ALP, 0i,-heat stable ALP, pre- ALP, y-ALP, etc.

Iricrease in’ a,-heat labile ALP is an indication of hepatitis whereas, pre B-ALP is an

- indicator of bone disease.

13.9.4 Isoehzymes of Alcohol Dehydrogenase

There are two isoenzymes of alcohol dehydrogenase: af, (found in White Americans
and Europeans) and af, (found in Japanese and Chinese). &, isoenzyme rapidly converts
alcohol to acetaldehyde compared to a8, Due to rapid conversion by af; isoenzyme, there
is accumulation of acetaldehyde which produces facial flushing and tachycardia. Hence,
Japanese and Chinese show increased sensitivity to alcohol compared to White Americans
and Europeans. )

13.9.5 Isoenzymes of Hexokinase

There are several isoenzymes of hexokingse. These enzymes catalyse the conversion of

glucose to glucose-6-phosphate. The main ‘form of hexokinase isoenzyme in the liver is

" hexokinase D, also called as glucokinase. Glucokinase differs in a couple of respects from the

hexokinase in muscle.

First, glucose concentration at which glucoki_nése is half-saturated (~ 10mM) is higher
than the usual blood glucose concentration. '

Second, glucokinase is inhibited by fructose-6-phosphate and not by its reaction
product glucose-6-phosphate. ] .
13.9.6 Isoenzymes of Creatinine Phosphokinase
Creatinine phosphokinase (CPK) catalyses the following reaction:
ADP ATP

Phosphocreatining Creatinine

CPK

CPK consists of two subunits ~ M (muscle) and/or B (brain) and has three isoenzymes:
CPK, (BB, brain), CPK, (MB, heart) and CPK; (MM, skeletal muscle).

After myocardial infarction, CPK, increases in the serum to as high as 20% (against 2%

_ normal levels) within 6-18 hours. Thus, CPK; is a reliable index of myocardial infarction.

- Enzymes dnd Corenzymes. -
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-.. Regulation of enzyme actnvnty is essential to co- ordmate vauous metabohc processes
Regulatlon of enzyme activity takes place by one of the following ways:
(i) Allosteric regulation
(i) Activation of latent enzymes
(iii) Compartmentation
(iv) Enzyme availability
. (v) Isoenzymes
“(vi) Cofactor availability.
(i) Allosteric Regulation (Allosteric lnhibition)

. In allosteric regulatlon, the bmdmg of substrate to one active site can affect the properties
of other attive sites in “the samie énzyme molécule, The term allosteric_derives from Greek
allos, ‘other',-and stereos, ‘solid’ or ‘shape’. Allosteric regulation occurs through reversible,
non-covalent binding of a regulatory metabolite called a modulator (effector). Allosteric

- modulators can.increase (by binding to activator site) or decrease (by binding to inhibitor -

site) the énzyme activity (See Fig. 13.10). Thus, allosteric activator will shift the curve to the

left, whereas allostenc inhibitor will shift the curve toward right.
+ Activator

/. -~ Substrate
/ alone
/ e~

e + Inhibitor

(]
Fig. 13.10: Effect of allosteric activator and allosteric inhibitor
The allosteric theory suggests that an allosteric enzyme possesses two-distinct binding
sites: the active or catalytic site_and.the regulator or allosteric site. The regulator has no
structural similarity to the substrate. Also enzyme has extreme specificity toward the
regulator molecule and substrate and regulator molecules do not compete for the same site
on the enzyme.
Allosteric enzymes {enzymes regulated by allosteric mechanisms) can be grouped under
two classes:
(i) K-class: In this class of allosteric erizymes. effector molecule changes the Kn, but not
Vs Thus, Lineweaver-Burk plot will. be similar to competitive inhibition

e.g. phosphofructokinase. (See Fig. 13.7). "
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(i) V-class: In this class of allosteric enzymes, effector molecule change§ the Vinu-and

not the K, Thus, Lineweaver - Burk plot will be similar to non-competitive inhibition

e.g. acetyl CoA carboxylase. (See Fig. 13.8).
Model of Aliosteric Regulation: ;
Imagine an allcsteric enzyme consisting of two |dent|ca| subunits. The A (tense) form has
low affinity and B (relaxed) form has high aﬁlnlty for substrates. An allostenc inhibitor wifl

shift the conformational equilibrium toward A-state (low affinity for substrate) whereas, - -
allosteric activator will shift the conformational equilibrium toward B-state (high affinity for

substrate). Thus, zllosteric activator will increase and aflosteric inhibitor will decrease the
substrate binding.

Allosteric
Allosteric )
inhibitor activator

dn

% NN

B State

A State
Fig. 13.11

For example, aspartate transcarbamoylase (ATCase, efizyme involved in the biosynth'esfs'
of pyrimidines) has two subunits: catalytic (c) and regulator (r) subunit. The activator ATP
preferentially binds to active state of ATCase (high substrate affi inity), Whereas, CTP binds to
inactive state (low substrate affinity) and thus decreases affinity for the substrate without
affecting Vemar. Only the regulatory subunit is responsnve to ATP or CTP but the catalytlc
subunit is unrespansive to ATP or CTP.

Feedback Regulation:

Feedback reculation is the inhibition of first step in a series of reactions in a pathway by
the final product. The end product of the pathway binds to an allosteric site on the first
enzyme in the patiway and shuts down the entire pathway Feedback Inhibition is also
called as end product inhibition or negative feedback inhibition.

It is the most flexible and biologically widespread mechanism of metabohc control.

ATCase is ar example of allosteric enzyme inhibited by feedback mechanism. ATCase
converts carbamoy phosphate to N-carbamoyl aspartate which is further converted to CTP.
Thus, when CTF levals are high, it mhnbxts ATCase and inhibits earlier step in its own

biosynthesis.

Chp 13| 13.18.
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, 2 : Fig. 13.12
Therammo acld rsoleucine is synthesized by a series of reactions starting.from threonine.
" The first stepin:the pathway'is catalysed by the enzyme threonine deaminase. This enzyme
yy-isoleucine, the end produict of the pathway. Thus, once the adequate amount

of: isoleucme is formed in the cell, the further synthesis is blocked. Thus by regulating the
activity of threonine deaminase, the cell synthesises only required amount of isoleucine and
avoids: Wasting energy on the synthesis of more isoleucine than is needed.
(i) Activation of Latent Enzymes:

- The inactive precursors:of the enzymes are called as zymogen (or proenzymes).

_ rMany proteolytic enzymes of the stomach and pancreas are regulated in this manner.

Fo[lowing are.examples of zymogens (Refer Table 13.5).

Pepsinogen is - activated by the low pH in the stomach. A protease known as
enterop@tidase {or enterokmase) .activates trypsinogen, which in. turn activates
chymotrypsmogen These pancreatlc proteases are also-auto-catalytic i.e. they activate their
own.‘ 'mogens

" Thi approach of; enzyrne regulation |s quite important in case of proteases, especially

relatlvely nion-spécific ones ‘e.g. proteases in digestion, as they are potentially lethal to the

cells that produce them unless their activity is controlled.
Table 13.5: Zymogen and respective active enzyme

Zymogen Active enzyme
Pepsinogen Pepsin
. Chymotrypsmogen Chymotrypsin
'l'rypsmogen Trypsin
Proelastase Elastase
Procarboxypeptldase Carboxypeptidase

Chp13|1319

Blood coagulation is also mediated by a cascade of proteo!ytlc actrvatlons

A series of serine proteases are. ‘activated: by each-other in.turn, firally convertmg pro-
thrombin into thrombin, Thrombin -then converts; fibrinogen " into- fibrin; . which
spontaneously polymerizes to form the clot, whuch is“subsequently stablhsed by’ covalent

cross-linking.

Some protein hormones are synthesized as mactlve precursors .. insulin s synthesrzed L

from proinsulin.

Collagen, a fibrous protein and:the. major constltuent of skin and bone is obtalned from .

procollagéen. .
~ Many enzymes are-regulated by phosphorylatron in this, cyclic AMP plays. a crucial role.
Cyclic AMP (cAMP) is synthesized by the: cycllzatron of ATP and this’ conversnon is: catalysed
by adenylate cyclase. Adenylate cyclase ‘is stlmulated by hormones and thus. intraceliular
effects of hormones are mediated by cAMP.- ‘
cAMP mediates its effect viaprotein kinase A (PKA). cAMP Bmds to- regulatory subumts
and releases catalytic subunit of PKA. Actlvated PKA -then' phosphorylates a vanety of
enzymes and regulates their activity. For example .
e In glycogen' metabolism, glycogen: .synthase is inhibited because of ‘the
- phosphorylation and thus further glycogen synthesis is inhibited.
»  Cystic fibrosis transmembrane regulator (CFTR),"a ‘chipride channel on epithelial. cells,
is opened because of the phosphorylation .of regulatory domain by PKA. This
_ channel is.defective in cystic fibrosis, a lethal. genetic disorder
o PKA also controls the expression —of- various genes by phosphorylatlng a
transcriptional factor called as cAMP- response element binding protem .
(iii) Compartmentation:

Different forms of the same enzyme (lsozymes) may. be located in drfferent partsof the : - . :

cell e.g. cytosol/mitochondria, or different organs, heart/muscle As a general-rule, anabolic

enzymes (synthetic) and catabolic enzymes (breakdown) are active in different cellular ‘

organelles. For example, enzymes involved in the synthesis of fatty acids :are present in
cytosol but enzymes involved in the oxidation of fatty acids are present in mitochondria.
(iv) Enzyme availability:: ' '

The amount of enzyme in a cell depends. on its rate of synthesis (both transcription and
translation) and rate of degradation. These rates are controlled by cells and are subject to
change.

Enzyme synthesis can be induced or repressed. Insulin causes the mductron of varioys

enzymes involved in glucose metabolism viz, glycogen synthetase, glucokinase, pyruvate -

kinase etc. Whereas, pyruvate carboxylase (an enzyme involved in the synthesis of glucose).is
repressed by glucose. .

Chp 13}13.20
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“Each enzyme has a. certain half-h  .Activation enercy provides information -about.rate. of reactlon h|gher i
' example, half-life of amylase is 3 to- 5 hours but of LDH, is 5t0 6 days. It is important to notz en:rgg slower is th; rate. Enfzyme (in general sense a cata\yst) lowers: the aC vat\o ‘éng
) creases the wate of reaction. ' ' A ‘
atmany rate limiting enzymes have short half-hves and thus are rapidly degraded. and thus in : _
_ t(t;) Boe:s;ymey g. i : Thfus, enzymes do not affect the equrhbrrum constant of the reactron but mcrease the '
: . : rate 0 reaction.
Different forms of the same enzyme. helps in the'regulation of activity For details please - 13411 Enzyme-Substrate Complex : : _

" refer previous. section (13.9). Formation of erzyme-siibstrate complex (ES) is the preqursrte for enzym
substrates bind to a spexific region of the enzyme known as active site. -

fe: and half-lives of enzymes'are hlghly variable. For

at‘aly_sis-. The

(vi) Cofactor availabiiity:
Significant alteration. of enzyme activity and’ hence the metabolic pathway can te Zo:lowing are the theeories of ES formation.
" achieved if the concentration of the cofactor is modulated. For example, variation in the - Lock and Key Model
This is also kncwn as the Frschers template theory and. was- proposed rn 1809 by Emrl

concentratlon of carnrtlne, a cofactor; can regulate fatty acid oxidation without affecting
Ithough not a physiological regulation, many \'ltamrn -deficient
»f specific.cofactors..

Fiscner, a German hiochemist,

According to Lock and Key.model, a substrate must: have 2 matchrng shape as that of
active site of enzyme. Specificity of substrate-énzyme- brndrng dependsion:
arrangement of ators in an actrve ‘site (F|g 13, 14) It is' assumed th'

enzyme is rigid.
Thus, substrate fits into an actrve srte Just the way key fits: rnto a proper lock.

e catalysed-reactions-are essential-for life. Many reactrons in the brologrcal

' system will not-oceur at. requrred rates-in the absence of enzymes.
ltis lmportant to -remember that: enzyme is just a catalyst and it does not alter the

eqUIllbrlum of the reaction. In other words. an-enzyme will accelerate bcth forward and
ctor. Thus, enzymes accelerate “he achrevement of

packward reactions by the :same fa : - : o
equrhbnum but-do not:shiftthe posrtron of equilibrium. ~—— Aclivesite T >
., Thereis:a ‘huge ener _‘.-bame edn substrate () and product {P). This energy barrer S
o .; nothmg but the energy .req _for the ahgnment of reactior groups, bond
- featrangements and varigus transfor tional ctianges. For a reaction ta occur, the molecule , ‘ _ oS
" must -overcome:; this; barrier and’ thus-must be raised to-a higher energy level i.e. transition - 1 ES Complex -
m [ u Frg. 13.14 Lock and Key model
_5tate ‘The: difference between: the: nergy fevel of the ground state and transition state is Induced Fit Theory _ ‘ : S .
called as actrvatron energx (See Fig. 1313). . - _ " Also known as Koshland's model; and was: proposed by‘.DanreI E Koshlan Jr. i 1958,
oL Transltlon stale . : - i i ictive site mies takes the:shape th nplementan
~ . . t . . A 71 to the substrate i.e. acrive site is.not-a.rigi iructure: This;progess-of d ognltron?,
called as induced fit. (Fig. 13:15). This:model:suggests: e bi

change:in theﬂactrve-. site aind: cre:

* enzyme induces 2 lozalised structur
s.in.the active: sité of

dimensional arrangement of amino

\' Activationenergy - :
WIthout enzyme ‘ _ tha substrate is not only |mportant for brndrng but als‘

3
=
[T .
- : / “Activation energy conformation of the 2nzyme. ‘
re with enzyme A
o Substrate-
(g ,/\- o
Energy change ( o >
in reacticr. . e
. Enzyme

Fig, 13.15: lnduced fit model 5 |
‘nduced fit model is amore reahsttcmodel’ £ 'complex'fformaﬂon
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" The catalytic mechanisms used by enzymes can be classified as;
() Acid-base catalysis
iy Covalent catalysis
(i) Metal ion catalysis
(iv) Electrostatic catalysis
()  Proximity and orientation effect
(vi) Preferential binding of transition state complex.
@) Acld-base catalysis: : o .
Acid-base plays an important role in the enzyme catalysis. Acid catalysis can be
defined as ‘a process of partial proton transfer from an acid which lowers the free
“energy . of the transition state’. A reaction is said to be base catalysed when reaction
rate is increased by partial proton abstraction by a base.
" Many amino acid residues-have pK's near the physiological pH and hence act as acid

and/or ‘base catalyst e.g. Asp, Glu, His, Cys, Tyr and Lys. Thus, protonated form of

histidine acts as an acid.

RNaseA (a digestive enzyme secreted by pancreas), which hydrolyses RNA to its

component nucleotides, is an exarple of enzymatically mediated acid-base catalysis.
(i) Covalent catalysis:

- In covalent catalysis there is a transient formation of a catalyst-substrate covalent
bond. This is also called as nucleophilic catalysis, because there is an interaction
between nucleophilic group (usually on enzyme) and an electrophilic group (usually on
substrate). :

Decarboxylation of acetoacetate catalysed by primary amines is an example of
covalent catalysis. -
Many co-enzymes viz. thiamine pyrophosphate, pyridoxal phosphate also function

_ along with respective apoenzymes as covalent catalysts.

(i) Metal lon catalysis: :
_Enzymés which require the presence of metal ions for the catalytic activity can be
classified into two groups:’ :
Metalloenzymes: These enzymes contain tightly bound metal ions as cofactors.
eg. Fe?*, Fe®*, Cu®, Zn*" or Mn*".
Metal-activated enzymes: These enzymes contain loosely bound metal ions.
e.g. Na*, K*, Mg?* or Ca*",
Metal ions may help catalytic process either by:
{a) binding to substrate for proper orientation or
“(b) change its own oxidation state thereby carrying out oxidation-reduction reaction
or :
() electrostatically stabilize the charges.
Carbonic anhydrésé contains an essential Zn?* ion and it is considered to play an
important role in the enzymie's catalytic-mechanism. '

' Chp 131323
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(iv) Electrostatic catalysis:
Electrostatic catalysis resembles metal jon catalysis. In many enzymes, charge
distribution helps to guide the polar substrate towards their respective binding sites. The
charge distribution around the active site also helps in stabilizing the tranisition state.

(v) Proximity and orientation effect:
Proximity and orientation means that reactants must come together with the proper
spatial refationship. Enzymes are known to bind with their substrates in proper
orientation. Reaction is catalysed most readily when enzyme and substrates are in
proper relative orientation. For example, in case of Sy? reaction, the incoming
nucleophitic group attacks the target from the direction opposite to that of leaving
group. ' ’

(vi) Preferential binding of transition state complex:
Many enzymes preferentially bind with the transition complex. This increases the
concentration of transition state and thus increases the’reaction rate. Hence, more
tightly the enzyme binds with transition state, greater is the reaction rate. This is because
of the stabilisation of the transition state. In fact, enzymes have a tendency to bind with
transition state with higher affinity than substrates,

Transition state analogues, which are stable molecules and resemble transition state

geometrically and electronically are inhibitors of the enzyme.

ozymes are also known as RNA enzymes or catalytic RNA, Tom Cech (and his student)
first observed that protein-free (enzyme-free) preparation still catalyzed the splicing of an
intron from rRNA of Tetrahymena (a ciliated protozoan).-Later on Thomas Czech and Sidney
Altman won the Nobel prize for chemistry for their discoveries of catalytic RNA. -

Now, it is well recognized that certain RNA molecules can act as enzyme-like catalysts.
Ribozymes can carry out RNA splicing by transesterification .(splicesome) and peptidy!

transfer (in ribosomes). The mechanism of catalysis of the hépatitis delta virus ribozyme, .

includes general acid-base catalysis. _ .

RNase P and self-splicing group I or intron ribozymes are the best characterized
ribozymes. Intron ribozymes catalyse either hydrolysis of nucleotide or phosphate transfer.
RNase P is a ribo-protein i.e. it contains both protein and RNA (M1RNA) RNase P functions
in the processing of tRNA (formation of mature 5'-end). It has been demonstrated that
under appropriate ionic conditions the RNA component alone could carry out the catalytic
reaction and the protein component alone has no catalytic activity. Protein portion. is
needed either to stabilize the RNA or facilitate the function. :

So far naturally occurring substrates for ribozymes have all been nucleic acids, however,
synthetic substrates have been developed. _

~ Ribozymes are considered to be the first catalyst (before the occurrence of proteins) during
evolution. .
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- Assay of various enzyme activities in the serum gives useful information about variety of
disease conditions. _

Alanine aminotransferase (ALT), also known as glutamate-pyruvate transaminase (GPT)
and aspartate aminotransferase (AST), also known as glutamate-oxaloacetate transaminase
(GOT) are valuable diagnostic markers of heart and l.ver damage. Damage to heart such as
myocardial infarction will lead to leakage of these aminotransferases into the blood. Activity
of these enzymes in the blood can be monitored by SGPT and SGOT tests (S for serum).
Other two important enzymes which are leaked in the blood during heart disease are
* creatinine kinase and lactate dehydrogenase. '

Liver degeneration because of disease or toxicity (e.g. toxicity of carbon tetrachloride,
chloro_forni or other solvents.used in the chemical industry) or infection also causes leakage
of GOT and GPT in the blood. ' ' : o

~Measurement of many enzyme activities is useful in the diagnosis of cancers. For
example, urine’ B-glucoronidase in cancers of urinary bladder or pancreas; serum acid
phosphatase in prostate cancer etc.

) £ AL Ll b Ao Lk E@R
Enzymes have various pharmaceutical and clinical applications. The manufacture or
processing of enzymes. for use as drugs is a minor but important facet of modern
. pharmaceutical industry. Attempts to capitalize on the advantages of enzymes as drugs are
.now being made at virtually every pharmaceutical research center in the world. Enzyme as
drug was first.realized because of observation by Emmerich and colleagues in 1902 that an
extracellular secretion of Bacillus pyocyankous was capable of killing anthrax bacilli and of
protecting- mice from lethal innoculum of the anthrax bacterium.
- 1. ‘Streptokinase:
A-non-enzyme protein is produced by some strains of S-hemolytic streptococci with a

- molecular mass of 47-kDa protein. It does not have any intrinsic enzymatic activity.

_ Itforms a 1:1 complex with intrinsic plasminogen. present in the fibrin clot and converts
" it into active plasmin. This causes fibrinolysis a1d dissolution .of clot. Streptokinase is
" mainly used as a thrombolytic agent. The typical.dose is 1.5 million units over one hour.

2. Urokinase:

" Urokinase is obtained from cultured kidney cells. It is a serine protease and contains 411
amino acids. Thrombolytic activity of urokinase is less than streptokinase. The typical
dose is 1.5 million units as IV injection followed by 1.5 million units over one hour.

3. Hyaluronidase: : .

'Hyaluronidase is prepared from mammalian testes. It depolymerizes hyaluronic acid, a
"‘mucopolysaccharide, an essential component of interstitial tissue spaces which
~ determines the permeability of the tissues. Thus, hyaluronidase increases the tissue
"permeability and thus- helps to spread the drug or substance co-administered. Some
__shake-venoms and bee-venoms contain hyaluronidase.

Chp 13{13.25
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(Hyaluronidase is usually used with local anaesthetics to enhance the anaesthesia: In -
radiography, IV administration is avoided by administering intended. substance
intramuscularly along with hyaluronidase. Hyaluronidase is also used in ophthalmic¢
surgical procedures). :

4. Collagenase: _

It is obtained from CL histolyticum. It acts on denatured and undenatured collagen but
not on healthy or newly formed collagen and other proteins. (It is mainly used for
dermal ulcers and severe burns).

5. Papain: - ]
Papain- is a mixture of proteolytic enzymes derivéd from the latex of unripe fruiit of
Carica papaya.

It is used in darification of beverages and as a meat tenderiser. It:is also used:in cheese
manufacturing.

Clinically, it is used as an anti-inflammatory agent. Papain acts by depolymerizing the
soft fibrin deposits in the inflamed areas and also enhances drainage of fluids. It is also
useful in reducing obstetrical inflammation and swelling and has been used in the
edema following dental surgery.

6. Bromelain:

Bromelain is a mixture of proteolytic enzymes derived from the stem of Ananas comosus

(Pineapple plants). )

Clinically, it is used in the treatment of soft tissue inflammation and oedema. Like papain,

bromelain also depolymerizes the soft fibrin deposits in the inflamed areas and also
" enhances drainage of fluids.

7. Trypsin: ‘

Trypsin is obtained from an extract of the ox pancreas. Trypsin has therapeutic
application smilar to streptokinase. An aerosol trypsin can also be used to liquify
excessive bronchial secretions. Combination of trypsin and chymotrypsin {chymoral) has
been successiully used in the treatment of postoperative hand trauma, atheletic injuries -
and sciatica.

8. Pepsin: :
Pepsin is a proteolytic enzyme. It is obtained from the fresh stomach of hog. It is used in-
patients with gastric achylia (a condition characterized by defective acid and pepsin
secretion probably because of stomach carcinoma or pernicious anaeniia). '

9. Seratopeptidase: . )
Seratopeptidase is a proteolytic enzyme derived from the bacteria belonging to genus
Serratia, present in the gut of the silk worm. Given orally, it enters. the systemic
circulation in unchanged form and can penetrate into all the tissues. Unlike -
chymotrypsin, seratopeptidase, being a bacterial enzyme shows rarely the allergic

reactions.
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(a) Resolutton of mﬂammatron

‘(b) Sputum liqunf catlon and lowering vrscosrty of sputum,

@ Enhancement of the antlblotrc effect-due to removal of mflammatory barrier and
lncreasmg antibiotic transfer to infected area.

'10 Brlnase'
Brinase; a plasmln like proteolytic enzyme found in extracts of mold Aspergillus oryzae, is
capable of hydrolyzing fibrin. and -fibrinogen as well as casein and gelatin. Brinase has
demonstrated its, utility:in patlents on chromc hemodralysrs with clotted arteriovenous
cannulas’ by restoring vessel patency

11, Deoxyribonuclease

Deoxynbonuclease, an'. enzyme that ‘degrades nucleic acid, has recently been
investigated “as a mucolytic agent as ‘a-treatment for chronic bronchitis, -Although,
effectlveun producing liquefaction of secretions, it offers no advantage over standard
mucolytrc agents.

12, l.ysozymo '
The enzyme -lysozyme hydrolyzes the chitins and mucopeptides of bacterial cell walls.
Thus, it has been used-as an antibacterial agent usually in combination with standard
" antibiotics.

13. Lysostaphin:
Lvsostaphln ‘has lytic effects on coagulase-positive Staphylococcus aureus and is
presently under extensive studies. Lysostaphin is a protease and it lyses susceptible cells
in-a: hlghly efficient manner ‘possibly by peptrdase like cleavage of the egcoprotem of
the' bactenal wall.

. Currently lysostaphln is~only used topically: for the reduction of staphylococcal carrier

ratevin the-nose and throat and has beeri found to be effective and non-toxic.

In future, lysostaphin may prove to be useful in conditions like endocarditis. Also, as it
has. been found. to be effective against methicillin' resistant strains of S. aureus,
lysostaphin miight prove- useful in' the treatment of methicillin resistant staphylococcal
lnfectldn;, which have started appearing in Europe as well as in the United States

© 14, anolxﬁcenzymes
The oncolytlc enzymes failinto.two major cIasses
Those that degrade.small molecules for which neoplastic tissues have a requirement.
. Those thab degrade macromolecules such as. membrane polysaccharides, structural
and functional. proteins ornucleic acid.
'At.present. tumor-cell:specificity is:observed only-in the former category.
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L-asparaginase is a typical example of oncolytic. enzyme. Certain cancerous -cells .are
deficient in. their ability to synthesize -the non-essential amino- acid . L-asparagine and -
hence are dependent on asparagine : of host:for multiplication, Asparaginase {given
parenterally) reduces asparagine levels in the host.and thus-interferes with the viability
of tumor cells. Unfortunately, only acute Iymphocytlc Ieukaemra -ordinarily responds:to .
chemotherapy with this enzyme.

‘Other amino ‘acid degrading enzymes with' oncolytlc activity in experlmental tumors
include:. L-methionase (effectively dismantles.. L-methionine to yield methanethiol,
ammonia and ‘a.keto butyric acid), L-phenylalamne ammonialyase ‘(deaminates both .
L-phenylalanine and L-tyrosine -yielding traris-cinnamic -and - trans-coumaric ‘acids,
respectively), L-arginase, L-tyrosinase, L-serine dehydratase, L-threonine deaminase and’
“indoyl-3-alkane hydroxylase which dégrades L-tryptophan.

Diphtheria toxin, a different type of oncolytic.enzyme (it is still in-the experlmental stage)
catalyzes 'the transfer of adenosine - diphosphate ribose - (ADP-ribose) moiety- of
nicotinamide adenine dinucleotide.

Among the oncolytic enzymes -that degrade macromolecules, neuraminidase and
ribonuclease are the most prominent examples Although, currently thls approach has
been studied mainly in experimental trials, _
Neuraminidase removes sialic acid residues from the surface. of cancer cells.and thus
altering the |mmunogenucrty and hence renderlng the cancer cells sensitive to immune
response.

Ribonucleases has shown activity against experlmental tumors in mice, But the major
problem is to transport these molecules into the cytoplasm as their substrate (RNA) is-in
cytoplasm. B
The carboxypeptldases have also. been lnvestlgated as. oncolytrc enzymes, These.-
enzymes cleave the carboxy-termlnal residue; of many peptides and are capable of:
hydrolyzing the L-glutamy! moiety of fohcacrd _'hus, they produce a state of folic acid -
- deficiency whrch is deleterious to the tumo :

Restriction enzymes are DNA-cuttlng AZyIY
and are harvested from them for usein molecular ‘biology: and brotechnology These: :
enzymes cut within the molecule and hence are-also.called as restriction endonucleases. =

H.O. Smith, KW. Wilcox and T.J. Kelley, worklng at Johns- Hopkrns University .in. 1968,
isolated and .characterized the first restriction nuclease whose‘functioning depended on a .
specific DNA nucleotide sequence. - This -enzyme, .called Hindl, was -isolated, from:
Haemophilus influenzae, and it always cuts DNA molecules ata partlcular point within a
specific sequence of six base pairs. This sequence is:

5'G T (pyrimidine: T or C) (purine: A or:G) AC 3"

3' C A (purine: A or G) (pyrimidine: Tor () TG 5"

They found that the HindI enzyme aiways cut dlrectly in‘the- center of this sequence
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: New more than 900 restrlctron enzymes have been isolated from over230 strains of
. bactena since the: initial discovery-of HindIL. The name of these restriction enzymes reflezts
thelr ‘origin. The: first letter of the name comes 1 from the: genus.and ‘the: seéond two lettars
tic cell- from which they were |>olated ‘For-example,
EcoRl comes from Escherichia-coli RY 3"bactena ‘Numbers following the name indicate the
. order in which the enzymes were: rsolated from single strains of bacteria. Few example, of

f restnctron ehzymes are as follows '

Enzyme Organlsm from whnch enzyme . Target sequence
‘was isolated (* Indicates the site of
. : - cutting) _
BamHl Bacrllus amyloltquefaaens 5'G*GATCC3
EcoRI ) ,I.-'schenchra coli RY13 _ 5"G*AATTC 3
HlndIlI ' ' Haemophrlus tnﬂuenzae Rd 5A*AGCTT3
) _Kpnl . Klebsiella pn_eumomae_ 55GGTAC*C 3
pstt | Providencia stuarti 5 CTGCA®G 3
Smal : »S‘ermtia marceﬁcens 5 CCC*GGG 3

_ Restrrctlon enzymes- cut the DNA, which can-then be ligated to othier DNA molectle,

" thus formmg recombinant DNA. Recombinant DNA is the foundation of biotechnology
- industry. This technology has rmmensely heIped us to study genetics but at the same time
has produced various proteins for the human therapy e.g. human insulin for dlabetns,

: human factoerII for hemophllra Aetc. :

' T . QUESTIONS _

. Explam i detall classlflcatron of enzymes accordmg to IUB and nomenclature

., Give.an account of various models descnbmg mechanlsm of enzyme aC‘tlon '

X -'erte a note on: the. effect of subv trate concentration on the activity of erzymes ’

IS N4M.F

mdrvrdual factor, -
Define inhibitor and ‘inhibition. Descrlbe in.detail reversible inhibition,
. Explam the rrreversrble mhlbltro ‘with proper examples,
© Give the salient features of allosterrc inhibition.
Define isoenzymes, state the characterrstlcs and significance of isoenzymes in
biochemistry. v
9. - Explain in detail clinical srgmf cance of various isoenzymes.
10 Descnbe the lmpor:tance of feedback regulatron in blorhemlstry

o .\lﬂsﬁ [
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: Enz'ymes?and Co-enzym" ymies
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Enlrst the dlfferent factors affectlng activity of enzyme. Add a note on the role of

11 Define coenzvmes, How-do they differ from cofactors? DISCUSS the: rble of vitamins -

anc non-vitamin co-enzymes in brochemrcal reactions. -
12. Prepare a note on the mechamsmof _envzyme}.agtlon.
13. Write short noteson: '

(a) Ribozymes

(b) Catalytic mzchanisms

(¢) Fharmaceutical importance ofvenzymesv.

(€) Restriction enzymes.
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a-oxidation of fatty acids, 8.9
p-oxidation of unsaturated fatty acid, 8.8
p-_qxidation pathway, 8.6 -
A-Cystinuria, 9.16
Alanine pyruvate shuttle, 9.37
Alanine, 9.36
Abinism, 9.34 .
- Kikdptonuria, 9.35
Allosteric enzymes regulation, 13.17
Amino acid biosynthesis, 9.40
Amino acid degradation, 9.11
Amino acid metabolism, 9.5
Amino acids, 2.1
Amino sugars, 1.7
. Ammonia metabolism, 9.6
Antlketogenic substances, 8.13
Arginine, 9.26
Arginosuccinase, 9.9
Aspargine, 9.35
. Aspartate, 9.35
Atherosclerosis, 8,31
Atherosclerosis, 8.31
ATP cycle, 7.20
ATP synthesis, 7.14
Atractyloside, 7.16
Biochemical functions of coenzymes, 13.4
giochemical functions of essential fatty
acids, 3.6
piochemical role of carbohydrates, 1.1
gioenergetics, 4.1
piological oxidation, 7.1
Biological role of carbohydrates, 1.1
giological role of lipids, 3.1
. Biological role of proteins, 2.8

«

giological significance of cholesterol, 8.27

 giological significances of ATP, 4,10
 giosynthesis of catecholamines, 9.30

Biosynthesis of cholesterol, 8.22
Biosynthesis of melanin, 9.31
Biosynthesis of nucleotides, 10.2
Biosynthesis of phospholipids, 8.36

Biosynthesis of pyrimidine nucleotides,

107

Carbohydrate classmcatlon 12
Carbohydrate metabolism, 5.1
Catabolism of cholesterol, 8.28
Catabolism of heme, 9.41

Catabolism of phenylalanine, 9.29
Catabolism of phospholipids, 8.37
Catabolism of purine nucleotides, 10.7
Catalytic mechanisms, 13.23
Chemiosmotic coupling hypothesis, 7.12

. Chemistry of carbohydrates, 1.1

Chemistry of lipids, 3.1
Cholesterol metabolism, 8.22
Cholesterol, 3.16

Chromosome, 11.5

Citric acid cycle, 5.7

Citric acid cycle, 5.7
Classification of amino acids, 2.2
Classification of lipids, 3.2

_ Classification of lipids, 3.2

Classification of proteins, 2.9

- Coenzyme Q, 7.10

Coenzymes and Cofactors, 13.4
Coenzymes, 13.4
Concept of free energy, 4.1

- Cori's cycle or Lactic acid cycle, 5. 12

Coupling of reaction, 4.5

Cyclic AMP, 4.12

Cystine and cysteine, 9.14

Cystinosis, 9.15

]l?e novo synthesis of purine nucleotides
01 ‘

De novo Synthesis,

Ll

Deaminationz9.4
Decarboxylation, 9.5
Dehydrogenation, 9.22

" Deoxy sugars, 1.8

Diabetes Mellitus, 6.1
Diagnostic applications of enzymes, 13.25
Diagnostic apphca‘uons of iscenzymes,
13.25
Dietary lipids, 8.1, 8 19
Disaccharides, 1.11
Disorders of lipid metabolism, 8. 31.
DNA mutation and repair, 11. 13
DNA polymerases, 11.11
DNA replication, 11.7
DNA structure, 11.3
Dopamine, 9.6
Electron carriers of respiratory chain, 7.8
Electron transport chain, 7.3
Endergonic reactions, 4.1 |
Energetics of B-oxidation, 8.7
Energetics of oxidative phosphorylatlon,
7.7
Energetics of TCA cycle, 5.9
Energy rich ‘compounds, 4.8
Energy-rich compounds, 7.17
Energy yield from glycolysis, 5.5
Enthalpy, 4.4
Entropy, 4.5
Enzyme inhibition, 13.10
Enzyme kinetics, 13.7
gEnzyme kinetics, 13.7
Enzyme regulation, 13.17
Enzyme units, 13.9
Enzymes in diagnosis, 13.25
Enzymes of -pharmaceutical and
therapeutic importance, 13.25

Enzymes of therapeutic importance, 13.25

Enzymes, 13.1

Essential fatty acids, 3.5

Exergonic reactions, 4.1

Factors affecting catalytic-activity, 135

Famifial hypercholesterolemia, 8.31
Fatty acid biosynthesis, 8.13
Fatty-acid desaturation, 8.19

Fatty acids, 3.3

Fatty liver, 8.31

Flavoproteins,. 7.9 -

Flow chart of urea cycle, 8.9
Functions of TCA cycle, 5.9
Gene.expression, 11,17

Genetic code, 12.11

Genetic code, 12.11

Genetic information transfer,
Genetic mapping, 11.18"
Gluconeogenesis, 5.10
Glucose-6-Phosphate Dehydrogenase
Deficiency, 5.17

Glutamate, 9.27

Glutamine, 9.28

Glycine, 9.38

Glycogenolysis, 5.18

. Glycolipid metabolism, 8.38 .

Glycoproteins, 1.17
Glycosides, 1.7

- Glycosuria, 6.13

Gout disease, 10.9

Hartnup's disease, 9.21

Helicases, 11.12
Heteropolysaccharides, 1.15

High energy compounds, 7.17
Histidine, 9.24

HMP shunt, 5.18

Homocystinuria, 9.16

Hormonal regulation of lipolysis, 8.3
Hormonal regulation of lipolysis; 8.3
Hybridization techniques, 11.20
Hyperammoemia, 9.7
Hyperbilirubinemia, 9.43
Hyperuricemia, 10.8
Hypocholesterolemia, 831
Hypoglycemia, 6.13-

Inborn errors of metabolism, 9.10
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Inborn -~ errors . -of + oxidative
phosphorylation, 7.21
Inhibition of oxidative phosphorylation,
715 ’
Inhibition of translation, 12.2
Inhibitors of TCA ¢ycle, 5.10
Insulin, 6.13
lonic form of amino acids, 2.2
Ionophores, 7.16
Isoenzymes, 13.14
Isoenzymes, 13,14
Isomerism in monosaccharides, 1.3
IUB classification of enzymes, 13.2
Jaundice, 9.43
Journey of acetyl Co, 8.14
“Ketoacidosis, 8.13
Ketogenesis, 8.11
Ketogenic substances, 8,13
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