Riochemistry

U. Satyanarayana
uU. Ch g_l__(_-.r-gpani




Hiochemistry

Dr. U. Satyanarayana
MSc.. Ph.D, FLC., FACB.

Professor of Biochemistry
Siddhartha Medical College
(NTR University of Health Sciences)
Vijayawada, A.P., India

Dr. U. Chakrapani

M.B.B.S., M.S.

BOOIKS AND ALLIED (P) Ltd.

No.1-E(1) “SauBHAM PLAzZA” (1st Floor)
83/1, BELIAGHATA MAIN RoaDp, KoLkaTAa 700010 (INDIA)

Tl 1 (491-33)6535-3844, 2241-8573 o Fax : (033)2358-2127
e-mail : books@cal.vsnl.net.in



Biochemistry

First Published : March 1999

Reprinted : 1999

Revised Reprint : August 2000

Reprinted : 2000, 2001, 2002

Second Revised Edition : June 2002
Reprinted : 2003

Revised Reprint : 2004

Revised Reprint : 2005

Third Revised Edition (multicolour) : 2006
Revised Reprint : 2007

© Copyright reserved by Dr. U. Salyanarayana.
Publishing rights and Printing rights reserved by the Publisher.
Marketing rights, Distributing rights & Selling rights reserved by the Publisher.

All rights reserved. No part of this publication may be reproduced or transmitted in any form or
by any means, electronic, mechanical, photo-copying, recording or any information storage
and retrieval system, without the prior wtitten permission of the Publisher.

Exclusive rights reserved by the Publisher for publishing, printing, sale, marketing, distribution,
export and translation of this book for all editions and reprints thereof.

Cover Design

Depicts the universal energy currency of the living world—ATP, predominantly
synthesized by the mitochondria of the cell (the functional unit of life), in
comparison with the international currencies—$, £, €, Rs, ¥

Publisher : Arunabha Sen
BOOKS AND ALLIED (P) Lb.
8/1 Chintamoni Das Lane, Kolkata 700009

Typesetter : BOOKS AND ALLIED (P) Lvp.
8/1 Chintamoni Das Lane, Kolkata 700009
Printer : SWAPNA PRINTING WORKS (P) L.

52 Raja Rammohan Roy Sarani, Kolkata 700009

Project Supervisor : Shyamal Bhattacharya

ISBN Bi-8743L-80-1

Price : Rs.575.00 (Rupees Five hundred and Seventy-five) only
US $12.00 only

Authors Sponsored & Supported by :

UPPALA AUTHOR-PUBLISHER INTERLINKS
D.No. : 48-16-10, Nagarjuna Nagar, Mahanadu Road, Vijayawada-520008 (A.P}




Preface to the Third Edition

The response to the first and the second editions of my book ‘Biochemistry’ (reprinted several times in
just 6 years) from the students and teachers is simply overwhelming. I was flooded with highly appreciative
letters from all corners of India and abroad! This gives me immense satisfaction and encouragement in this
academic venture.

I have corresponded with many biochemistry teachers, inviting their comments and opinions for further
improving the book. Most of them have been kind encugh to offer constructive suggestions. I also visited
several colleges and had personal interaction with faculty members and students. These exercises, spread over
the past 6 years, have helped me to get direct feedback on my book, besides realising the additional
requirements of students.

I have great pleasure in presenting the third edition of my book with several unique/novel features, some
high-lights of which are listed below.

« A thorough revision and updating of each chapter with latest advances.

« Multicoloured illustrations for a better understanding of chemical structures and biochemical reactions.

 Increase in the font size of the text for more pleasant and comfortable reading.

« Incorporation of a new Section on Molecular Biology and Biotechnology.

» Addition of ten new chapters—human genome project, gene therapy, bioinformatics, free radicals and
antioxidants, tissue proteins and body fluids, environmental biochemistry, genetics, immunology etc.

+ An improved orientation and treatment of human biochemistry in health and disease.

« Addition of practical biochemistry and clinical biochemistry laboratory in the appendix.

It is true that I represent a selected group of individuals authoring books, having some time at disposal,
besides hard work, determination and dedication. I consider myself an eternal learner and a regular student
of biochemistry. However, it is beyond my capability to keep track of the evergrowing advances in biochemistry
due to the exponential growth of the subject. And this makes me nervous, whenever I think of revising the
book. T honestly admit that I have to depend on mature readers for subsequent editions of this book.

AN INVITATION TO READERS

It is not all the time possible for me to meet the readers individually and get their feedback, despite my
fervent wish. Of course, I do write to some people personally seeking their opinions. However, I wish to have
the comments and suggestions of each one of the readers of my book. I sincerely invite the readers to feel free
and write to me expressing their frank opinions, critical comments and constructive suggestions.

Dr. U. SATYANARAYANA
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Scope of Biochemistry

The term Biochemistry was introduced by Carl Neuberg in 1903. Biochemistry broadly deals with the
chemistry of life and living processes. There is no exaggeration in the statement, ‘The scope of biochemistry
is as vast as life itself I Every aspect of life-birth, growth, reproduction, aging and death, involves biochemistry.
For that matter, every movement of life is packed with hundreds of biochemical reactions. Biochemistry is the
most rapidly developing and most innovative subject in medicine. This becomes evident from the fact that over
the years, the major share of Nobel Prizes earmarked for Medicine and Physiology has gone to researchers
engaged in biochemistry.

The discipline of biochemistry serves as a torch light to trace the intricate complexicities of biology,
besides unravelling the chemical mysteries of life. Biochemical research has amply demonstrated that all living
things are closely related at the molecular level. Thus biochemistry is the subject of unity in the diversified
living kingdom.

Advances in biochemistry have tremendous impact on human welfare, and have largely benefited mankind
and their living styles. These include the application of biochemistry in the laboratory for the diagnosis of
diseases, the products (insulin, interferon, growth hormone etc.) obtained from genetic engineering, and the
possible use of gene therapy in the near future.

Organization of the Book

This textbook, comprising 43 chapters, is organized into seven seclions in the heirarchical order of
learning biochemistry.

» Section I deals with the chemical constituents of life—carbohydrates, lipids, proteins and amino acids,
nucleic acids and enzymes.

« Section II physiological chemistry includes digestion and absorption, plasma proteins, hemoglobin and
prophyrins, and biological oxidation.

o Section III incorporates all the metabolisms (carbohydrates, lipids, amino acids, nucleotides, minerals)

» Section IV covers hormones, organ function tests, water, electrolyte and acid-base balance, tissue proteins
and body fluids, and nutrition.

o Section V is exclusively devoted to molecular biclogy and biotechnology (DNA-replication, recombination,
and repair, transcription and translation, regulation of gene expression, recombinant DNA and biotechnology)

o Section VI gives relevant information on current topics such as human genome project, gene therapy,
bioinformatics, prostaglandins, diabetes, cancer, AIDS etc.

o Section VII deals with the basic aspects for learning and understanding biochemistry (bioorganic
chemistry, biophysical chemistry, tools of biochemistry, genetics, immunology).

Each chapter in this book is carefully crafted with colour illustrations, headings and subheadings to
facilitate quick understanding. The important applications of biochemistry to human health and disease are put
together as biomedical/clinical concepts. Icons are used at appropriate places to serve as ‘landmarks’.

The origins of biochemical words, confusables in biochemistry, practical biochemistry and clinical
biochemistry laboratory, given in the appendix are novel features.

The book is so organized as to equip the readers with a comprehensive knowledge of biochemistry.

[w]
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Biomolecules and the Cell

he living matter is composed of mainly six

elements—carbon,  hydrogen,  oxygen,
nitrogen, phosphorus and sulfur. These elements
together constitute about 90% of the dry weight
of the human body. Several other functionally
important elements are also found in the cells.
These include Ca, K, Na, Cl, Mg, Fe, Cu, Co, |,
Zn, F, Mo and Se.

Carbon—a unique element of life

Carbon is the most predominant and versatile
element of life. It possesses a unique property to
form infinite number of compounds. This is
attributed to the ability of carbon to form stable
covalent bonds and C—C chains of unlimited
length. It is estimated that about 90% of
compounds found in living system invariably
contain carbon.

Chemical molecules of life

Life is composed of lifeless chemical
molecules. A single cell of the bacterium,
Escherichia coli contains about 6,000 different

 The cell speaks :
L am ihe unit of: &f_é)_bgic#f ACHVIT
Organized into subcellulay ovganelles;
Assigned 1o each ave specific duties;
Thus, I truly represent life!”

organic compounds. It is believed that man may
contain about 100,000 different types of
molecules although only a few of them have
been characterized.

Compiex biomolecules

The organic compounds such as amino acids,
nucleotides and monosaccharides serve as the
monomeric units or building blocks of complex
biomolecules—proteins, nucleic acids (DNA and
RNA) and polysaccharides, respectively. The
important biomolecules (macromolecules) with
their respective building blocks and major
functions are given in Table 1.1. As regards
lipids, it may be noted that they are not
biopolymers in a strict sense, but majority of
them contain fatty acids.

Structural heirarchy of an organisin

The macromolecules (proteins, lipids, nucleic
acids and polysaccharides) form supramolecular
assemblies (e.g. membranes) which in turn
organize into organelles, cells, tissues, organs
and finally the whole organism.
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Biomolecule Building Major functions
(repeating unit)
1. Protein Amino acids Fundamental basis of structure and
function of cell (static and dynamic functions).
e Deoxyribonucleic acid (DNA) Deoxyribonucleotides Repository of hereditary information.
3. Ribonucleic acid (RNA) Ribonucleotides Essentially required for protein biosynthesis.

4. Polysaccharide (glycogen)

Monosaccharides (glucose)

Storage form of energy to meet short term
demands.

5. Lipid Fatty acids, glycerol

Storage form of energy to meet long term
demands; structural components of membranes.

Chemicai composition of man

The chemical composition of a normal man,
weighing 65 kg, is given in Table 1.2. Water is
the solvent of life and contributes to more than
60% of the weight. This is followed by protein
(mostly in muscle) and lipid (mostly in adipose
tissue). The carbohydrate content is rather low
which is in the form of glycogen.

The cell is the structural and functional unit
of life. It may be also regarded as the basic unit
of biological activity.

The concept of cell originated from the
contributions of Schleiden and Schwann (1838).
However, it was only after 1940, the

complexities of cell structure were exposed.

Tasie 1.2 Chemical composition of a

=

Citsant Aol

Constituent Percent (%)  Weight (kg)
Water 61.6 40
Protein 17.0 11
Lipid 13.8 9
Carbohydrate 1.5 1
Minerals 6.1 4

Prokaryotic and eukaryotic cells

The cells of the living kingdom may be
divided into two categories

1. Prokaryotes (Greek : pro — before; karyon —
nucleus) lack a well defined nucleus and possess
relatively simple structure. These include the
various bacteria.

2. Eukaryotes (Greek : eu —true; karyon —
nucleus) possess a well defined nucleus and are
more complex in their structure and function.
The higher organisms (animals and plants) are
composed of eukaryotic cells.

A comparison of the characteristics between
prokaryotes and eukaryotes is listed in Table 1.3.

The human body is composed of about 1014
cells. There are about 250 types of specialized
celts iin"the human bodye.g. erythrocytes,
nerve cells, muscle cells, B cells of pancreas.
An eukaryotic cell is generally 10 to 100 pum

in diameter. A diagrammatic representation
of a typical rat liver cell is depicted in
Fig.1.1.

The plant cell differs from an animal cell by
possessing a rigid cell wall (mostly composed of
cellulose) and chloroplasts. The latter are the
sites of photosynthesis.
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Prokaryotic cell

Eukaryotic cell

Characteristic
1. Size Small (generally 1-10pum) | Large (generally 10-100 um)
_________ gell membrane Cell is enveloped by a rigiq__!:_:_ell wall Cellis envgl_g;_)_gd bya flel)_(_i_l?]_el plasma mg_r_r_l_l_)_r_e_a_r_je

3. Sub-cellular Absent Distinct organelles are found

organelles (e.g. mitochondria, nucleus, lysosomes)
4, Nucleus Not well defined; DNA is found Nucleus is well defined, surrounded by a

as nucleoid, histones are absent membrane; DNA is associated with histones

5. Energy metabolism Mitochondria absent, enzymes of Enzymes of energy metabolism are located

energy metabolism bound to
membrane

in mitochondria

Cell division

. Cytoplasm

Usually fission and no mitosis

Organelles and cytoskeleton
absent

Mitosis

Contains organelles and cytoskeleton
{a network of tubules and filaments)

The cell consists of well defined subcellular
organelles, enveloped by a plasma membrane.
By differential  centrifugation of tissue
homogenate, it is possible to isolate each
cellular organelle in a relatively pure form
(Refer Chapter 41). The distribution of major
enzymes and metabolic pathways in different
cellular organelles is given in the chapter
on enzymes (Refer Fig.6.6). The subcellular
organelles are briefly described in the following

pages.

Nucleus

Nucleus is the largest cellular organelle,
surrounded by a double membrane nuclear
envelope. The outer membrane is continuous
with the membranes of endoplasmic reticulum.
At certain intervals, the two nuclear membranes
have nuclear pores with a diameter of about 90
nm. These pores permit the free passage of the
products synthesized in the nucleus into the
surrounding cytoplasm.

Rough endoplasmic reticulum

Golgi apparatus

Lysosome

Mitochondrion

Plasma membrane
Vacuole

Ribosomes

Nucleus

Nucleolus
Smooth endoplasmic reticulum

Peroxisome

Cytoskeleton
Cytosol

Coated pits

Fig. 1.1 : Diagrammatic representation of a rat liver cell.
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Nucleus contains DNA, the repository of
genetic  information. Eukaryotic DNA s
associated with basic protein (histones) in the
ratio of 1 : 1, to form nucleosomes. An assembly
of nucleosomes constitutes chromatin fibres of
chromosomes (Greek: chroma — colour; soma —
body). Thus, a single human chromosome is
composed of about a million nucleosomes. The
number of chromosomes is a characteristic
feature of the species. Humans have 46
chromosomes, compactly packed in the nucleus.

The nucleus of the eukaryotic cell contains a
dense body known as nucleolus. It is rich in
RNA, particularly the ribosomal RNA which
enters the cytosol through nuclear pores.

The ground material of the nucleus is often
referred to as nucleoplasm. It is rich in enzymes
such as DNA polymerases and RNA
polymerases. To the surprise of biochemists, the
enzymes of glycolysis, citric acid cycle and
hexose monophosphate shunt have also been
detected in the nucleoplasm.

The mitochondria (Greek: mitos — thread;
chondros — granule) are the centres for the
cellular respiration and energy metabolism. They
are regarded as the power houses of the cell
with variable size and shape. Mitochondria are
rod-like or filamentous bodies, usually with
dimensions of 1.0 x 3 um. About 2,000
mitochondria, occupying about 1/5th of the total
cell volume, are present in a typical cell.

The mitochondria are composed of a double
membrane system. The outer membrane is
smooth and completely envelops the organelle.
The inner membrane is folded to form cristae
(Latin — crests) which occupy a larger surface
area. The internal chamber of mitochondria is
referred to as matrix or mitosol.

The components of electron transport chain
and oxidative phosphorylation (flavoprotein,
cytochromes b, ¢;, ¢, a and a3 and coupling
factors) are buried in the inner mitochondrial
membrane. The matrix contains several enzymes
concerned with the energy metabolism of
carbohydrates, lipids and amino acids (e.g., citric

acid cycle, B-oxidation). The matrix enzymes
also participate in the synthesis of heme and
urea. Mitochondria are the principal producers
of ATP in the aerobic cells. ATP, the energy
currency, generated in mitochondria is exported
to all parts of the cell to provide energy for the
cellular work.

The mitochondrial matrix contains a circular
double stranded DNA (mtDNA), RNA and
ribosomes. Thus, the mitochondria are equipped
with an independent protein synthesizing
machinery. It is estimated that about 10% of the
mitochondrial proteins are produced in the
mitochondria.

The structure and functions of mitochondria
closely resemble prokaryotic cells. 1t is
hypothesized that mitochondria have evolved
from aerobic bacteria. Further, it is believed that
during evolution, the aerobic bacteria developed
a symbiotic relationship with primordial
anaerobic eukaryotic cells that ultimately led to
the arrival of aerobic eukaryotes.

Endoplasmic reticulum

The network of membrane enclosed spaces
that extends throughout the cytoplasm
constitutes endoplasmic reticulum (ER). Some of
these thread-like structures extend from the
nuclear pores to the plasma membrane.

A large portion of the ER is studded with
ribosomes to give a granular appearance which
is referred to as rough endoplasmic reticulum.
Ribosomes are the factories of protein
biosynthesis. During the process of cell
fractionation, rough ER is disrupted to form small
vesicles known as microsomes. It may be noted
that microsomes as such do not occur in the
cell.

The smooth endoplasmic reticulum does not
contain ribosomes. It is involved in the synthesis
of lipids (triacylglycerols, phospholipids, sterols)
and metabolism of drugs, besides supplying Ca2*
for the cellular functions.

Golgi apparatus

Eukaryotic cells contain a unique cluster of
membrane vesicles known as dictyosomes
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which, in turn, constitute Golgi apparatus (or
Golgi complex). The newly synthesized proteins
are handed over to the Golgi apparatus which
catalyse the addition of carbohydrates, lipids or
sulfate moieties to the proteins. These chemical
medifications are necessary for the transport of
proteins across the plasma membrane.

Certain proteins and enzymes are enclosed in
membrane vesicles of Golgi apparatus and
secreted from the cell after the appropriate
signals. The digestive enzymes of pancreas are
produced in this fashion.

Golgi apparatus are also involved in the
membrane synthesis, particularly for the
formation of intracellular organelles (e.g.
peroxisomes, lysosomes).

Lysosomes

Lysosomes are spherical vesicles enveloped
by a single membrane. Lysosomes are regarded
as the digestive tract of the cell, since they are
actively involved in digestion of cellular
substances—namely proteins, lipids, carbo-
hydrates and nucleic acids. Lysosomal enzymes
are categorized as hydrolases. These include the
following enzymes (with substrate in brackets)

o-Glucosidase (glycogen)
Cathepsins (proteins)
Lipases (lipids)
Ribonucleases (RNA)

The pH of the lysosomal matrix is more acidic
(pH <5) than the cytosol (pH~7) and this
facilitates the degradation of different compounds.
The lysosomal enzymes are responsible for
maintaining the cellular compounds in a dynamic
state, by their degradation and recycling. The
degraded products leave the lysosomes, usually
by diffusion, for reutilization by the cell.
Sometimes, however, certain residual products,
rich in lipids and proteins, collectively known as
lipofuscin accumulate in the cell. Lipofuscin is
the age pigment or wear and tear pigment which
has been implicated in ageing process.

The digestive enzymes of cellular compounds
are confined to the lysosomes in the best interest
of the cell. Escape of these enzymes into cytosol
will destroy the functional macromolecules of the
cell and result in many complications. The
occurrence of several diseases (e.g. arthritis,
muscle diseases, allergic disorders) has been partly
attributed to the release of lysosomal enzymes.

Peroxisomes, also known as microbodies, are
single membrane cellular organelles. They are
spherical or oval in shape and contain the
enzyme catalase. Catalase protects the cell from
the toxic effects of H,O, by converting it to H,O
and O,. Peroxisomes are also involved in the
oxidation of long chain fatty acids (> C,s), and
synthesis of plasmalogens and glycolipids. Plants
contain glyexysomes, a specialized type of

¥

BIOMEDICAL / CLINICAL CONCEPTS

= A living cell is a true representative of life with its own organization and specialized

functions.

£ Accumulation of lipofuscin, a pigment rich in lipids and proteins, in the cell has been

implicated in ageing process.

== [eakage of lysosomal enzymes into the cell degrades several functional macromolecules

and this may lead to certain disorders (e.g. arthritis).

v Zellweger syndrome is a rare disease characterized by the absence of functional

peroxisomes.
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peroxisomes, which involved in the

glyoxylate pathway.

are

Peroxisome biogenesis disorders (PBDs), are
a group of rare diseases involving the enzyme
activities of peroxisomes. The biochemical
abnormalities associated with PBDs include
increased levels of very long chain fatty acids
(Cy4 and Cyg) and decreased concentrations of
plasmalogens. The most severe form of PBDs is
Zellweger syndrome, a condition characterized
by the absence of functional peroxisomes. The
victims of this disease may die within one year
after birth.

Cytosol and cytoskeleton

The cellular matrix is collectively referred to
as cytosol. Cytosol is basically a compartment
containing several enzymes, metabolites and
salts in an aqueous gel like medium. More recent
studies however, indicate that the cytoplasm
actually contains a complex network of protein
filaments, spread throughout, that constitutes
cytoskeleton. The cytoplasmic filaments are of

three types — microtubules, actin filaments and
intermediate filaments. The filaments which are
polymers of proteins are responsible for the
structure, shape and organization of the cell.

INTEGRATION OF
CELLULAR FUNCTIONS

The eukaryotic cells perform a wide range of
complex reactions/functions to maintain tissues,
and for the ultimate well-being of the whole
organism. For this purpose, the various
intracellular processes and biochemical reactions
are tightly controlled and integrated. Division of
a cell into two daughter cells is good example of
the orderly occurrence of an integrated series of
cellular reactions.

Apoptosis is the programmed cell death or
cell suicide. This occurs when the cell has
fulfilled its biological functions. Apoptosis may
be regarded as a natural cell death and it differs
from the cell death caused by injury due to
radiation, anoxia etc. Programmed cell death is
a highly regulated process.

SUMMARY

1. Life is composed of lifeless chemical molecules. The complex biomolecules, proteins,
nucleic acids (DNA and RNA), polysaccharides and lipids are formed by the monomeric
units amino acids, nucleotides, monosaccharides and fatty acids, respectively.

2. The cell is the structural and functional unit of life. The eukaryotic cell consists of well
defined subcellular organelles, enveloped in a plasma membrane.

3. The nucleus contains DNA, the repository of genetic information. DNA, in association
with proteins (histones), forms nucleosomes which, in turn, make up the chromosomes.

4. The mitochondria are the centres for energy metabolism. They are the principal producers
of ATP which is exported to all parts of the cell to provide energy for cellular work.

5. Endoplasmic reticulum (ER) is the network of membrane enclosed spaces that extends
throughout the cytoplasm. ER studded with ribosomes, the factories of protein
biosynthesis, is referred to as rough ER. Golgi apparatus are a cluster of membrane
vesicles to which the newly synthesized proteins are handed over for further processing

and export.

6. Lysosomes are the digestive bodies of the cell, actively involved in the degradation of
cellular compounds. Peroxisomes contain the enzyme catalase that protects the cell from
the toxic effects of H,0,. The cellular ground matrix is referred to as cytosol which, in
fact, is composed of a network of protein filaments, the cytoskeleton.

7. The eukaryotic cells perform a wide range of complex functions in a well coordinated and
integrated fashion. Apoptosis is the process of programmed cell death or cell suicide.
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arbohydrates are the most abundant organic

molecules in nature. They are primarily
composed of the elements carbon, hydrogen and
oxygen. The name carbohydrate literally means
‘hydrates of carbon’. Some of the carbohydrates
possess the empirical formula (C.H,0), where
n < 3, satisfying that these carbohydrates are in
fact carbon hydrates. However, there are several
non-carbohydrate compounds (e.g. acetic acid,
CyH40;,; lactic acid, C3HgO3) which also appear
as hydrates of carbon. Further, some of the
genuine carbohydrates (e.g. rhamnohexose,
CeH1,05; deoxyribose, C5H10O,) do not satisfy
the general formula. Hence carbohydrates cannot
be always considered as hydrates of carbon.

Carbohydrates may be defined as
polyhydroxyaldehydes or ketones or compounds
which produce them on hydrolysis. The term
‘sugar’ is applied to carbohydrates soluble in
water and sweet to taste.

Fupnctions of carbohydrates

Carbohydrates participate in a wide range of
functions

The carbohydrates speak :

“We are polybydroxyaldebydes or ketones;
Classified inta mono-, oligo- and polysaccharides;
Held together by g{yz"asi;ﬁf 50&%‘-,‘_-‘

Supply energy and serve as strucrural consvituents.”

1. They are the most abundant dietary source
of energy (4 Cal/g) for all organisms.

2. Carbohydrates are precursors for many
organic compounds (fats, amino acids).

3. Carbohydrates (as glycoproteins and glyco-
lipids) participate in the structure of cell
membrane and cellular functions such as cell
growth, adhesion and fertilization.

4. They are structural components of many
organisms. These include the fiber (cellulose) of
plants, exoskeleton of some insects and the cell
wall of microorganisms.

5. Carbohydrates also serve as the storage
form of energy (glycogen) to meet the immediate
energy demands of the body.

CLASSIFICATION
OF CARBOHYDRATES
Carbohydrates are often referred to as

saccharides (Greek: sakcharon—sugar). They
are broadly classified into three major groups—
monosaccharides, oligosaccharides and
polysaccharides. This categorization is based on
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Monosaccharides (empirical formula) Aldose
Trioses (C3HeO3) Glyceraldehyde Dihydroxyacetone
Tetroses (C4HgOa4) Erythrose Erythrulose
Pentoses (CsH100s) Ribose Ribulose
Hexoses (CeH1206) Glucose Fructose
Heptoses (C7H1407) Glucoheptose Sedoheptulose

the number of sugar units. Mono- and oligo-
saccharides are sweet to taste, crystalline in
character and soluble in water, hence they are
commonly known as sugars.

Monosaccharides

Monosaccharides (Greek : mono-one) are the
simplest group of carbohydrates and are often
referred to as simple sugars. They have the
general formula C,(H,0),, and they cannot be
further hydrolysed. The monosaccharides are
divided into different categories, based on the
functional group and the number of carbon atoms

Aldoses : When the functional
H

|
monosaccharides is an aldehyde (—C=O), they

group in

are known as aldoses e.g. glyceraldehyde,
glucose.

Ketoses : When the functional group is a keto

[N
(—C:O} group, they are referred to as ketoses
e.g. dihydroxyacetone, fructose.

Based on the number of carbon atoms, the
monosaccharides are regarded as trioses (3C),
tetroses (4C), pentoses (5C), hexoses (6C) and
heptoses (7C). These terms along with functional
groups are used while naming monosaccharides.
For instance, glucose is an aldohexose while
fructose is a ketohexose (Table 2.1).

The common monosaccharides and disaccha-
rides of biological importance are given in the
Table 2.2.

Gligosaccharides

Oligosaccharides (Greek: oligo-few) contain
2-10 monosaccharide molecules which are

liberated on hydrolysis. Based on the number of
monosaccharide units present, the oligo-
saccharides are  further subdivided to
disaccharides, trisaccharides etc.

Polysaccharides

Polysacchaﬁes (Greek: poly-many) are poly-
mers of mond®accharide units with high mole-
cular weight (up to a million). They are usually
tasteless (non-sugars) and form colloids with
water. The polysaccharides are of two types -
homopolysaccharides and heteropolysaccharides.

- MONOSACCHARIDES—

STRUCTURAL ASPECTS

Stereoisomerism is an important character of
monosaccharides.  Stereoisomers are  the
compounds that have the same structural
formulae but differ in their spatial configuration.

A carbon is said to be asymmetric when it is
attached to four different atoms or groups. The
number of asymmetric carbon atoms (n)
determines the possible isomers of a given
compound which is equal to 27 Glucose
contains 4 asymmetric carbons, and thus has 16
isomers.

Giyceraldehyde
—ihe reference carbohydrate

Glyceraldehyde (triose) is the simplest mono-
saccharide with one asymmetric carbon atom. It
exists as two stereoisomers and has been chosen
as the reference carbohydrate to represent the
structure of all other carbohydrates.
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ccharides of biological importance
Moneosaccharides Occurrence Biochemical importance
Trioses
Glyceraldehyde Found in cells as phosphate Glyceraldehyde 3-phosphate is an intermediate
in glycolysis
Dihydroxyacetone Found in cells as phosphate Its 1-phosphate is an intermediate in glycolysis
Tetroses
D-Erythrose Widespread Its 4-phosphate is an intermediate in
carbohydrate metabolism
Pentoses
D-Ribose Widespread as a constituent of For the structure of RNA and nucleotide
RNA and nucleotides coenzymes (ATP, NAD*, NADP*)
D-Deoxyribose As a constituent of DNA For the structure of DNA
D-Ribulose Produced during metabolism It is an important metabolite in hexose
monophosphate shunt
D-Xylose As a constituent of glycoproteins Involved in the function of glycoproteins
and gums
L-Xylulose As an intermediate in uronic acid pathway Excreted in urine in essential pentosuria
D-Lyxose Heart muscle As a constituent of lyxoflavin of heart muscle
Hexoses
D-Glucose As a constituent of polysaccharides The ‘sugar fuel’ of life; excreted in uring in
(starch, glycogen, cellulose) and diabetes. Structural unit of cellulose in plants
disaccharides (maltose, lactose,
sucrose). Also found in fruits
D-Galactose As a constituent of lactose Converted to glucose, failure leads to
(milk sugar) galactosemia
D-Mannose Found in plant polysaccharides For the structure of polysaccharides
and animal glycoproteins
D-Fructose Fruits and honey, as a constituent Its phosphates are intermediates of glycolysis
ofsucroseandinun &
Heptoses
D-Sedoheptulose Found in plants {ts 7-phosphate is an intermediate in hexose
monophosphate shunt, and in photosynthesis
Disaccharides Occurrence Biochemical imporiance
Sucrose As a constituent of cane sugar and Most commonly used table sugar supplying
beet sugar, pineapple calories
Lactose Milk sugar Exclusive carbohydrate source to breast fed
infants. Lactase deficiency (lactose intolerance)
leads to diarrhea and flatulence
Maltose Product of starch hydrolysis, An important intermediate in the digestion of

occurs in germinating seeds

starch
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R i
H—C—OH HO—C—H

CH,OH CH,OH

D-Glyceraldehyde L-Glyceraldehyde

H—C|)=O H—C|I=O
H—(lJ—OH HO—-(IJ—H
HO—Clz—-H H—(IJ—OH
H—(|3—OH HO—(I'}—H
H—C—OH HO—C—H

CH,OH CH>OH
D-Glucose L-Glucose

Fig. 2.1 : D-and-L- forms of glucose compared with
D- and L- glyceraldehydes (the reference carbohydrate).

D- and L-isomers

The D and L isomers are mirror images of
each other. The spatial orientation of —H and
—OH groups on the carbon atom (Cs for
glucose) that is adjacent to the terminal primary
alcohol carbon determines whether the sugar is
D- or L-isomer. If the —OH group is on the right
side, the sugar is of D-series, and if on the left
side, it belongs to L-series. The structures of
D- and L-glucose based on the reference mono-
saccharide, D- and L-glyceraldehyde (glycerose)
are depicted in Fig.2.7.

It may be noted that the naturally occurring
monosaccharides in the mammalian tissues are
mostly of D-configuration. The enzyme machinery
of cells is specific to metabolise D-series of
monosaccharides.

In the medical practice, the term dextrose is
used for glucose in solution. This is because of
the dextrorotatory nature of glucose.

Optical activity of sugars

Optical activity is a characteristic feature of
compounds with asymmetric carbon atom.
When a beam of polarized light is passed
through a solution of an optical isomer, it will be
rotated either to the right or left. The term
dextrorotatory (+) and levorotatory (-) are used

to compounds that respectively rotate the plane
of polarized light to the right or to the left.

An optical isomer may be designated as
D(+), D), L(+) and L(-) based on its structural
relation with glyceraldehyde. It may be noted
that the D- and L-configurations of sugars are
primarily based on the structure of
glyceraldehyde, the optical activities however,
may be different.

Racemic mixture : If D- and L-isomers are
present in equal concentration, it is known as
racemic mixture or DL mixture. Racemic mixture
does not exhibit any optical activity, since the
dextro- and levorotatory activities cancel each
other.

Configuraticn of D-aldoses

The configuration of possible D-aldoses
starting from D-glyceraldehyde is depicted in
Fig.2.2. This is a representation of Killiani-
Fischer synthesis, by increasing the chain length
of an aldose, by one carbon at a time. Thus,
starting with an aldotriose (3C), aldotetroses (4C),
aldopentoses (5C) and aldohexoses (6C) are
formed. Of the 8 aldohexoses, glucose, mannose
and galactose are the most familiar. Among
these, D-glucose is the only aldose mono-
saccharide that predominantly occurs in nature.

Configuration of D-ketoses

Starting from dihydroxyacetone (triose), there
are five keto-sugars which are physiologicallv
important. Their structures are given in Fig.2.3.

Epimers

If two monosaccharides differ from eacs
other in their configuration around a single
specific carbon (other than anomeric) atom. t=ex
are referred to as epimers to each other [Fig.2.€
For instance, glucose and galactose are epamers
with regard to carbon 4 (C4-epimersi. Tnzr =
they differ in the arrangement of —OH growc =
C,4. Glucose and mannose are epimes wmT
regard to carbon 2 (C,-epimers).

The interconversion of epimers ez Ziuimse
to galactose and vice versai is wowmT oaw
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(IDHO
HCl)OH

CH,0H

Aldotriose
(3C)

D-Glyceraldehyde

(iIHO CHO
COH
i i L HO i H Aldotetroses
HC|20H H?OH (4C)
CH.0OH CH,0H
D-Erythrose D-Threose
(FHO (IJHO CIDHO CI:HO
HCOH HOCH HCCH HOCH
| I I I Aldopentoses
HQI';OH H(i)OH HO('JH HOCH (5C)
HCIIOH H(|30H HClJOH HC|20H
CH,OH CH,OH CH,OH CH,OH
D-Ribose D-Arabinose D-Xylose D-Lyxose
(|JHO (|3HO (I:HO (IDHO CHO CI.)HO (I:HO (IJHO
H(IJOH HO(|3H HCI:OH HOCIZH HCIJOH HO(l)H H(IJOH HOCH e
o-
HCIEOH H(I':OH HOCIDH HO(T?H H(IJOH HCI:OH HOCIJH HO?H hexoses
HGOH HCOH  HCOH  HCOH HOGH HOCH  HOCH HOCH -
H?OH H(%OH H(;.)OH HCIOH HC|70H H?OH H(IDOH H?OH
CH,OH CH,OH CHs0OH CH,OH CH,OH CH,OH CH,0OH CH,OH
D-Allose D-Altrose D-Glucose D-Mannose D-Gulose D-ldose D-Galactose D-Talose

Fig. 2.2 : The structural relationship between D-aldoses shown in Fischer projection.
(The configuration around C, (red) distinguishes the members of each pair).

epimerization, and a group of enzymes—
namely—epimerases catalyse this reaction.

Enantiomers
Enantiomers are a special type of
stereoisomers that are mirror images of

each other. The two members are designated as
D- and L-sugars. Enantiomers of glucose are
depicted in Fig.2.5.

Majority of the sugars in the higher animals
(including man) are of D-type (Fig.2.5).

The term diastereomers is used to represent
the stereoisomers that are not mirror images of
one another.

STRUCTURE OF GLUCOSE

For a better understanding of glucose
structure, let us consider the formation of
hemiacetals and  hemiketals, respectively

produced when an aldehyde or a ketone reacts
with alcohol.
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CI)HZOH

CIJHZOH CI=O

(IZHZOH (|3H20H CIDZO HO(|3H

('IJ=O (IIIO HOClJH H(?OH

(l)HZOH HOClH HCI30H H(IJOH H(IDOH

(‘3=O HC[)OH HC|)OH H(IZOH H(|JOH
CH,0OH CH,OH CH,OH CH,0OH CH,OH

Dibhydroxyacetone D-Xylulose D-Ribulose D-Fructose D-Sedoheptulose

Fig. 2.3 : Structures of ketoses of physiological importance.

H QR
F‘1—C§ + Ro—OH = Rr—C-—H
OH
Aldehyde Alcohol Hemiacetal

The hydroxyl group of monosaccharides can
react with its own aldehyde or keto functional
group to form hemiacetal and hemiketal. Thus,
the aldehyde group of glucose at C; reacts with
alcohol group at C; to form two types of cyclic
hemiacetals namely a and B, as depicted in
Fig.2.6. The configuration of glucose is
conveniently represented either by Fischer
formulae or by Haworth projection formulae.

Pyranose and furanose structures

Haworth projection formulae are depicted by
a six-membered ring pyranose (based on pyran)
or a five-membered ring furanose (based on
furan). The cyclic forms of glucose are known as

Anomers—mutarotation

The a and B cyclic forms of D-glucose are
known as anomers. They differ from each other
in the configuration only around C; known as
anomeric carbon (hemiacetal carbon). In case of
o anomer, the —OH group held by anomeric
carbon is on the opposite side of the group
—CH,OH of sugar ring. The reverse is true for
B-anomer. The anomers differ in certain physical
and chemical properties.

Mutarotation : The o and B anomers of
glucose have different optical rotations. The
specific optical rotation of a freshly prepared
glucose (a0 anomer) solution in water is +112.2°
which gradually changes and attains an
equilibrium with a constant value of +52.7°. In
the presence of alkali, the decrease in optical
rotation is rapid. The optical rotation of
B-glucose is +18.7°. Mutarotation is defined as

o-D-glucopyranose and  a-D-glucofuranose the change in the specific optical rotation
(Fig.2.7). representing the interconversion of o and B
H-C=0 H-G=0  H-C=0 i H
H-C—OH  H-C-OH HO—C-H B=C RS9
HO-C-H  HO-C-H HO-C-H ol i | :*”’(,3"0'*
HO-C-H H-G-OH  H-G-OH LSl -
H-C-OH  H-C—OH H-C-OH HOmCas 8
CH,OH CHOH  CH,OH RN CEN WL, e
D-Galactose D-Glucose D-Mannose H—CI}" a H_(F_H
OH HO
Fig. 2.4 : Structures of epimers (glucose and galactose L-Glucose D-Glucose

are Cs-epimers while glucose and mannose are
C,-epimers).

Fig. 2.5 : Enantiomers (mirror images) of glucose.
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H. 1 OH ’ HO_1 _H
b H=-C=0 c
H=COH H—C~OH H-C~OH N
(A) HO-G-H O HO—G—H HO-G-H O
H—Clts—OH 1 H—C‘S—OH H_?;OH N
H—(|3 H—(lD—OH H-CI
CH,OH CH,OH CH,0H
a-D-Glucose D-Glucose B-D-Glucose
(+ 112.2°) (aldehyde form) + 18.7°)
CHOH CH,OH CH,0H
Wl °>H Y NG
(B) K B - r\OH I_?__C_H =
HO \J OH HO N\ / HO H
H OH H OH H OH

a-D-Glucopyranose

D-Glucose

p-D-Glucopyranose

(aldehyde form, acyclic)

Fig. 2.6 : Mutarotation of glucose representing o. and p anomers (A) Fischer

projections (B) Haworth projections.

forms of D-glucose to an equilibrium mixture.
Mutarotation depicted in Fig. 2.6, is summarized
below.

0-D-Glucose = Equilibrium mixture == B-D-Glucose
+ 112.2° + 52.7° + 18.7°
20
D

(Specific optical rotation [ar) )

The equilibrium mixture contains  63%
B-anomer and 36% o-anomer of glucose with

OH
o-D-Glucopyranose

OH
o-D-Glucofuranose

Fig. 2.7 : Structure of glucose-pyranose
and furanose forms.

1% open chain form. In aqueous solution, the B
form is more predominant due to its stable
conformation. The o and B forms of glucose are
interconvertible which occurs through a linear
form. The latter, as such, is present in ar
insignificant quantity.

Mutarotation of fructose Frue™
exhibits mutarotation. In case of
pyranose ring (six-membered’
furanose (five-membered).”’

is attained. And frugy

rotation of —92° »*
v a

The cony
to levor
inver”

one

is kn.
anome,
in alkalir.

When gi.
several hours,
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H_1_OH . HO_1 _H
¢ -4 ;i
H-C—OH H—-C—OH =4Ot
(4) HO—C~H 0 HO—C—H HO—-C—H o)
s H—C—OH H-C—OH

5
H—(fs’i H—CZOH H=C
CH,0H CH,OH CHoOH
o-D-Glucose D-Glucose f-D-Glucose
(+ 112.2°) (aldehyde form) (+18.7°)
CH,OH CH,OH
o
H OH
H ]
HO OH H !11
H OH H OH H OH

o-D-Glucopyranose

D-Glucose
(aldehyde form, acyclic)

B-D-Glucopyranose

Fig. 2.6 : Mutarotation of glucose representing o and 8 anomers (A) Fischer projections (B) Haworth projections.

forms of D-glucose to an equilibrium mixture.
Mutarotation depicted in Fig. 2.6, is summarized
below.

0-D-Glucose == Equilibrium mixture == B-D-Glucose
+ 112.2° + 52.7° + 18.7°

(Specific optical rotation [a]zDo)

The equilibrium mixture contains 63%
B-anomer and 36% a-anomer of glucose with

HONSH H/oH

H OH e
o-D-Glucopyranose

OH
o~D-Glucofuranose

Fig. 2.7 : Structure of glucose-pyranose
and furanose forms.

1% open chain form. In aqueous solution, the B
form is more predominant due to its stable
conformation. The o and B forms of glucose are
interconvertible which occurs through a linear
form. The latter, as such, is present in an
insignificant quantity.

Mutarotation of fructose Fructose also
exhibits mutarotation. In case of fructose, the
pyranose ring (six-membered) is converted to
furanose (five-membered) ring, till an equilibrium
is attained. And fructose has a specific optical
rotation of —92° at equilibrium.

The conversion of dextrorotatory (+) sucrose
to levorotatory fructose is explained under
inversion of sucrose (see later in this chapter).

REACTIONS OF MONOSACCHARIDES
Tautomerization or enolization

The process of shifting a hydrogen atom from
one carbon atom to another to produce enediols
is known as tautomerization. Sugars possessing
anomeric carbon atom undergo tautomerization
in alkaline solutions.

When glucose is kept in alkaline solution for
several hours, it undergoes isomerization to form
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'T' Sugar
o cuso;  +
H—(I;:O (l::O H—?:O Enediol
H=-5-g HO—C—H dn Sugar acid
HO—C—H R HO—C—H cu? cu*
I-l-l D-Fructose Il-l l
D-Glucose D-Mannose
2H,0 + CuzO —— 2Cu(OH)
H—C—OH It may be noted that the reducing property of
C—0H sugars cannot help for a specific identification of
HO—(li—H any one sugar, since it is a general reaction.
|
R
Enediol
(common)

Fig. 2.8 : Formation of a common enediol from
glucose, fructose and mannose
(R corresponds 1o the end 3 carbon common structure).

D-fructose and D-mannose. This reaction—
known as the Lobry de Bruyn-von Fkenstein
transformation—results in the formation of a
common intermediate—namely enediol—for all
the three sugars, as depicted in Fig.2.8.

The enediols are highly reactive, hence sugars
in alkaline solution are powerful reducing
agents.

The sugars are classified as reducing or non-
reducing. The reducing property is attributed to
the free aldehyde or keto group of anomeric
carbon.

In the laboratory, many tests are employed to
identify the reducing action of sugars. These
include Benedict’s test, Fehling’s test, Barfoed’s
test etc. The reduction is much more efficient
in the alkaline medium than in the acid
medium.

The enediol forms (explained above) or sugars
reduce cupric ions (Cu2+) of copper sulphate
to cuprous ions (Cu*), which form a yellow
precipitate of cuprous hydroxide or a
red precipitate of cuprous oxide as shown
next.

Depending on the oxidizing agent used, the
terminal aldehyde (or keto) or the terminal
alcohol or both the groups may be oxidized. For
instance, consider glucose :

1. Oxidation of aldehyde group (CHO —
COOH) results in the formation of gluconic acid.

2. Oxidation of terminal alcohol group
(CH,OH —— COQOH) leads to the production of
glucuronic acid.

When treated with reducing agents such as
sodium amalgam, the aldehyde or keto group of
monosaccharide is reduced to corresponding
alcohol, as indicated by the general formula :

The important monosaccharides and their
corresponding alcohols are given below.

D-Sorbitol

D-Dulcitol

D-Mannitol

D-Mannitol + D-Sorbitol
D-Ribitol

D-Glucose —
D-Galactose —
D-Mannose ——
D-Fructose —>
D-Ribose  —

Sorbitol and dulcitol when accumulate in
tissues in large amounts cause strong osmotic
effects leading to swelling of cells, and certain
pathological conditions. e.g. cataract, peripheral
neuropathy, nephropathy. Mannitol is useful to
reduce intracranial tension by forced diuresis.
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H—?=O H—(i‘,=0
H—?—OH (l‘li
HO-(IZ—H Conc. HxSO4 H-{T“, o
H—C!)—OH arko H—(]%
H—-C')—OH (l)
CH,OH CH,OH
D-Glucose Hydroxymethyl furfural
H—(|3=O H—CIJ=O
H—(I)—OH -
H—(]J—OH Conc. H,SO, H—? o
H—C—OH H—-C
CH,oH 3O H—C
D-Ribose Furfural

Fig. 2.9 : Dehydration of monosaccharides
with concentrated H,SO,.

Dehydration

When treated with concentrated sulfuric acid,
monosaccharides undergo dehydration with an
elimination of 3 water molecules. Thus hexoses
give hydroxymethy! furfural while pentoses give
furfural on dehydration (Fig.2.9). These furfurals
can condense with phenolic compounds
{(a-naphthol) to form coloured products. This is
the chemical basis of the popular Molisch test.
In case of oligo- and polysaccharides, they are
first hydrolysed to monosaccharides by acid, and
this is followed by dehydration.

Osazone formation

Phenylhydrazine in acetic acid, when boiled
with reducing sugars, forms osazones in a
reaction summarized in Fig.2.10.

As is evident from the reaction, the first two
carbons (C; and C,) are involved in osazone
formation. The sugars that differ in their
configuration on these two carbons give the
same type of osazones, since the difference is
masked by binding with phenylhydrazine. Thus
glucose, fructose and mannose give the same
type (needle-shaped) osazones.

Reducing disaccharides also give osazones—
maltose sunflower-shaped, and lactose powder-
puff shaped.

Formation of esters

The alcoholic groups of monosaccharides
may be esterified by non-enzymatic or
enzymatic reactions. Esterification of carbo-
hydrate with phosphoric acid is a common
reaction in metabolism. Glucose 6-phosphate
and glucose 1-phosphate are good examples.
ATP donates the phosphate moiety in ester
formation.

[Glycoside bond formation (see below) and
mutarotation (discussed already) may also be
referred to, as these are also the characteristic
properties of monosaccharides.]

GLYCOSIDES

Glycosides are formed when the hemiacetal
or hemiketal hydroxyl group (of anomeric
carbon) of a carbohydrate reacts with a hydroxyl
group of another carbohydrate or a non-
carbohydrate (e.g. methyl alcohol, phenal,
glycerol). The bond so formed is known as
glycosidic bond and the non-carbohydrate
moiety (when present) is referred to as aglycone.

The monosaccharides are held together by
glycosidic bonds to result in di-, oligo- or
polysaccharides (see later for structures).

O
I

H=C=0 @ L N-NH-C.H
H—?—OH 2 EIL5)

Glucose Phenylhydrazine

H—-IC:N_NH_CGHS
H—?—OH

R
Glucohydrazone

H;N—NH—CqH,

H=C=N-NH-GH,
?:N—NH_CBHs

R
Glucosazone

Fig. 2.10 : A summary of osazone formation
(R represents C, to C, of glucose).
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Naming of glycosidic bond The
nomenclature of glycosidic bonds is based on
the linkages between the carbon atoms and the
status of the anomeric carbon (o or B). For
instance, lactose—which is formed by a bond
between C; of B-galactose and C,4 of glucose—
is named as (1 — 4) glycosidic bond. The other
glycosidic bonds are described in the structure
of di- and polysaccharides.

Physiologically important glycosides

1. Glucovanillin (vanillin-D-glucoside) is a
natural substance that imparts vanilla flavour.

2. Cardiac glycosides (steroidal glycosides) :
Digoxin and digitoxin contain the aglycone
steroid and they stimulate muscle contraction.

3. Streptomycin, an antibiotic used in the
treatment of tuberculosis is a glycoside.

4. Quabain inhibits Na*-K* ATPase and
blocks the active transport of Nat.

DERIVATIVES OF MONOSACCHARIDES

There are several derivatives of monosaccha-
rides, some of which are physiologically
important

1. Sugar acids : Oxidation of aldehyde or
primary alcohol group in monosaccharide results
in sugar acids. Gluconic acid is produced from
glucose by oxidation of aldehyde (C; group)
whereas glucuronic acid is formed when primary
alcohol group (Cg) is oxidized.

2. Sugar alcohols (polyols) They are
produced by reduction of aldoses or ketoses. For
instance, sorbitol is formed from glucose and
mannitol from mannose.

3. Alditols The monosaccharides, on
reduction, yield polyhydroxy alcohols, known as
alditols. Ribitol is a constituent of flavin
coenzymes; glycerol and myo-inositol are
components of lipids. Xylitol is a sweetener used
in sugarless gums and candies.

4. Amino sugars When one or more
hydroxyl groups of the monosaccharides are
replaced by amino groups, the products
formed are amino sugars e.g. D-glucosamine,
D-galactosamine. They are present as consti-
tuents of heteropolysaccharides.

The amino groups of amino sugars are
sometimes acetylated e.g. N-acetyl D-gluco-
samine.

N-Acetylneuraminic acid (NANA) is a
derivative of N-acetylmannose and pyruvic acid.
It is an important constituent of glycoproteins
and glycolipids. The term sialic acid is used to
include NANA and its other derivatives.

Certain antibiotics contain amino sugars
which may be involved in the antibiotic activity
e.g. erythromycin.

5. Deoxysugars : These are the sugars that
contain one oxygen less than that present in the
parent molecule. The groups —CHOH and
—CH,OH become —CH, and —CH3 due to the
absence of oxygen. D-2-Deoxyribose is the most
important deoxysugar since it is a structural
constituent of DNA (in contrast to D-ribose in
RNA).

6. L-Ascorbic acid (vitamin C) : This is a
water-soluble vitamin, the structure of which
closely resembles that of a monosaccharide.

The structures of selected monosaccharide
derivatives are depicted in Fig.2.11.

DISACCHARIDES

Among the oligosaccharides, disaccharides
are the most common (Fig.2.12). As is evident
from the name, a disaccharide consists of two
monosaccharide units (similar or dissimilar) held
together by a glycosidic bond. They are
crystalline, water-soluble and sweet to taste. The
disaccharides are of two types

1. Reducing disaccharides with free aldehyde
or keto group e.g. maltose, lactose.

2. Non-reducing disaccharides with no free
aldehyde or keto group e.g. sucrose, trehalose.

Maliose

Maltose is composed of two «a-D-glucose
units held together by o (1 — 4) glycosidic bond.
The free aldehyde group present on C; of second
glucose answers the reducing reactions, besides
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H-C=0
ot GHaOH
H—C—OH i et
] CH,OH
H_(,"’_OH Glycerol
COOH

D-Glucuronic acid

OH H H
D-2-Deoxyribose

NH,
D-Glucosamine

OH OH
Il-l OH
HO H
H OH
myo-Inositol
H
1

HyC—C--HN 00

HO H
N-Acetylneuraminic acid

Fig. 2.11 : Structures of monosaccharide derivatives (selected examples).

the osazone formations (sunflower-shaped).
Maltose can be hydrolysed by dilute acid or the
enzyme maltase to liberate two molecules of
a-D-glucose.

In isomaltose, the glucose units are held
together by o (1 — 6) glycosidic linkage.

Cellobiose is another disaccharide, identical
in structure with maltose, except that the former
has B (1 — 4) glycosidic linkage. Cellobiose is
formed during the hydrolysis of cellulose.

Sucrose

Sucrose (cane sugar) is the sugar of commerce,
mostly produced by sugar cane and sugar beets.
Sucrose is made up of a-D-glucose and (-
D-fructose. The two monosaccharides are held
together by a glycosidic bond (a; — B,), between
C; of o-glucose and C, of P-fructose. The
reducing groups of glucose and fructose are
involved in glycosidic bond, hence sucrose is a
non-reducing sugar, and it cannot form osazones.

Sucrose is the major carbohydrate produced
in photosynthesis. It is transported into the
storage organs of plants (such as roots, tubers
and seeds). Sucrose is the most abundant among
the naturally occurring sugars. It has distinct
advantages over other sugars as a storage and
transport form. This is due to the fact that in
sucrose, both the functional groups (aldehyde

and keto) are held together and protected from
oxidative attacks.

Sucrose is an important source of dietary
carbohydrate. It is sweeter than most other
common sugars (except fructose) namely glucose,
lactose and maltose. Sucrose is employed as a
sweetening agent in food industry. The intestinal
enzyme—sucrase—hydrolyses sucrose to glucose
and fructose which are absorbed.

Laciose

Lactose is more commonly known as milk
sugar since it is the disaccharide found in milk.
Lactose is composed of f-D-galactose and B-D-
glucose held together by B (1 — 4) glycosidic
bond. The anomeric carbon of C; glucose is free,
hence lactose exhibits reducing properties and
forms osazones (powder-puff or hedgehog shape).

Lactose of milk is the most important
carbohydrate in the nutrition of young mammals.
It is hydrolysed by the intestinal enzyme lactase
to glucose and galactose.

inversion of sucrose

Sucrose, as such is dextrorotatory (+66.5°).
But, when hydrolysed, sucrose becomes
levorotatory (-28.2°). The process of change in
optical rotation from dextrorotatory (+) to
levorotatory (-) is referred to as inversion. The
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H OH

Glucose Glucose

Maltose
(o-D-glucosyl (1 — 4) -D-glucose)

Glucose Fructose

Sucrose
(o-D-giucosyl (1 — 2) B-D-fructose)

Galactose
Lactose

(B-D-galactosyl (1 — 4) B-D-glucose)

Fig. 2.12 : Structures of disaccharides
—maltose, sucrose and lactose.

hydrolysed mixture of sucrose, containing
glucose and fructose, is known as invert sugar.
The process of inversion is explained below.

Hydrolysis of sucrose by the enzyme sucrase
(invertase) or dilute acid liberates one molecule
each of glucose and fructose. It is postulated that
sucrose (dextro) is first split into o-D-
glucopyranose (+52.5°) and B-D-fructofuranose,
both being dextrorotatory. However, B-D-
fructofuranose is less stable and immediately gets
converted to B-D-fructopyranose which is
strongly levorotatory (-92°). The overall effect is
that dextro sucrose (+66.5°) on inversion is
converted to levo form (-28.2°).

"POLYSACCHARIDES

Polysaccharides (or simply glycans) consist of
repeat units of monosaccharides or their
derivatives, held together by glycosidic bonds.
They are primarily concerned with two important
functions-structural, and storage of energy.

Polysaccharides are linear as well as
branched polymers. This is in contrast to
structure of proteins and nucleic acids which are
only linear polymers. The occurrence of
branches in polysaccharides is due to the fact
that glycosidic linkages can be formed at any
one of the hydroxyl groups of a monosaccharide.

Polysaccharides are of two types

1. Homopolysaccharides which on hydrolysis
yield only a single type of monosaccharide. They
are named based on the nature of the
monosaccharide unit. Thus, glucans are polymers
of glucose whereas fructosans are polymers of
fructose.

2. Heteropolysaccharides on hydrolysis yield
a mixture of a few monosaccharides or their

derivatives.

HOMOPOLYSACCHARIDES

Starch

Starch is the carbohydrate reserve of plants
which is the most important dietary source for
higher animals, including man. High content of
starch is found in cereals, roots, tubers, vegetables
etc. Starch is a homopolymer composed of
D-glucose units held by oa-glycosidic bonds. It is
known as glucosan or glucan.

Starch consists of two polysaccharide
components-water soluble amylose (15-20%)
and a water insoluble amylopectin (80-85%).
Chemically, amylose is a long unbranched
chain with 200-1,000 D-glucose units held by o
(1 = 4) glycosidic linkages. Amylopectin, on the
other hand, is a branched chain with o (1 — 6!
glycosidic bonds at the branching points and o
(1 —» 4) linkages everywhere else (Fig.2.13).
Amylopectin  molecule containing a few
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CH,0H

H OH H OH
F D-Glucose D-Glucose
a-Amylose
H,OH

Amylopectin

CHo0H
0
H H H
OH H Q-
H OH

Fig. 2.13 : Structure of starch (a-amylose and amylopectin).

thousand glucose units looks like a branched
tree (20-30 glucose units per branch).

Starches are hydrolysed by amylase
(pancreatic or salivary) to liberate dextrins, and
finally maltose and glucose units. Amylase acts
specifically on a (1 — 4) glycosidic bonds.

Dextrins

Dextrins are the breakdown products of
starch by the enzyme amylase or dilute acids.
Starch is sequentially hydrolysed through
different dextrins and, finally, to maltose and
glucose. The various intermediates (identified by
iodine colouration) are soluble starch (blue),
amylodextrin (violet), erythrodextrin (red) and
achrodextrin (no colour).

inulin

Inulin is a polymer of fructose i.e., fructosan.
It occurs in dahlia bulbs, garlic, onion etc. It is
a low molecular weight (around 5,000) poly-

saccharide easily soluble in water. tnulin is not
utilized by the body. It is used for assessing
kidney function through measurement of
glomerular filtration rate (GFR).

Giycogen

Glycogen is the carbohydrate reserve in
animals, hence often referred to as animal starch.
It is present in high concentration in liver,
followed by muscle, brain etc. Glycogen is also
found in plants that do not possess chlorophyll
(e.g. yeast, fungi).

The structure of glycogen is similar to that of
amylopectin with more number of branches.
Glucose is the repeating unit in glycogen joined
together by o (1 — 4) glycosidic bonds, and o
(T = 6) glycosidic bonds at branching points
(Fig.2.14). The molecular weight (up to 1 x 108)
and the number of glucose units (up to 25,000)
vary in glycogen depending on the source from
which glycogen is obtained.
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Fig. 2.14 : Structure of glycogen (A) General structure
(B) Enlarged at a branch point.

Cellulgse

Cellulose occurs exclusively in plants and it is
the most abundant organic substance in plant
kingdom. It is a predominant constituent of
plant cell wall. Cellulose is totally absent in
animal body.

Cellulose is composed of B-D-glucose units
linked by B (1 — 4) glycosidic bonds (Fig.2.15).
Cellulose cannot be digested by mammals—
including man—due to lack of the enzyme that
cleaves PB-glycosidic bonds (o amylase breaks o
bonds only). Certain ruminants and herbivorous
animals contain microorganisms in the gut which
produce enzymes that can cleave B-glycosidic
bonds. Hydrolysis of cellulose vyields a
disaccharide cellobiose, followed by §-D-
glucose.

Cellulose, though not digested, has great
importance in human nutrition. It is a major
constituent of fiber, the non-digestable carbo-
hydrate. The functions of dietary fiber include

decreasing the absorption of glucose and
cholesterol from the intestine, besides increasing
the bulk of feces. (For details, Chapter 23)

Chitin

Chitin is composed of N-acetyl D-
glucosamine units held together by B (1 — 4)
glycosidic bonds. It is a structural polysaccharide

found in the exoskeleton of some invertebrates
e.g. insects, crustaceans.

- HETEROPOLYSACCHARIDES

When the polysaccharides are composed of
different types of sugars or their derivatives, they
are referred to as heteropolysaccharides or
heteroglycans.

MUCGPOLYSACCHARIDES

Mucopolysaccharides are heteroglycans made
up of repeating units of sugar derivatives, namely
amino sugars and uronic acids. These are more
commonly known as glycosaminoglycans
(GAG). Acetylated amino groups, besides sulfate
and carboxyl groups are generally present in
GAG structure. The presence of sulfate and
carboxyl groups contributes to acidity of the
molecules, making them acid mucopoly-
saccharides.

Some of the mucopolysaccharides are found
in combination with proteins to form
mucoproteins or mucoids or proteoglycans
(Fig.2.16). Mucoproteins may contain up to 95%
carbohydrate and 5% protein.

CH,OH

CH,0H

|
OH
B-D-Glucose

H OH H
p-D-Glucose

Fig. 2.15 : Structure of cellulose (The repeating wni =
may be several thousands).
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Fig. 2.16 : Diagrammatic representation of a serves as a lubricant and shock absorbant in
proteoglycan complex. 2 g
joints.
? BIOMEDICAL / CLINICAL CONCEPTS

% Glucose is the most important energy source of carbohydrates to the mammals (except
ruminants). The bulk of dietary carbohydrate (starch) is digested and finally absorbed as

glucose into the body.

© Dextrose (glucose in solution in dextrorotatory form) is frequently used in medical

practice.

" Fructose is abundantly found in the semen which is utilized by the sperms for energy.

" Several diseases are associated with carbohydrates e.g., diabetes mellitus, glycogen

storage diseases, galactosemia.

¥ Accumulation of sorbitol and dulcitol in the tissues may cause certain pathological

conditions e.g. cataract, nephropathy.

filtration rate (GFR).

5 Inulin, a polymer of fructose, is used to assess renal function by measuring glomerular

¥ The non-digestible carbohydrate cellulose plays a significant role in human nutrition.
These include decreasing the intestinal absorption of glucose and cholesterol, and
increasing bulk of feces to avoid constipation.

¥ The mucopolysaccharide hyaluronic acid serves as a lubricant and shock absorbant in

joints.

= The enzyme hyaluronidase of semen degrades the gel (contains hyaluronic acid) around
the ovum. This allows effective penetration of sperm into the ovum.

¥ The mucopolysaccharide heparin is an anticoagulant (prevents blood clotting).

* The survival of Antarctic fish below —2°C is attributed to the antifreeze glycoproteins.

= Streptomycin is a glycoside employed in the treatment of tuberculosis.
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Hyaluronic acid is composed of alternate
units of D-glucuronic acid and N-acetyl
D-glucosamine. These two molecules form
disaccharide units held together by B (1 — 3)
glycosidic bond (Fig.2.16). Hyaluronic acid
contains about 250-25,000 disaccharide units
{(held by B 1 — 4 bonds) with a molecular weight
up to 4 million.

Hyaluronidase is an enzyme that breaks
(B1—> 4 linkages) hyaluronic acid and other
GAG. This enzyme is present in high
concentration in testes, seminal fluid, and in
certain snake and insect venoms. Hyaluronidase
of semen is assigned an important role in
fertilization as this enzyme clears the gel
(hyaluronic acid) around the ovum allowing a
better penetration of sperm into the ovum.
Hyaluronidase of bacteria helps their invasion
into the animal tissues.

Chondroitin sulfates

Chondroitin 4-sulfate (Greek: chondros-
cartilage) is a major constituent of various
mammalian tissues (bone, cartilage, tendons,
heart, valves, skin, cornea etc.). Structurally, it is
comparable with hyaluronic acid. Chondroitin
4-sulfate consists of repeating disaccharide units
composed of D-glucuronic acid and N-acetyl
D-galactosamine 4-sulfate (Fig.2.17).

Chondroitin 6-sulfate is also present in many
tissues. As evident from the name, the sulfate
group is found on Cg instead of C,.

Heparin

Heparin is an anticoagulant (prevents blood
clotting) that occurs in blood, lung, liver, kidney,
spleen etc. Heparin helps in the release of the
enzyme lipoprotein lipase which helps in
clearing the turbidity of lipemic plasma.

Heparin is composed of alternating units of
N-sulfo D-glucosamine 6-sulfate and glucuronate
2-sulfate (Fig.2.17).

Dermatan sulifate

The name dermatan sulfate is derived from
the fact that this compound mostly occurs in the
skin. It is structurally related to chondroitin

CH,OH

3 el
H OH H NH=CO-CH5 L
D-Glucuronic acid N-Acetylglucosamine
Hyaluronic acid

H OH H NH-CO-CHj; s
D-Glucuronic acid N-Acetylgalactosamine
4-sulfate
Chondroitin 4-sulfate

COoC~
|
H A OUH
H i
—0 OH H
H 0-80;5 H NH-SO3
D-Glucuronate-2-sulfate  N-Sulfoglucosamine
6-sulfate
Heparin
l*J-I 595 CH,OH
" Goo-
OH H H
H OH H NH-CO-CHs i
L-lduronic acid N-Acetylgalactosamine
4-sulfate
Dermatan sulfate
CHZOH \]<CH'_2C>S{\OJ
H OH NH-CO-C
D-Galactose N- Acetylglucosamme

6-sulfate
Keratan sulfate

Fig. 2.17 : Structures of common glycosaminogiycans -
the disaccharides as repeating units.
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Tance 2.3 A summary of glycosaminogly

M A e

~ composition, distribution and functions
L GUSE DN

Glycosaminoglycan

Composition Tissue distribution Function(s)

Hyaluronic acid D-Glucuronic acid, Connective tissue, synovial fluid, ~ Serves as a lubricant, and

N-acetylglucosamine vitrous humor shock absorber. Promotes

wound healing

Chondroitin sulfate D-Glucuronic acid, Cartilage, bone, skin, blood vessel Helps to maintain the structure

N-acetylgalactosamine walls and shapes of tissues

...... 4-sulfate

Heparin D-Glucuronate 2-sulfate,  Blood, lung, liver, kidney, spleen  Acts as an anticoagulant

N-sulfoglucosamine
6-sulfate

Dermatan sulfate L-Iduronic acid, N-acetyl-

galactosamine 4-sulfate  skin

Blood vessel valves, heart valves,

Maintains the shapes of tissues

Keratan sulfate D-Galactose, N-acetyl-

glucosamine 6-sulfate

Cartilage, cornea, connective
tissues

Keeps comea transparent

4-sulfate. The only difference is that there is an
inversion in the configuration around Cs of
D-glucuronic acid to form L-iduronic acid
(Fig.2.17).

Keratan sulfate

It is a heterogeneous GAG with a variable
sulfate  content, besides small amounts of
mannose, fructose, sialic acid etc. Keratan
sulfate essentially consists of alternating units of
D-galactosamine and  N-acetylglucosamine
6-sulfate.

A summary of the glycosaminoglycans with
regard to composition, distribution and functions
is given in Table 2.3.

. GLYCOPROTEINS

Several proteins are covalently bound to
carbohydrates which are referred to as glyco-
proteins. The carbohydrate content of
glycoprotein varies from 1% to 90% by weight.
Sometimes the term mucoprotein is used for
glycoprotein with carbohydrate concentration
more than 4%. Glycoproteins are very widely
distributed in the cells and perform variety of
functions. These include their role as enzymes,
hormones, transport proteins, structural proteins

and receptors. A selected list of glycoproteins
and their major functions is given in Table 2.4.

The carbohydrates found in glycoproteins
include  mannose, galactose,  N-acetyl-
glucosamine, N-acetylgalactosamine, xylose,
L-fucose and N-acetylneuraminic acid (NANA).
NANA is an important sialic acid (See Fig.2.71).

Antifreeze glycoproteins : The Antarctic fish
live below -2°C, a temperature at which the

Taste 2.4 A selected list of glycoproteins and

BhS
Glycoprotein(s)

Major function(s)

Collagen Structure
Hydrolases, proteases, Enzymes
glycosidases

Ceruloplasmin Transport

Immunoglobulins
Synovial glycoproteins
Thyrotropin, erythropoietin
Blood group substances
Fibronectin, laminin

Intrinsic factor
Fibrinogen

Defense against infection
Lubrication

Hormones

Antigens

Cell-cell recognition and
adhesion

Absorption of vitamin B,,
Blood clotting
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blood would freeze. It is now known that these
fish contain antifreeze glycoprotein which lower
the freezing point of water and interfere with the
crystal formation of ice. Antifreeze glycoproteins
consist of 50 repeating units of the tripeptide,
alanine-alanine-threonine.  Each  threonine
residue is bound to B-galactesyl (1 —3) «
N-acetylgalactosamine.

Dol pEoiin S8
The blood group antigens (of erythrocyte
membrane) contain carbohydrates as glyco-
proteins or glycolipids. N-Acetylgaiactosamine,
galactose, fucose, sialic acid etc. are found in
the blood group substances. The carbohydrate
content also plays a determinant role in bleod

grouping.

SUMMARY

1. Carbohydrates are the polyhydroxyaldehydes or ketones, or compounds which produce
them on hydrolysis. The term sugar is applied to carbohydrates soluble in water and
sweet to taste. Carbohydrates are the major dietary energy sources, besides their
involvement in cell structure and various other functions.

2. Carbohydrates are broadly classified into 3 groups—monosaccharides, cligosaccharides
and polysaccharides. The monosaccharides are further divided into different categories
based on the presence of functional groups {aldoses or ketoses) and the number of
carbon atoms (trioses, tetroses, pentoses, hexoses and heptoses).

3. Glyceraldehyde (triose} is the simplest carbohydrate and is chosen as a reference to
write the configuration of all other monosaccharides (D- and L- forms). If two
monosaccharides differ in their structure around a single carbon atom, they are known
as epimers. Glucose und galactose are C,—epimers.

4. D-Glucose is the most predominant

naturally occurring aldose/monosaccharide.

Glucose exists as o and 8 anomers with different optical rotations. The interconversion
of aand # anomeric forms with change in the optical rotation is known as mutarotation.

5. Monosaccharides participate in several reactions. These include oxidation, reduction,

dehydration, osazone formation eftc.

Formation of esters and glycosides by

monosaccharides is of special significance in biochemical reactions.

6. Among the oligosaccharides, disaccharides are the most common. These include the
reducing disaccharides namely lactose (milk sugar) and maltose (malt sugar} and the

non-reducing sucrose (cane sugar).

7. Polysaccharides are the polymers of monosaccharides or their derivatives, held together
by glycosidic bonds. Homopolysaccharides are composed of a single monasaccharide
(e.g., starch, glycogen, cellulose, inulin). Heteropolysaccharides contain a mixture of
few monosaccharides or their derivatives (e.g., mucepolysaccharides).

8. Starch and glycogen are the carbohydrate reserves of plants and animals respectively.
Cellulose, exclusively found in plants, is the structural constituent. Inulin is utilized to
assess kidney function by measuring glomerular filtration rate (GFR).

9. Mucopolysaccharides (glycosaminoglycans) are the essential components of tissue
structure. They provide the matrix or ground substance of extracellular tissue spaces in
which collagen and elastin fibers are embedded. Hyaluronic acid, chondroitin 4-sulfate,
heparin, are among the important glyccsaminoglycans.

10. Glycoproteins are a group of biochemically important compounds with a variable
composition of carbohydrate (1-90%), covalently bound to protein. Several enzymes,
hormones, structural proteins and cellular receptors are in fact glycoproteins.
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SELF-ASSESSMENT EXERCISES

L

II.

ITI.

1v.

Essay questions

1.

Define and classify carbohydrates with suitable examples. Add a note on the functions of
carbohydrates.

. Describe the structure and functions of mucopolysaccharides.

. Give an account of the structural configuration of monosaccharides, with special reference to

glucose.

. Discuss the structure and functions of 3 biochemically important disaccharides.

5. Define polysaccharides and describe the structure of 3 homopolysaccharides.

Short notes

(a) Epimers, (b) Mutarotation, (c) Osazone formation, (d) Glycosidic bond, (e) Sugar derivatives, (f)
Anomers, (g) Enediol, (h) Amino sugars, (i) Inversion of sucrose, (j) Deoxysugars.

Fill in the blanks

il
2.

10.

4. The o and B cyclic forms of D-glucose are referred to as
5. The non-carbohydrate moiety found in glycosides is known as
6. Give an example of a glycoside antibiotic
7.
8
9
0

. The polysaccharide employed for the assessment of kidney function

Name a non-reducing disaccharide

The carbohydrate that is taken as a reference for writing the configuration of others

. If two monosaccharides differ in configuration around a single carbon atom, they are known

as

The glycosidic bonds at the branching points in the structure of starch are

. The glycosaminoglycan that serves as a lubricant and shock absorbant of joints

Name the sialic acid, mostly found in the structure of glycoproteins and glycolipids ;

Multiple choice questions

11.

12.

13.

14.

15.

Ribose and deoxyribose differ in structure around a single carbon, namely
@ C, B C, (©C; (d)Cy

One of the following is not an aldose

(a) Glucose (b) Galactose (c) Mannose (d) Fructose.

The glycosaminoglycan that serves as an anticoagulant

(a) Heparin (b) Hyaluronic acid (c¢) Chondroitin sulfate (d) Dermatan suifate.
The following polysaccharide is composed of B-glycosidic bonds

(a) Starch (b) Glycogen (c) Dextrin (d) Cellulose.

The carbon atoms involved in the osazone formation

(@ 1 and 2 (b) 2 and 3 (c) 3 and 4 (d) 5 and 6.
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Lipids (Greek: lipos—fat) are of great
importance to the body as the chief
concentrated storage form of energy, besides
their role in cellular structure and various other
biochemical functions. As such, lipids are a
heterogeneous group of compounds and,
therefore, it is rather difficult to define them
precisely.

Lipids may be regarded as organic substances
relatively insoluble in water, soluble in organic
solvents (alcohol, ether etc.), actually or
potentially related to fatty acids and utilized by
the living cells.

Unlike the polysaccharides, proteins and
nucleic acids, lipids are not polymers. Further,
lipids are mostly small molecules.

Classification of lipids

Lipids are broadly classified (modified from
Bloor) into simple, complex, derived and
miscellaneous lipids, which are further subdivided
into different groups

The fat speaks :

i = “With water, I say, “Touch me not’;
- To the tongue, I am tasteful;
Within limits, I am dutiful;

In excess, I am dangerous!”

1. Simple lipids : Esters of fatty acids with
alcohols. These are mainly of two types

(a) Fats and oils (triacylglycerols) : These are
esters of fatty acids with glycerol. The
difference between fat and oil is only
physical. Thus, oil is a liquid while fat is
a solid at room temperature.

(b) Waxes : Esters of fatty acids (usually long
chain) with alcohols other than glycerol.
These alcohols may be aliphatic or
alicyclic. Cetyl alcohol is most commonly
found in waxes.

2. Complex (or compound) lipids : These are
esters of fatty acids with alcohols containing
additional  groups such as  phosphate,
nitrogenous base, carbohydrate, protein etc.
They are further divided as follows

(a) Phospholipids : They contain phosphoric
acid and frequently a nitrogenous base.
This is in addition to alcohol and fat
acids.

28
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(i) Glycerophospholipids : These phospho-
lipids contain glycerol as the alcohol
e.g., lecithin, cephalin.

(it) Sphingophospholipids : Sphingosine is
the alcohol in this group of phospho-
lipids e.g., sphingomyelin.

(b) Glycolipids : These lipids contain a fatty
acid, carbohydrate and nitrogenous base.
The alcohol is sphingosine, hence they
are also called as glycosphingolipids.
Glycerol and phosphate are absent e.g.,
cerebrosides, gangliosides.

(c) Lipoproteins : Macromolecular complexes
of lipids with proteins.

(d) Other complex lipids : Sulfolipids, amino-
lipids and lipopolysaccharides are among
the other complex lipids.

3. Derived lipids : These are the derivatives
obtained on the hydrolysis of group 1 and group
2 lipids which possess the characteristics of
lipids. These include glycerol and other alcohols,
fatty acids, mono- and diacylglycerols, lipid (fat)
soluble vitamins, steroid hormones, hydro-
carbons and ketone bodies.

4. Miscellaneous lipids: These include a
large number of compounds possessing the
characteristics of lipids e.g., carotenoids,
squalene, hydrocarbons such as pentacosane (in
bees wax), terpenes etc.

NEUTRAL LIPIDS : The lipids which are
uncharged are referred to as neutral lipids. These
are mono-, di-, and triacyliglycerols, cholesterol
and cholesteryl esters.

Functions of lipids

Lipids perform several important functions

1. They are the concentrated fuel reserve of
the body (triacylglycerols).

2. Lipids are the constituents of membrane
structure  and  regulate the membrane
permeability (phospholipids and cholesterol).

3. They serve as a source of fat soluble
vitamins (A, D, E and K).

4. Lipids are important as cellular metabolic
regulators (steroid hormones and prostaglandins).

5. Lipids protect the internal organs, serve as
insulating materials and give shape and smooth
appearance to the body.

FATTY ACIDS

Fatty acids are carboxylic acids with
hydrocarbon side chain. They are the simplest
form of lipids.

Occurrence

Fatty acids mainly occur in the esterified form
as major constituents of various lipids. They are
also present as free (unesterified) fatty acids.
Fatty acids of animal orgin are much simpler in
structure in contrast to those of plant origin
which often contain groups such as epoxy, keto,
hydroxy and cyclopentane rings.

Even and odd carbon fatty acids

Most of the fatty acids that occur in natural
lipids are of even carbons (usually 14C - 20C).
This is due to the fact that biosynthesis of fatty
acids mainly occurs with the sequential addition
of 2 carbon units. Palmitic acid (16C) and
stearic acid (18C) are the most common. Among
the odd chain fatty acids, propionic acid (3C)
and valeric acid (5C) are well known.

Saturated and unsaturated
fatty acids

Saturated fatty acids do not contain double
bonds, while unsaturated fatty acids contain one
or more double bonds. Both saturated and
unsaturated fatty acids almost equally occur in
the natural lipids. Fatty acids with one double
bond are monounsaturated, and those with 2 or
more double bonds are collectively known as
polyunsaturated fatty acids (PUFA).

Nomenclature of fatty acids

The naming of a fatty acid (systematic name)
is based on the hydrocarbon from which it is
derived. The saturated fatty acids end with a
suffix -anoic (e.g., octanoic acid) while the
unsaturated fatty acids end with a suffix -enoic
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(e.g., octadecanoic acid). In addition to
systematic names, fatty acids have common
names which are more widely used (Table 3.7).

Numbering of carbon atoms: It starts from
the carboxyl carbon which is taken as number 1.
The carbons adjacent to this (carboxyl C) are 2,
3, 4 and so on or alternately o, B, ¥ and so on.
The terminal carbon containing methyl group is
known omega (w) carbon. Starting from the
methyl end, the carbon atoms in a fatty acid are
numbered as omega 1, 2, 3 etc. The numbering
of carbon atoms in two different ways is given
below

7 6 5 4 3 2 1
CHy~CHy—CH, —CH,— CH,—CH, — COOH
®, Wy M3 Wy (0] (073

Common Name

Tanie 3.1 Selected examples of biochemically important fatty acids
SEosaias e at 2 S

Abbreviation

Length of hydrocarbon
chain of fatty acids

Depending on the length of carbon chains,
fatty acids are categorized into 3 groups—short
chain with less than 6 carbons; medium chain
with 8 to 14 carbons and long chain with 16 to
24 carbons.

Shorthand representation
of fatty acids

Instead of writing the full structures,

biochemists employ shorthand notations (by
numbers) to represent fatty acids. The general
rule is that the total number of carbon atoms are
written first, followed by the number of double
bonds and finally the (first carbon) position of

Structure

Systematic name
I. Saturated fatty acids

Acetic acid Ethanoic acid 2:0 CH3COOH

Propionic acid n-Propanoic acid 3:0 CH3CH2COOH

Butyric acid n-Butanoic acid 4:0 CH3(CHz)2COOH

Valeric acid n-Pentanoic acid 5:0 CH3(CH2)3COOH

Caproic acid n-Hexanoic acid 6:0 CHa(CH2)4COOH

Caprylic acid n-Octanoic acid 8:0 CH3{CH2)sCOOH

Capric acid n-Decanoic acid 10:0 CH3(CH2)sCOOH

Lauric acid n-Dodecanoic acid 12:0 CH3(CHz2)10COOH

Myristic acid n-Tetradecanoic acid 14:0 CHa(CHz)12CO0H

Palmitic acid n-Hexadecanoic acid 16:0 CH3(CHz2)14CO0H

Stearic acid n-Octadecanoic acid 18:0 CH3(CHz)16COOH

Arachidic acid n-Eicosanoic acid 20:0 CH3(CHz2)1sCOOH

Behenic acid n-Docosanoic acid 22:0 CH3(CH2)20CO0H

Lignoceric acid n-Tetracosanoic acid 24:0 CH3(CHz2)22CO0OH

ll. Unsaturated fatty acids

Palmitoleic acid cis-9-Hexadecenoic acid 16:1;9 CHs(CHz)5CH = CH(CHg)7COOH

Oleic acid cis-9-Octadecenoic acid 18:1;9 CH3(CH2)7CH = CH(CH2)7COOH

Linoleic acid ** cis, c¢is-9,12-Octadeca- 18:2;9,12 CH3(CHz)4CH = CHCH2CH = CH(CH2)7COOH
dienoic acid

Linolenic acid ** All ¢is9,12,15-Octa- 18:3;9,12,15 CH3CH2CH = CHCH2CH = CHCHaCH
decatrienoic acid = CH(CH2)7COOH

Arachidonic acid Alf ¢cis-5,8,11,14- 20:4;5,8, 11,14 CH3(CH2)4CH = CHCH2CH = CHCH2CH
Eicosatetraenoic acid = CHCH2CH = CH(CH2)3COOH

* Total number of carbon atoms, followed by the number of double bonds and the first carbon position of the double bond(s).

*% Essential fatty acids.
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double bonds, starting from the carboxyl end.
Thus, saturated fatty acid, palmitic acid is written
as 16 : 0, oleic acid as 18 : 1; 9, arachidonic
acid as 20 : 4; 5, 8, 11, 14.

There are other conventions of representing
the double bonds. A9 indicates that the double
bond is between 9 and 10 of the fatty acid. @ 9
represents the double bond position (9 and 10)
from the ® end. Naturally occurring unsaturated
fatty acids belong to ® 9, 6 and ® 3 series.

w 3 series  Linolenic acid (18 : 3; 9, 12, 15)

6 series  Linoleic acid (18 : 2; 9, 12) and
arachidonic acid (20 : 4; 5, 8,
11, 14)

o 9 series Oleic acid (18 : 1; 9)

The biochemically important saturated and
unsaturated fatty acids are given in the
Table 3.1.

The fatty acids that cannot be synthesized by
the body and, therefore, should be supplied in
the diet are known as essential fatty acids (EFA).
Chemically, they are polyunsaturated fatty
acids, namely linoleic acid (18 : 2; 9, 12) and
linolenic acid (18 : 3; 9, 12, 15). Arachidonic
acid (20 : 4; 5, 8, 11, 14) becomes essential, if
its precursor linoleic acid is not provided in the
diet in sufficient amounts. The structures of EFA
are given in the Table 3.1.

Biochemical basis for essentiality : Linoleic
acid and linolenic acid are essential since
humans lack the enzymes that can introduce
double bonds beyond carbons 9 to 10.

Functions of EFA : Essential fatty acids are
required for the membrane structure and
function, transport of cholesterol, formation of
lipoproteins, prevention of fatty liver etc. They
are also needed for the synthesis of another
important group of compounds, namely
eicosanoids (Chapter 32).

Deficiency of EFA: The deficiency of EFA
results in phrynoderma or toad skin,
characterized by the presence of horny eruptions

H\C/(CH2)7COOH H\ _A{CH3);COOH
I I
C I

H” "MCH);CH;  HaC(H,C); H

Oleic acid Elaidic acid

(cis form) (trans form)

Fig. 8.1 : Cis-trans isomerism in
unsaturated fatty acids.

on the posterior and lateral parts of limbs, on the
back and buttocks, loss of hair and poor wound
healing.

Isomerism in
unsaturated fatiy acids

Unsaturated fatty acids exhibit geometric
isomerism depending on the orientation of the
groups around the double bond axis.

If the atoms or acyl groups are present on the
same side of the double bond, it is a cis
configuration. On the other hand, if the groups
occur on the opposite side, it is a trans
configuration. Thus oleic acid is a cis isomer
while elaidic acid is a trans isomer, as depicted
in Fig.3.1. Cis isomers are less stable than trans
isomers. Most of the naturally occurring
unsaturated fatty acids exist as cis isomers.

In the cis isomeric form, there is a molecular
binding at the double bond. Thus, oleic acid
exists in an L-shape while elaidic acid is a
straight chain. Increase in the number of double
bonds will cause more bends (kinks) and
arachidonic acid with 4 double bonds will have
a U-shape. It is believed that cis isomers of fatty
acids with their characteristic bonds will
compactly pack the membrane structure.

Hydroxy fatty acids : Some of the fatty acids
are hydroxylated. B-Hydroxybutyric acid, one of
the ketone bodies produced in metabolism, is a
simple example of hydroxy fatty acids.
Cerebronic acid and recinoleic acid are long
chain hydroxy fatty acids.

Cyclic fatty acids: Fatty acids with cyclic
structures are rather rare e.g., chaulmoogric acid
found in chaulmoogra oil (used in leprosy
treatment) contains cyclopentenyl ring.
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Triacylglycerol
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HO—?H
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1-Monoacylglycerol
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1,2-Diacylglycerol
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2-Monoacylglycerol

Fig. 3.2 : General structures of acylglycerols
(For paimitoyl R = Cy5Hay; for stearoyl R = Cy7Has; For linoleoyl R = Cy7Hzq)

Eicosanoids : These compounds are related to
eicosapolyenoic fatty acids and include prosta-
glandins, prostacyclins, leukotrienes and throm-
boxanes. They are discussed together (Chapter 32).

TRIACYLGLYCEROLS

Triacylglycerols (formerly triglycerides) are
the esters of glycerol with fatty acids. The fats
and oils that are widely distributed in both plants
and animals are chemically triacylglycerols.
They are insoluble in water and non-polar in
character and commonly known as neutral fats.

Fats as stored fuel : Triacylglycerols are the
most abundant group of lipids that primarily
function as fuel reserves of animals. The fat
reserve of normal humans (men 20%, women
25% by weight) is sufficient to meet the body’s
caloric requirements for 2-3 months.

Fats primarily occur in adipose tissue:
Adipocytes of adipose tissue—predominantly
found in the subcutaneous layer and in the
abdominal cavity—are specialized for storage of
triacylglycerols. The fat is stored in the form of
globules dispersed in the entire cytoplasm. And
surprisingly, triacylglycerols are not the structural
components of biological membranes.

Structures of acylglycerols: Monoacyl-
glycerols, diacylglycerols and triacylglycerols,
respectively consisting of one, two and three
molecules of fatty acids esterified to a molecule

of glycerol, are known (Fig.3.2). Among these,
triacylglycerols are the most important
biochemically.

Simple triacylglycerols contain the same type
of fatty acid residue at all the three carbons e.g.,
tristearoyl glycerol or tristearin.

Mixed triacylglycerols are more common.
They contain 2 or 3 different types of fatty acid
residues. In general, fatty acid attached to C; is
saturated, that attached to C, is unsaturated
while that on C; can be either. Triacylglycerols
are named according to placement of acyl
radical on glycerol e.g., 1,3-palmitoyl 2-linoleoyl
glycerol.

Triacylglycerols of plants, in general, have
higher content of unsaturated fatty acids
compared to that of animals.

Stereospecific numbering
of alycerol

The structure of glycerol gives an impression
that carbons 1 and 3 are identical. This is not true
in a 3-dimensional structure. In order to represent
the carbon atoms of glycerol in an unambiguous
manner, biochemists adopt a stereospecific
numbering (sn) and prefix glycerol with sn.

1
CH,OH
HO--C|:2——H

3
CH,OH
sn-Glycerol




