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Preface to the
Fourth Edition

The Essentials of Animal Physiology has established itself with the academia and served (a) as a text
for courses in animal physiology for B.Sc. (Hons.) and B.Sc.(Pass) courses, and (b) as a sound basis
for laboratory investigations to analyse animal functions.

Physiology is a synthetic and experimental science which applies physical and chemical methods
in biology. It requires a combination of field and laboratory observations of organisms, since their life
is influenced by a variety of environmental factors. This fourth edition, wholly reset in its new format,
has provided an opportunity for detailed scrutiny and extensive revision. However, the principles of
physiology stated in the earlier editions remain sound.

The revision has been impacted by two considerations: these are updating the existing text and
adding exciting developments in the field to enhance the utility of the book for an enlarged
readership. Consequently, this edition contains new chapters on animal calorimetry, membrane
physiology and physiological disturbances emanating from organellar malfunctions and genetic
disorders. Besides, certain sections of metabolism and physiology of digestion have been revised to
provide new insights. It must be appreciated that physiology offers rational basis for much of
medicine, home science and animal husbandry.

It must be emphasised that an effective way of administering a physiology course is to
simultaneously plan laboratory exercises to unravel the exciting physiological phenomena. For this
the reader is advised to refer “Experimental Physiology” (New Age Publishers), by the same author.

This edition has been reinforced by providing more multiple choice questions for self-assessment.
I hope the book will be more appealing to students and instructors in terms of contents and

presentation.

S.C. Rastogi
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Preface to the
First Edition

Every year, during one semester, I am engaged in the teaching of physiology to senior students. [ have
often felt the difficulty to cover all areas of physiology owing to deficiency in the background
knowledge of students. With the result certain fundamental topics are left uncovered or inadequately
treated. In addition, the subject of physiology has recently grown so rapidly that it is impossible for
the average student to tread the vast field. Therefore, I felt the necessity of writing this book with the
hope that it would cater to the needs of both the categories of students—those who want to study
physiology in its essentials, and also those who wish to acquaint themselves with the major areas and
latest developments in the field.

While writing the book, I realized that with the development of the core curricula of different
universities at various levels of instruction, the presentation of the subject should provide all essential
aspects related to it. Still, limits had to be imposed on its treatment since the purpose was not to write
a comprehensive treatise. In fact, the objective was to initiate the student in the study of the subject
and at the same time to prepare a book that would meet the requirements of various syllabi. Human
physiology has been surveyed at appropriate places without exhaustive treatment.

The book is divided into 18 chapters which are arranged in a fashion that the reader can develop
his ideas step by step. The subject matter gives a comprehensive coverage to such essential areas as
the structure of cells and their function, foodstuffs, digestion and absorption, biological oxidations,
metabolism, water relations and ionic regulations, temperature regulation, body fluids and their role,
circulation of blood, respiration, excretion, nerve physiology, sensory mechanisms, nerve
coordination, effector organs, hormonal regulation, reproduction, and physiological genetics. The
discussion of each area is intended to provide an understanding of important facts drawn from
relatively new and up-to-date sources that will stimulate students’ interest. The book can be profitably
used by them whether they are specializing in areas of zoology, veterinary or human medicine, or
nutrition.

Perhaps it is not customary to begin a book on animal physiology with a chapter on cell structure
and function as has been done in the present case. The cell forms the basic unit of life and all physico-



vill  Preface to the First Edition

chemical and vital life functions were first discovered at the cell level and later extended to the
organismic level. I consider it difficult, if not impossible, to understand the functioning of the whole
organism without a good knowledge of the fundamental processes at the cellular level. One way of
trying to understand a complex system is to formulate a model that exhibits the same properties as are
found in the entire organism—that model being the cell. Keeping this in mind I have decided to
include this chapter which, I believe, will enchance the character of the book in its broad-based bias.
The chapter on foodstuffs is comprehensive and highlights chemical details to emphasize the
important point, viz. the various types of food eaten by animals are used as fuels for the generation of
energy explainable in chemical terms. Chemical details are necessary to explain their functional
significance. The types of food and their chemical composition should be an important piece of
information to the students to enable them to know as to how animals obtain their energy
requirements from the complex foodstuffs. A chapter on biological oxidations has been included.
Biology students have a tendency to ignore this area which is very much a part of physiology essential
to the strengthening of the basic concepts. It was thought that the initial approach to physiology must
be to analyse physiological processes in terms of chemical reactions from the point of view of
energetics.

Relevant biochemical details are given to the extent they are necessary. The aim was to explain
rather than to describe principles of animal physiology, and therefore, in some parts I have leaned on
biochemistry to achieve this end. The pertinence of many areas will be quite obvious. At appropriate
places, experimental details have been given in support of the factual statements and hypotheses. The
bibliography will be helpful to an alert student interested in more details about the subject.

In a work like this, it is impossible to accomplish the task without the encouragement and
invaluable help of many. I, therefore, wish to thank Dr. C.R. Mitra, Director of the Institute; Professor
V. Krishnamurty and T.S.K.V. Iyer for the much needed encouragement through the preparation of the
book. A text of this type would not be possible without the aid of specialists in the field. Accordingly
I wish to thank Professors H.S. Chaudhury (Gorakhpur University), R. Nagbhushanam (Marathwada
University) and V.P. Agarwal (D.A.V. College, Muzaffarnagar, Meerut University) who served as
members of the University Grants Commission editorial committee, and the reviewer of the National
Book Trust. They have read the entire manuscript with meticulous care and offered valuable
comments and excellent suggestions about the subject matter. On the basis of the reviewers’
comments, substantial additions have been made in the textual matter resulting in rewriting a large
part of the manuscript. With the result, the first draft has been thoroughly revised and enlarged.
Although I have gratefully adopted many of their suggestions, yet I have sometimes preferred my own
viewpoint as well.

I appreciate Dr. H.L. Kundu’s sincere cooperation which I have always enjoyed in abundance. I
also acknowledge the assistance extended by Dr. M. Ramakrishna, who was associated with the
project for some time, in writing Chapters 1 to 3.

Most particularly, I am grateful to the University Grants Commission for financial assistance
under its Book Writing Project sanctioned to me for the duration January 1973 to August 1975,
without which this book could not have taken shape. However, Chapters 16 to 18 were written after
the termination of the project. My sincere thanks are also due to Dr. V.N. Sharma for his valuable help
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in the preparation of bibliography, index and some diagrams included in the text. I am grateful to him
for his constructive criticism of Chapters 17 to 18. My special thanks are due to Professor S.C. Shukla
for his advice on specific points while checking some sections of the manuscript.

Pilani S.C. Rastogi
December 1, 1976
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CHAPTER

Cell Structure and
Function

Every multicellular organism is composed of cells, which are the basic units of life. The cell can be
likened to a factory. A factory has several machines which are linked to one another in specific order
and each one makes a particular component. By sequential operations, the components from these
machines are, assembled to produce the desired products. Similarly the cellular constituents, each
with their specific function, have a definite arrangement. They produce the components, in this case
molecules, which are assembled to synthesize the required products (macromolecules). The function
of the organism as a whole is the result of the combination of activities and interactions of the cell
units in its body. Hence to understand the essential physiology of animals we need to know the
physiological functions of the cell—the cell which is a fundamental unit of life.

The living cell performs all the functions of life such as intake of nutrients, metabolism, growth,
reproduction, etc. To perform these life activities the cell has in it various cellular constituents or
organelles.

Our knowledge of the structure and function of the cellular constituents has greatly increased
with the development of electron microscope by Knoll and Ruska in 1933 and the centrifuge by
Swedberg in 1924.

Electron microscope became available in 1940. It paved the way for a more specific knowledge
of the cell structure and the structure of organelles within the cell. It permits magnifications of
1,000,000 times or more, i.e. down to the molecular dimensions. It has revealed the strict and orderly
patterns of arrangement of macromolecules constituting the organelles of the cell. Hence with the
electron microscope it is possible to observe the structural pattern of organelles, but the function of
organelles and of their constituent chemical components could be observed by other instruments and
techniques. The Swedberg centrifuge which gives quantitative data on sedimentation rates has, to
some extent, helped their observation in the above mentioned aspect. The ultra-centrifuges which are
now available whirl at 65,000 rpm and produce a centrifugal force which is 425,000 times that of
gravity. With the help of ultracentrifuge the constituent parts of the cells from macerated tissue can be
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separated into layers depending upon their weights. Under the microscope, these layers can then be
identified with the constituent parts and studied for their activities.

The electron microscope and the ultracentrifuge have helped in the merger of cytology and
biochemistry, and solved many physiological intricacies of the cell.

1.1 GENERAL STRUCTURE OF CELL

The various cellular organelles as seen in electron microscope are incorporated in Fig. 1.1 to give a
comprehensive view of their arrangement in the cell. The detailed structure and function of each
organelle is dealt with under separate headings.

Region containing
microtubules and microfibrils

Pinocytotic
vesicles

Nucleus

R -.-\ R|bosom
MY UL attached tol

- 33 Endopl asmic reticulum}
Phospholipid ey 8 o Tl reﬂ(‘;’umm b A
storage granule & > R A £
neutral lipid . o i . 2 R Nucleolus
storagegranule« - T W EAR
& o Nuclear ]

membrane |

Fig. 1.1 Generalized structure of a cell (adapted from J. Brachet. Sci. Amer. 205:3 (1961)).
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The cell contains cytoplasm which is an active fluid medium that helps carry out its life activities.
The cytoplasm is a colloidal solution mostly containing water. About 30 per cent of the total mass of
this solution consists of various substances. Of these substances, about 60 per cent are proteins, and
the remainder consists of carbohydrates, lipids, other organic substances, and inorganic materials. The
cytoplasm is enveloped by a membrane known as plasma membrane. The plasma membrane is often
termed as cytoplasmic membrane.

Cytoplasmic matrix is a ground substance and usually it is polyphasic in nature. Some authors
refer to this matrix as groundplasm. It is the internal environment of the cell. Suspended in the
cytoplasm, i.e. matrix, are the various organelles and inclusions. The organelles are the living
materials and the inclusions are lifeless and often temporary materials. The latter comprise pigment
granules, secretory granules, and nutrients, while the former are the endoplasmic reticulum, the
mitochondria, the Golgi complex or apparatus, the ribosomes, the lysosomes, the centrioles and the
nucleus.

Three decades ago only the cytoplasm and the nucleus were known to be enveloped by
membranes. With the advent of electron microscope it was found that the various organelles and
inclusions floating in the cytoplasm are also enveloped by membranes and separated from the
cytoplasm.

The commonly represented organelles as well as inclusions which are covered by membranes are:
the plasma-membrane, rough and smooth endoplasmic reticulum, Golgi apparatus, lysosomes,
mitochondria, nuclear envelope, centrioles, phagosomes, pinocytic vesicles, etc. There does not exist
a typical cell in any tissue that is represented by a set of all these organelles. Based on the functional
requirements, the cells in various tissues have one or the other of these organelles, i.e. the
endoplasmic reticulum is dense in cells of pancreas; the lysosomes are well developed in
macrophages; pinocytic vesicles are common in liver cells; Golgi vesicles are conspicuous in storage
and secretory tissues; and mitochondria are numerous in the cells of all tissues which expend high
energy.

While many cellular organelles consists of a single unit membrane (vide page 6) certain
organelles, such as mitochondria and nuclear envelope, have two such membranes, one enveloped by
the other. The cellular membranes of the cell help regulate the passage of substances through them
and such a passage may be by passive diffusion, or by active transport involving the aid of enzymes
(see Chapters 3 and 7) which are located in the membranes. Another important function of the
membrane is to provide a surface for harbouring the enzymes.

Nucleus is the most conspicuous structure in a cell. Usually each cell has one nucleus, but cells,
such as liver cells, and skeletal muscle cells contain more than one. The fluid matrix of the nucleus is
known as karyoplasm or nucleoplasm. It is enveloped by a double layered nuclear membrane. The
karyoplasm has densely staining particle called the nucleolus. It is large in growing cells and
disappears during cell division. Sometimes the nucleus may have more than one nucleolus. The
karyoplasm is not greatly different from the physical and chemical properties of cytoplasm. The most
important content of karyoplasm is the chromatin, which is a combination of protein and
deoxyribonucleic acid (DNA). It is granular in nature but during cell division it is transformed to long
strands called chromosomes.
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1.2 PLASMA MEMBRANE

There always exists a state of imbalance in the concentration of ions and molecules between the cell
and its environment. This difference is maintained by the plasma membrane which is the limiting
layer of the cell. In order to maintain this dynamic relationship, nutrients must flow in and reaction
products from the cell must flow out through the plasma membrane constantly but in a controlled
manner. Once inside the cell the nutrients, i.e. carbohydrates, proteins, lipids, minerals, and vitamins
can participate in the metabolic processes. How is this dynamic relation maintained? To answer this
we need to know the molecular architecture of the membrane. Such an architecture was conjectured
long before the availability of electron microscope. However, it is clear that the performance of
plasma membrane is influenced by three factors; one of them is its own capability, second is the
supporting cellular activity, third is degree of stress by the environment upon the membrane. The first
point, i.e. plasma membrane’s own capability in transporting substances, can best be understood by
studying its structure.

Structure

Plasma membrane is essential for the life of the cell. It is a bio-membrane that lies close to the
cytoplasm. The structure of all biological membranes was deduced from the knowledge of their
functional role. All biological membranes have many properties in common. This led to the
assumption that they all have the same basic molecular structure. Since lipophilic substances
preferably permeate through the membrane, it was conceived that the cell has a lipid covering. But
how are the lipid molecules arranged in the membrane? For this an understanding of the behaviour of
fatty acid molecules with water medium is required because the lipid molecules in the bio-membrane
behave much in the same way. Each fatty acid molecule contains a hydrophilic carboxyl group known
as polar head, and a hydrophobic hydrocarbon chain called nonpolar tail. The carboxylic group of the
fatty acid is the charged end. This group dissociates forming hydrogen bonds when it comes in
contact with water. Thus at the water face several fatty acid molecules arrange themselves in a single
layer with their hydrophilic polar heads in contact with water and the hydrophobic hydrocarbon
chains away from water surface (Fig. 1.2). Fatty acid molecules would be arranged as double layers in
apertures separating two water compartments. In this case the hydrocarbon, chains of the two
molecular layers being hydrophobic, extend inwards forming a hydrocarbon phase, whereas the polar
heads being hydrophilic lie in contact with aqueous medium (Fig. 1.2).

The cell has aqueous medium inside as well as outside. Hence the lipids in the plasma membrane
are arranged in two layers, each layer being one molecule thick. The inner layer with polar heads
facing the cell, the outer layer with polar heads facing away from the cell, and the hydrocarbon chains
of both the layers facing each other in the same way as in Fig. 1.2. Thus the polar heads of inner and
outer layers are in contact with intra-cellular and extra-cellular aqueous media respectively. Further
proof as to the bimolecular nature of lipids was provided by the measurements of the amount of lipid
present in the cell membranes of red blood cells. The measurements suggested that the quantity of the
lipid present was just sufficient to cover the surface of the cell with a bimolecular layer. It has been
found that the lipid portions of the membranes are either phospholipids, cerebrosides, or cholesterol.
When lipids are phospholipids, the polar heads have charged phosphates. Measurements of the
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Water
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Hydrocarbon phase

Fig. 1.2 Behaviour of the fatty acid molecules at the water surface.

surface tension of membranes have indicated that it is lower than that of the lipid surface. Such a low
surface tension is interpreted to be due to the existence of a protein coating on either side of the lipid
bilayer of the cell membrane. Based on the physical properties of the cell membranes, such as
preferential permeability to lipid soluble substances, occurrence of low surface tension, and high
electrical resistance, Danielli and Davson (1935) deduced the structure of the membranes. They
suggested the existence of a continuous layer of lipid molecules with their polar groups directed
towards the exterior and interior of the cell; and a coating of a single layer of protein molecules on the
polar surfaces; the protein layer consisting of polypeptide chains or meshworks of such chains (Fig.
1.3).

Robertson (1959) suggested the structure of a membrane which nearly corresponds to the one
proposed by Danielli and Davson. He called it a unit membrane. However, the structure of this unit
membrane was evolved by the studies based on electron microscopy, X-ray diffraction and chemical
techniques. According to him the unit membrane has a central core of bimolecular leaflet of lipid on
either side by a single layered fully spreadout hydrophilic protein or nonlipid material.

After examining the cell membranes of a variety of tissues from plants and animals, Robertson
(1960) postulated the probability of its universal occurrence in animals and plants. The unit
membrane may act as a barrier between the cell and its environment, and between the cell-organelles
and the cell-matrix. In later studies Robertson observed that the outer and inner protein layers of
plasma membranes differ in chemical reactions. This led Robertson to amend the concept of the
universality of unit membrane. In such asymetrical plasma membranes he suggested that the layers on
one side of the lipid core is made up of protein and the other is made up of carbohydrate perhaps in
the form of mucopolysaccharide (Fig. 1.3).

It is well known that the membranes have diverse physiological functions. In accordance to the
requirements of organelles, cell and tissues, the membranes select and allow the admission of
nutrients. Such diversities in the membranes may be due to: (@) the assortment of lipid constituents in
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Fig. 1.3 Membrane models proposed by (a) Danielli and Davson (1935); (b) Davson and Danielli (1943); (c) Robertson
(1965).

the central core; (b) the character of non-lipid monolayer on either side of the lipid bilayer; (¢) the
chemical specificity of certain areas of a continuous membrane.

To explain certain aspects of membrane permeability, Danielli suggested the existence of polar
pores lined by protein molecules. According to Solomon (1960) these are not the fixed pores but act
as and when required by the intra-and extra-cellular conditions. These conditions cause some pores to
open and the rest to close. He supposed that a large part of traffic flows through these pores in the
membrane.

The membrane is a barrier to the intra-cellular protein anions whereas it allows water, sodium,
potassium, and chloride. Thus the membrane is semipermeable in its nature. As a result of
semipermeability of the membrane, chemical and electrical gradients are created (see also Chapter 7).

Fluid-mosaic Model of Membrane

Recently Singer and Nicolson (1972) have proposed a working model which has been widely
accepted. Robertson’s model envisages a uniform structure of the plasma membrane but according to
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the proposed model, in most of the membranes, the lipids are in the form of a fluid bilayer and the
proteins do not form a sandwich covering of hydrophilic bilayer lipid covering. The membrane
proteins are found to be embedded in the bilayer (Fig. 1.4). The lipids, which are mostly
phospholipids and glycolipids in nature, when suspended in water give rise to aggregates of many
forms and shapes by forming micelles. These aggregates still preserve the hydrophilic and
hydrophobic characteristics of the phospholipids, but the hydrophobic regions are internally arranged
in such a way so that water is expelled out of them, while the hydrophilic regions remain in contact
with the outer aquatic phase.

Phospholipid
bilayer

Hydrophilic
area

Peripheral
protein

Fig. 1.4 Fluid mosaic model of the plasma membrane as proposed by Singer.

The membrane proteins play a very active role in the structure and functions of the membrane.
They are of two types: peripheral (extrinsic) and integral (intrinsic). The peripheral proteins are
superficially located and many of these are enzyme proteins. The integral proteins associated with the
bilayer of phospholipids penetrate into the interior of the membrane along with the fatty acid side
chains. They are tightly bound to the lipids and constitute the functional proteins not easily separable.
All membrane bound enzymes, carriers etc. are included in this category. Peripheral proteins have a
loose aftinity and can be easily displaced. Such a membrane is dynamically more stable and can
explain the intricate transport phenomena across the membrane.

Chemical Gradient

The cell has in it, higher concentrations of potassium, protein and related anions whereas outside it
has sodium and chloride in higher concentrations. Hence a chemical gradient exists between a region
of high concentration and a region of low concentration. Solutes from higher concentration tend to
diffuse through the plasma membrane towards low concentration. The movement of potassium ions
from the cell to the exterior is said to be passive and down the concentration gradient. The movement
of sodium and chloride into the cell is said to be down in the gradient. To maintain the gradients the
substances moving passively along the gradients must be counter-balanced by active transport, which
restores the extruding potassium ions to the cell and the intruding sodium ions to the environment.
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Electrical Gradient

The membranes of all living cells exhibit a difference of electrical potential. The potential difference
of most membranes is found to be of the order of 100 mV. Such a potential difference strongly
influences the movement of charged materials, particularly inorganic ions, across the membranes.

Usually the interior of the cell is electrically negative. The chloride, which is negatively charged,
is known to exist in high concentration outside the cell. If it diffuses down the concentration gradient
into the cell, it would promptly be forced back down the potential gradient.

1.3 ENDOPLASMIC RETICULUM

Endoplasmic reticulum is a membranous system of canals extending from plasma membrane to the
nuclear membrane. These canals have the same environment that exists around the cell because they
are in direct connection with extracellular medium. In other words, the network of canals provide
extracellular environment deep inside the cell and surrounding the nucleus. The advantage of such an
environment within the cell is that it provides opportunity for a rapid transfer of substances between
extracellular and intracellular environments. The endoplasmic reticulum supplies nutrients to the
organelles in the cytoplasmic matric and removes from them the products of synthesis and
degradation. In a three dimensional view (Fig. 1.5) the endoplasmic reticulum exhibits cavities of
varying sizes and shapes. These appear as vesicles and tubules or as flattened sacs. For laboratory
studies, fragmentation of the endoplasmic reticulum is brought about by ultracentrifugation.

Membranes

Fig. 1.5 The three-dimensional view of the endoplasmic reticulum.
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The endoplasmic reticular membrane, like plasma membrane is a unit membrane of the type
described by Robertson. The surface layers of two membranes are connected by protein septa. The
endoplasmic reticulum exists in all cells of higher animals except in mature erythrocytes. The
complexity of reticulum increases with an increase in the degree of protein synthesis activity within
the cell. Accordingly, in secretory cells the reticulum is well developed. The absence of both the
nucleus and the endoplasmic reticulum is explained to be the reason for the absence of enzymatic
synthesis in mature erythrocytes.

The endoplasmic reticulum is subdivided into areas with specialized functions. These areas
include the granular or rough endoplasmic reticulum, the agranular or smooth endoplasmic reticulum,
the nuclear envelop, and the Golgi apparatus. The functional significance of these various specialized
areas is discussed under the title Golgi apparatus.

Granular or Rough Endoplasmic Reticulum

Growing cells as well as those engaged in protein synthesis are rich in granular or rough
endosplasmic reticulum. The membrane of this reticulum, all along its outer surface facing the
cytoplasmic matrix, is studded with uniform size of particles called ribosomes. High density of
ribosomes would mean greater protein synthetic activity.

Agranular or Smooth Endoplasmic Reticulum

The outer membrane of this reticulum is devoid of the ribosomes and hence it is termed agranular or
smooth endoplasmic reticulum. It is continuous with rough endoplasmic reticulum and with Golgi
apparatus. It is present in cells synthesizing steroids, in voluntary muscle cells and in liver cells.

The Nuclear Envelope

The nuclear membrance is covered over by a large cisternal unit of granular endoplasmic reticulum.
At intervals the nuclear and recular membranes join forming pores. These pores are continuous with
the cytoplasmic matrix of the endoplasmic reticulum. These pores allow the molecules from the
nucleus to the cytoplasmic matrix (Moses, 1964). Some investigators suggest that the pores are
covered and open only when traffic is warranted. In protein synthesis, the mRNA, tRNA, and rRNA
(as ribosomes) travel from the nucleus to the cytoplasmic matrix. The direct route for such a traffic
would be through the nuclear pore. Through these pores the nucleus receives the nutrients from the
intracellular environment. The channels of the endoplasmic reticulum act as extracellular environment
and extend from the plasma membrane to the nuclear envelope. In other words the nucleus is
surrounded by the extracellular medium. Thus the nucleus also receives nutrients direct from the
extracellular environment.

Functions

Endoplasmic reticulum carries out specialized functions. These functions are localized in various
substructures:

(1) One of the important functions, viz. the transport, is carried out by the channels.
(i1) Protein synthesis is associated with the ribosomes of the granular endoplasmic reticulum.
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(iii) Concentrating and packaging of enzymes is localized in the Golgi apparatus.
(iv) Steroid synthesis takes place in the smooth reticulum.

(v) The intracellular stability, movement and the activation of amino acids for protein synthesis,
and finally the glycolysis, are localized in the cytoplasmic matrix.

1.4 GOLGI APPARATUS

The Golgi apparatus, endoplasmic reticulum, membrane bound vesicles and lysosomes constitute a
part of the membrane system present in the cytoplasm of the cell. The constituents, though always
present, exist in a state of constant change—formation, transformation, breaking down, and
reformation. They also move within the cytoplasm. The cellular organelles such as, nuclear envelope,
the rough and smooth endoplasmic reticulum, the Golgi apparatus, the lysosomes, the pinocytic
vesicles, all have membranous covering. These organelles or membrane bound spaces have been
connected either by functional continuity or by morphological connection and consequently
facilitating transport of substances not only within the cell but also to the exterior, and in some cells
from the exterior into vesicles and lysosomes.

In this membrane bound transport system, the Golgi apparatus occupies a position where the
nucleus and endoplasmic reticulum are at one end, and the vesicles, lysosomes and plasma membrane
at the other end. In this system, proteins, polysaccharides, glycoproteins, and probably lipids and
lipoproteins are formed and transported. Nucleus acts as a central control site for transport of
substances.

Form of Golgi Apparatus

The form of Golgi apparatus varies from a compact discrete granule or mass to a well dispersed
filamentous reticulum. It is pleomorphic and a variation in shape can be observed with the metabolic
and developmental state of the cell. It occurs in almost all cells of animals and plants. It is easily
recognizable and consists of 3 to 12 disc-shaped cisternae or saccules arranged compactly one above
the other like a stack of neatly arranged saucers. The cisternae are slightly curved and for this reason
the entire Golgi apparatus appears concave at one surface and convex at the other (Fig. 1.6). The
material between the cisternae is known as intercisternal structure. A network of tubules arises from
the edge of each cisternae and swell to form various types of vesicles.

Formation of Golgi Apparatus

Golgi apparatus is formed by conversion of the membrane. The development and formation of Golgi
apparatus in the cell takes place in a series of processes. These processes are: (1) the synthesis of a
pile of cisternae in the absence of pre-existing Golgi apparatus; (2) the alteration in the type and
number of vesicles; and (3) the increase in number of piles or stacks, in the number and size of
cisternae, and in the number of tubular and vesicular regions of the stack. Another way of formation
of individual stacks of cisternae is by fragmentation of the preexisting stacks. Cytological,
biochemical and chemical evidences indicate a flow of membrane material from the rough
endoplasmic reticulum via the Golgi apparatus to the plasma membrane. This suggests that for the



Cell Structure and Function 11

Secreting pole

Inter-cisternal H
structure

Q
0L e OO

Forming pole

S fZ«i\ Ribosomes

Fig. 1.6 Structure of the Golgi apparatus.

formation of the cisternal membrane, the necessary membrane material come from the rough
endoplasmic reticulum. To achieve the formation of cisternal membranes of the Golgi apparatus, it is
believed that first the rough endoplasmic reticulum changes to smooth endoplasmic reticulum.
Smooth endoplasmic reticulum then becomes the Golgi cisternae and these cisternae break down to
form vesicles. The vesicles can fuse with the plasma membrane in order to extend it (Fig. 1.7).

In the absence of nucleus or in the presence of actinomycin D, the Golgi apparatus gradually
decreases in size and finally disappears. The renucleation of enucleated amoebae restores the smooth
cisternae within half an hour to one hour, and within 6-24 hours the Golgi complexes increase in size
and number.

During this time dense material can be observed both in the lumen of endoplasmic reticulum and
in the lumen of cisternae which participates in the membrane production.

Autoradiographic studies by G.E. Palade and his co-workers (1964-1967) showed that dense
material from the rough endoplasmic reticulum was transferred to proximal cisternae of the Golgi
apparatus with the aid of small vesicles. In other words the endoplasmic reticulum is in continuity
with Golgi apparatus.

While the vesicles derived from the reticulum fuse constantly forming the proximal cisternae, the
distal cisternae of the stack give off vesicles, i.e., Golgi apparatus is conceived as having a newly
forming face at one surface and mature secreting face at the other surface.

The membranes of Golgi apparatus have a chemical composition intermediate to that of
endoplasmic reticulum and plasma membrane (Keenan and Morre, 1970). The Golgi cisternae occupy
an intermediate position (central position) with precise unit membranous structures such as the plasma
membrane and the vesicles at the distal or mature face, and with the nuclear envelope and the
endoplasmic reticulum membranes at the other extreme. Being thin (25— 40A) the latter group of
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Fig. 1.7 Formation of the Golgi Apparatus
I. Material is transferred from endoplasmic reticulum to the Golgi apparatus. The endoplasmic reticular vesicles
fuse to form cisternae at the proximal end of the Golgi apparatus.
II. Cisternal contents and membranes are transferred as the cisterna is displaced distally.
III. Cisternae at the distal pole give rise to secretory vesicles.
IV. Secretory vesicles migrate to the plasma membrane at the apex. Some increase in size while others fuse with
other vesicles.
V. Vesicles fuse with the plasma membrane of the apex liberating their contents on to the surface of the cell.

membranes are faintly stained, whereas the former group being thick (75A) are brightly stained
(Grove, Bracker, and Morre, 1968). The membrane system within the Golgi apparatus exhibits
difference, i.e. the cisternal membranes at the forming face are similar to the membranes of
endoplasmic reticulum and the nucleus; the membranes at the mature face are similar to plasma
membrane; and the membranes between these two faces are intermediate in nature. The membranes in
the Golgi apparatus are thus modified. The function of Golgi apparatus is to alter the membranes of
endoplasmic reticulum for the formation of plasma membrane.

The following scheme illustrates the relationship of the Golgi apparatus with the rest of the
membrane system:

Functions

Golgi apparatus serves as part of an internal transport system of the cell. It carries out secretory and
digestive processes. It synthesizes the lipoprotein membranes. The Golgi apparatus is concerned with
the formation and packaging of material for export across the plasma membrane. The process of
exporting is reverse of pinocytosis. The cell structures such as the acrosome of the maturing
spermatids (Fawcett, 1966) and the tubular inclusions of endothelial cells (Sengel and Stoebner, 1970)
are few among several examples of secretions derived from the Golgi apparatus. It is now known that
there are several materials which are packaged and passed through the Golgi apparatus and its
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Fig. 1.8 The relationship of Golgi apparatus with other organelles.

associated vesicles. Such materials are mostly polysaccharides or proteins or lipids in the form of
glycoproteins or glycolipoproteins, and such a conjugation with carbohydrates is a prerequisite for
subsequent transport across the plasma membrane.

Palade and coworkers (1964 and 1967) have shown that the digestive enzymes (e.g. o—amylase)
or their precursors (e.g. o—chymotrypsinogen) synthesized on ribosomes at the outer surface of the
rough endoplasmic reticulum are passed into the lumen across the reticalum membrane. They are then
transferred to the smooth endoplasmic reticulum. Here they are packed into small granules and sent
into the forming surface of the Golgi apparatus. Then they are concentrated as zymogen granules into
the vesicles which are detached from the cisternae. The granule containing vesicles then migrate to
the cell apex, where the material is passed out of the cell by reverse pinocytosis. In this process the
membrane of the vesicles fuses with the cell membrane and becomes a part of it.

In case of pancreatic cells, the material thus ejected out of the cell finds its way into the
pancreatic duct and eventually into the intestine. Similar events have been observed for the mucous
production in the goblet cells of the colon of rats.

1.5 THE LYSOSOME SYSTEM

Present in the cytoplasm are small membrane-bound vesicles containing a group of hydrolytic
enzymes. Biochemical studies reveal that all the enzymes in these vesicles show an acid pH optimum.
These enzymes serve to destroy certain parts not required by the cell. For this reason de Duve (1955)
named the vesicles containing these enzymes as lysosomes. The lysosomes also digest the
macromolecules taken in across the plasma membrane. Hence the lysosomes can be described as the
digestive system of the cell.

Large numbers of lysosomes are present in white blood cells, macrophages, and in the cells of
liver, kidney, thymus and spleen. They were biochemically separated by Novikoff et al. (1956). They
observed these as surrounded by a unit membrane containing acid phosphatase. This is a
characteristic enzyme of lysosome.

The lysosome is the seat for a minimum of twelve hydrolytic enzymes. All these act in acid pH
and split the biological substances such as proteins, nucleic acids, and polysaccharides. The
lipoprotein of the unit membrane prevents these enzymes from being harmful to the cell. Inspite of
this, the substances can be digested by the action of enzymes if they come to a reasonable distance
from the lysosomal membrane. The lysosome may be described as a packet containing enzymes
inaccessible to the rest of the cell. However, the enzymes are released within the cell, if the membrane
is injured. In such a case the cell would be digested.



14  Animal Physiology

Structure

The lysosome is small in size, lacks uniform appearance, and has no characteristic fine structure. It
differs not only among the cell types but also within the cell types. Some of the differences have
already been known while much awaits investigation. According to de Duve, the lysosome exists in
four functional forms, viz. storage granule or protolysosome, phagolysosome or digestive vacuole,
autophagic vacuole, and residual body (Fig. 1.9). The following paragraph deals with the formation of
these lysosome types and their inter-relationships.

Some of the substances required to nourish the cell may be in the form of large molecules,
bacteria, or other cells. Such particulate materials cannot be absorbed through the cell membrane.

Proteases Proteins
Nucleases and related enzymes Nucleic acids
Glycosidases Polysaccharides
@ Aryl sulfatases Organic linked sulphates
Lipases phospholipases Lipids
Phosphatases——»/4 Organic linked phosphates
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Fig. 1.9 Lysosome: (a) biochemical nature; (b) formation of the lysosomal types.
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Therefore, these particles are engulfed by the cell through a process known as endocytosis. In this
process first, the required susbtance or particulate material attaches itself to a portion of the cell
membrane (Fig. 1.9). Then at the region of attachment, the particle along with the membrane is drawn
inward to form a small internal pocket. This pocket is then pinched free from the cell membrane and
taken inside the cell. The structure thus formed consists of particulate material surrounded by cell
membrane, and this structure is called the phagosome or food vacuole. The autophagic vacuole is
formed from intracellular material. The enzymes required for the formation of protolysosomes are
synthesized by the ribosomes. These enzymes then find their way into the Golgi apparatus along with
the endoplasmic reticular vesicles (Fig. 1.7). The Golgi apparatus releases them packed in the form of
protolysosomes. The phagosome and the autophagic vacuole merge with the protolysosomes to form
phagolysosome or digestive vacuole and autolysosome respectively. The fourth type, i.e. the residual
body contains substances undigested by the lysosome enzymes.

The only one and important characteristic feature of lysosome is the presence of a single unit
membrane (Novikoff, 1963). The unit membrane of lysosome serves as the semipermeable
membrane. Neither the inner structure nor the lipoprotein membrane of lysosome binds the hydrolases
within them. Consequently, they are free to move and escape if lysosomal membrane is injured.

The membrane is unaffected by the highly active hydrolytic enzymes, for the simple reason that
none of them is lipase or phospholipase. The lysosome, however, contains enzyme acting on proteins,
glycogen, nucleic acids, and mucopolysaccharides. Inspite of the presence of these enzymes,
destruction of the cellular organelles does not take place. Only when a substrate comes within the
boundaries of the lysosome, the digestive action is initiated.

The membrane, according to de Duve (1963), is responsible for the inactivity of the enzymes.
Koeing (1962) suggested that the enzymes are ionically bound to the acidic glycolipids, which makes
them inactive. The existence of a fine structure inside the lysosome is yet to be revealed, and when
disclosed it would be possible, perhaps, to pinpoint its role in latency.

The stability of the lysosomal membrane is important to carry out its normal physiological
activity. There are two agents influencing the stability and disruptivity of the lysosomal membrane.
Those favouring membrane stability are termed stabilizers; and those disrupting it are termed
labilizers. The agents which disturb cellular pH, osmotic relations, chemical stability, and electrical
charge of the membrane are the labilizers and they would interrupt the orderly course and liberate the
enzymes into the cell. A balanced proportion of stabilizers and labilizers is maintained to keep the
membrane intact. Since the organelles depend on nutrients available in the intracellular environment,
it is believed that nutrients have stabilizing and labilizing effect on the lysosomal membrane.

Vitamin A is a labilizer of the lysosomal membrane. It is suggested that the vitamin A penetrates
the membrane and causes the expansion of the lipoprotein constituent. Thus expanded membrane is
weak to retain the enzymes and hence releases them into the cell. Ultraviolet light and ionizing
radiations are the other labilizers of the membrane. The water in the cell absorbs the ionizing
radiations and decomposes to give rise to free radicals such as hydroxyl, perhydroxyl radicals. Along
with these radicals oxidizing compounds such as hydrogen peroxide and organic peroxides also are
formed. The membrane is sensitive to the damage by these free radicals. As a result, the enzymes
escape through the damaged membrane. However, the toxic effects by peroxides are counteracted by
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the iron containing enzyme catalase which decomposes hydrogen peroxide to water and oxygen. But
if the production of free radicals exceeds the capacity of the catalase reaction, the toxicity is
inevitable.

Vitamin E is a membrane stabilizer in that it prevents the formation of free radicals due to lipid
peroxidation. Deficiency of vitamin E would allow the formation of free radicals which disrupt the
lysosomal membrane. Rabbits and chicks deficient in vitamin E are prone to muscular distrophy.

Functions

The enzyme containing lysosome and the substrate containing phagosome merge to perform the
digestive process within the enclosed membrane. The worn out, damaged or other unwanted
accessory structures in the cell may be disposed by means of an autophagic vacuole. Even the
outlived whole organs, such as tadpole tail and Mullerian ducts in male chick embryo, are disposed in
this way. During starvation, the digestion of cellular contents by lysosome provides essential nutrients
to carry out important functions in the cells.

1.6 MITOCHONDRIA

In order to carry out life processes the organisms are equipped with dependable machinery to perform
two basic functions; to reproduce themselves by deoxyribonucleic acid (DNA) and to generate energy
by adenosine triphosphate (ATP). DNA is the genetic material responsible for the replication of key
substances of life—proteins and nucleic acids. ATP molecule is as important as the DNA and acts as
a kind of storage battery. It supplies energy for all processes of life including replication. The
enzymes which catalyze the process of glycolysis, and the subcellular particles, namely the
chloroplasts (a plant cell organelle) and the mitochondrion are the three systems responsible for
generating energy in the form of ATP. Of these, the process of glycolysis which is the breakdown of
sugars by enzymes in the absence of free oxygen is the most primitive. In this process only one
molecule of ATP is produced for each pair of electrons released. The chloroplast in the green plants,
and the mitochondrion in the animal kingdom produce three molecules of ATP for each pair of
electrons released. The ATP is the universal intracellular carrier of chemical energy. From the single
cell of the protist to each of the myriad cells of the complex organisms, mitochondrion is the site for
a series of integrated enzymatically controlled reactions which end in the formation of ATP.

There are other functions which the mitochondrion performs, besides generating energy. One of
them is the metabolism. There are two distinct forms of metabolism in the mitochondrion, one form of
metabolism involves the oxidation of metabolites for the purpose of energy gain to the cell and the
synthetic reactions. The other form of metabolism is involved in the biogenesis of mitochondrion
itself. Krebs cycle, fatty acid oxidation sequence, and enzymes responsible for ketone body oxidation
and formation are some of the metabolic pathways present within the mitochondrion. Through these
cycles, the mitochondrion yields large number of reduced enzymes and hydrogens. The hydrogens are
then taken into the electron transport chain.

The mitochondrion has the ability to synthesize and catabolize proteins with the mediation of
ribosomal particles. They also participate in ionic regulation in the cell and change the permeability of
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its membranes to make new substrate available. Another property of mitochondrion, as observed in
some cells, is the production of mitochondria from pre-existing mitochondria by growth and division.

Shape

There is variation in the shape of mitochondria. They may be minute globules, vesicles, straight or
curved rods, straight or branched threads, chain of granules, nets and other irregular bodies. However,
the major variation is among cell types but not among cells of the same type. Mostly they are sausage
shaped, but with altered conditions the mitochondria are observed changing their form, hence
pleomorphic.

The number of mitochondria per cell varies depending on the cell type but within a kind of cell
the number remains fairly constant. In numbers they vary from 500 in case of some liver cells, to
more than 100,000 in case of some single celled organisms.

Location

Mitochondria are situated close to the source from where metabolities enter the cell. They are
generally found oriented with their long axes indicating the direction of flow of materials in the cells
performing active transport. Mitochondria are found in those areas of the cell which depend on the
ATP they contain. In neurons they accumulate at the internodes where the passage of nervous impulse
is supposed to take place. In secretory cells they accumulate at the basal regions, and in retina at one
end of the rod cells. The mitochondria of some cells can move about freely and passively, while in
other cells they are stationary.

Structure

A striking similarity exists in the fundamental structure of mitochondria in all forms from protozoa to
primates. In most cases it is a sausage shaped object measuring 15,000 A units in length and 5,000 A
units in diameter. The complex ultra-structure of the mitochondria as revealed by electron microscope
was first described by Palade (1952). It has a two layered wrapping constituting an outer and an inner
membrane and in this respect it resembles a thermos bottle (Fig. 1.10). The outer membrane is elastic
and at times it may be stretched to 200 times its original dimensions. All over the surface it is covered
by stalkless particles. The outer membrane is separated from the inner membrane by a fluid matrix
which is structureless. This matrix provides communication between the two membranes and supplies

Outer wall Criga
Inner wall

Fig. 1.10 Structure of the mitochondrion.



18  Animal Physiology

coenzymes to the enzymes present in the membrane. The inner membrane encloses another matrix
which is not in contact with the fluid between the two membranes. The membrane contains some
protein and lipid material and as a result may be semirigid. The surface of the inner membrane is
much expanded and thrown into numerous transverse folds or cristae which offer an increased surface
area to this membrane. While this is the generalized structure, there are mitochondria which do not
bear cristae all along their length but are limited to a small part of it. In some they are tubular. The
outside surface of the outer membrane and the inside surface of the inner membrane are sprinkled
with thousands of smaller particles. These particles are the elementary units which carry out the
chemical activities of the mitochondrion. The two membranes are the structural back bones of the
mitochondrion and have three properties—good tensile strength, stability, and flexibility. In other
words, the mitochondrial membranes are strong enough to hold a structural shape, stable enough to
allow membrane phenomena to occur and flexible enough to allow movement.

The fine structure of the mitochondrion is better understood than before, as a result of special
staining methods and very highly magnified electron-micrographs. The permanganate fixed
mitochondrion revealed the two membranes as separated from each other by a width of about 100 A.
Each mitochondrial membrane closely resembles the membrane of the cell itself. It is about 75 A
thick. It is made up of two materials apart from the particles attached to it. Under the electron
microscope each membrane can be seen as a three layered unit. Each of the two protein layers of the
membrane is about 20 A thick. The inner layer is sandwiched by two protein or other nonlipid outer
layers (darker layers). The inner layer (lighter layer) is made up of two rows of lipid molecules with
their nonpolar ends facing each other (Robertson, 1959) and is 35 A thick. Thus the two membranes
together measure about 250 A thick.

The principle material is the structural protein which is insoluble in water and accounts for four
fifths of the weight of the membrane. The remainder of the material is lipoid, primarily phospholipid.

The protein of the membrane is of two types. Strucutral and the mitochondrial actomyosin. The
structural protein is a polymer, composed of basic subunits of a small protein. Half of the amino acid
content in these molecules have hydrocarbon side chains which are insoluble in water and form
hydrophobic bonds. The mitochondrial actomyocin, in reaction with ATP, is presumed to transform
the chemical energy into mechanical energy (Lehninger, 1962).

The belief that the outer surface of the membrane has loosely attached to it thousands of globular
particles, is not universal. Logistics suggest, however, that the enzymes responsible for providing
“energetic” electrons by carrying out the oxidation reactions such as those of the Krebs and the fatty
acid cycles are located in the outer membrane.

The ultrastructure of the inner membrane and its extensions are of great interest. The inner
surface of the inner membrane is lined by thousands of particles (Fig. 1.11). These are elementary
particles as termed by Fernandez Moran (1962). Each particle has a terminal globular head of about
80 A in diameter and a stalk of about 50 A long and 30 A width. The base with which it is connected
to the membrane has the same diameter as does the head piece. These elementary particles are the
respiratory assemblies. They are multi-enzyme aggregates and serve in transporting the electrons over
a chain of complexes that synthesize ATP. Hence they are conveniently known as electron transport
particles. They are composed of a protein cortex with a phospholipid core and thus regarded as
enzyme (protein) lipid complexes.
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Fig. 1.11 Ultrastructure of the membrane of mitochondrion.

Functions

The carbohydrates, fats, and proteins are oxidised, via tricarboxylic acid (TCA) or Krebs citric acid
cycle which is the common pathway in the conversion of the energy from foodstuffs to a form that the
cells can use. This usable form of energy, i.e. the currency of the cell, is Adenosine triphosphate
(ATP). The energy or ATP producing system is the electron transport system or respiratory chain and
it is present in the electron transport particles. The electron transport system transforms the energy of
oxidation of TCA cycle substrates to form phosphate bond energy that is needed for the cellular
processes.

1.7 CENTRIOLE

Centriole is a minor cell organelle and in light microscopy it appears as a single dot enclosed in a tiny
vesicle. It is situated in the region of the nucleus and Golgi apparatus. Electron microscopic studies
revealed that it consists of a pair of bundles and each bundle consisting of nine filaments. At mitosis
the filaments in the bundle subdivide first, and then the bundles. As a result two pairs of bundles, each
pair with nine filaments are formed. Subsequently each pair moves to either side of the nucleus to
mark the two poles of the spindle.
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1.8 NUCLEUS

The nucleus contains karyoplasm which is covered by a double layered membrane. It has in it a
densely stained area called nucleolus, which consists of a rich concentration of RNA and certain
proteins. Nucleus also contains chromatin which is a combination of nuclear protein (either
protamines or histones) with deoxyribonucleic acid (DNA). During cell division the chromatin takes
the form of long strands which are called chromosomes.

Among minerals, the calcium, magnesium, sodium and the phosphates are found in the nucleus.
Calcium is bound to the protein, and magnesium to DNA. Sodium ions are required for the active
transport of amino acids through the nuclear membrane for which energy is supplied by ATP.

The nucleus is covered by a double membrane. The space between the outer and inner membrane
is in continuation with the endoplasmic reticulum thereby forming a continuous channel. Through this
channel, materials which are refused transport through by the plasma membrane, reach the nuclear
envelope from the extracellular medium and get selectively absorbed through the nuclear membrane.
The two nuclear membranes, at intervals, join to form pores which facilitate communication between
karyoplasm and cytoplasm. These pores allow the escape of three forms of ribonucleic acid (RNA) to
the cytoplasm.

Chromosomes

The nucleus of the resting cell contains long chromatin reticulum which is in combination of DNA
and proteins. During the process of mitosis, the chromatin reticulum condenses into compact bodies
called chromosomes. The typical chromosome has bands which are known as euchromatic, and
heterochromatic bands. The former are composed of DNA associated with histones. The latter, i.e.
heterochromatic bands are formed of both DNA and RNA.

During mitosis the chromosome is longitudinally sub-divided into two chromatids. Each of the
two chromatids is composed of paired filaments called chromonema.

The chromosome has a region of constriction called kinetochore. Based on its position the
chromosomes can be identified as acrocentric, metacentric and submetacentric types. During cell
division the kinetochores are subjected to the pulling influence of the spindle fibres.

There are several hypotheses over the fine structure of the chromosome. Some believe the
chromosome as containing a single strand of double helical DNA supported by a backbone of protein.
According to another hypothesis, the chromosome consists of a continuous non-DNA backbone to
which the DNA molecules are attached at regular intervals. Yet another hypothesis is that several
DNA molecules get attached end to end to form a continuous strand.

The arrangement of the proteins in the chromosome is unknown. Although the histones seem to
bound closely to DNA, some histone molecules merely run along the double helix.

A discussion of the chromosome is incomplete unless the concept of gene is considered. The
generally accepted view is that the genes are fragments of DNA molecule. Each gene is able to exert
its activity which is different from that of other gene. The reason for the difference in the activities of
the genes is now believed to be due to the sequence of the nucleotides in the DNA or in the spatial
relationship of the nucleotides to each other. Such genes are located in a linear sequence on the
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chromosomes and when the chromosomes divide during meiotic division the hereditary information
of the organism is carried into the germ cells.

Nucleic Acids

Nucleic acids are complex molecules and consist of a number of nucleotides joined chainwise. Each
nucleotide is a monomer and is made up of three parts, a purine or pyrimidine, a pentose sugar and a
phosphate group. The purines are adenine and guanine, while pyrimidines are thymine, cytosine and
uracil (Fig. 1.12). Both the purines and pyrimidines are bases.
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Fig. 1.12 Chemical structure of purines and pyrimidines.

The pentose sugar molecules form a part of the nucleic acids and they exist in the form of a ring.
The sugar gets attached either to a purine, or to a pyrimidine base forming a nucleoside. The base
attaches to the carbon of the pentose sugar.

The third part, i.e. the phosphate group gets attached with one arm to the fifth position of the
pentose sugar to form a nucleotide. For the formation of a nucleic acid chain several nucleotides join,
each by its phosphate group binding to the third position of the pentose sugar belonging to the other.
Thus the phosphate group in the nucleic acids is known to bind to the fifth position of the pentose
sugar of a nucleotide with one arm, and with another arm to the third position of the pentose sugar of
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the adjacent nucleotide belonging to the same chain. The sugar and phosphate form the backbone of
the nucleic acid and the bases (purines or pyrimidines) are attached perpendicular to it.

The nucleic acids are of two kinds—the ribonucleic acid (RNA) and the deoxyribonucleic acid
(DNA). The RNA has a characteristic pyrimidine, the uracil, in its structure instead of thymine which
is present in DNA. In addition, the RNA has a five carbon ribose sugar while the DNA has the
deoxyribose sugar in its structure.

DNA: The deoxyribonucleic acid consists of adenine, thymine, cytosine, and guanine as bases. In
an intact nucleic acid molecule these bases are attached to a five carbon sugar deoxyribose, thus
forming a deoxynucleoside. As described above, the phosphate group helps linking the deoxyribose
of the deoxynucleoside to form a strand of polynucleotide chain. A DNA molecule has two such
polynucleotide chains arranged in a helical structure and held together by hydrogen bonding between
bases. Bonding occurs between the purine base of one strand and the pyrimidine base of the partner
strand. Chemical data reveals only two base pair combinations, i.e. adenine-thymine, and cytosine-
guanine (Fig. 1.13). Pairing occurs by the sharing of two hydrogen bonds between adenine-thymine,
and by sharing three hydrogen bonds between cytosine-guanine. Since pairing occurs always between
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Fig. 1.13 Base pairing: (a) Thymine-Adenine; (b) Guanine-Cytosine.
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adenine-thymine, cytosine-guanine, the established bases of one strand in DNA will determine the
sequence on the partner strand. For instance, if the order of bases in one strandare AGCAGGT,
the base sequence on the complementary strand will be T C G T C C A. This property of specific base
pairing in DNA is very important in the replication process of DNA, and in the preservation and
transfer of species characters to the offspring.

While DNA is helical in all organisms, it differs from species to species due to changes in the
sequence of nucleotides in the strand and also due to the variation in the length of the strand. Because
of these differences in DNA, the genes and consequently the characters of species differ.

One of the important functions of the DNA is the replication of the genetic information coded in
its strands. Replication process is initiated at one end of the helix by the separation of its
polynucleotide strands in a linear and unidirectional fashion. Each one of the separating strands acts
as a template and captures the corresponding bases from the nuclear fluid. The bases thus picked up
are similar to those lost in the separation. These newly acquired bases are
joined together lengthwise to form a strand, and for this process energy-
rich phosphate of the nucleotide is required. The energy-rich phosphates
are triphosphates. Since there are four types of bases which are required
to be connected lengthwise, evidently four types of triphosphates exist.
These are collectively known as nucleotide triphosphates and individually
they are deoxy ATP, TTP, GTP and CTP. Each of these nucleotide
triphosphates is joined to its neighbour, in the presence of specific
nucleotide polymerase, with the liberation of two inorganic phosphate
molecules. With the linking of the bases the formation of a
complimentary strand is completed.

Another function of DNA molecule is, it acts as a template in the
formation of messenger RNA (mRNA).

B s e e e LY

MRNA—|

|

RNA: The information required to carry out cellular activities is
codified in DNA. Most of the cellular activities, such as metabolic and
synthetic processes take place in the cytoplasm under the influence of
enzymes. Since the code for the proteins is in the DNA (genes), it must
be brought to the cytoplasm by a form that can carry out protein
synthesis. This is accomplished by a form of ribonucleic acid, which
because of its function is called messenger RNA.

There is yet another major type of RNA known as tRNA, or soluble
RNA. The function of tRNA is to carry and assemble the amino acids for
the synthesis of polypeptide chains. Knowledge of the structure of both
the RNAs is necessary for an understanding of their role in the
polypeptide synthesis. The structure of tRNA has been described in  Fig, 1.14 Formation of the
chapter 5. Before we go in for the mRNA structure let us know how an messenger RNA.
RNA differs from the DNA.
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The RNA differs from DNA in that, its pentose sugar is ribose instead of deoxyribose; one of its
bases is uracil* instead of thymine; the polynucleotide is single stranded chain rather than double
stranded helix as in DNA. RNA strand contains only hundreds of nucleotides while DNA has them in
thousands. DNA contains genetic code and is present in the cell nuclei whereas RNA contains
message encoded from DNA template, and migrates to cytoplasm to be associated with the synthesis
of proteins with the aid of ribosomes.

MessenGER RNA: The process of formation of mRNA in the nucleus is not completely clear.
However, it is presumed that mRNA is formed using one of the strands of DNA as a template
(Fig. 1.14), firstly because it has a base sequence complimentary to one of the DNA strands, and
secondly because much of the newly synthesized RNA is closely associated in the form of a hybrid
with DNA. It should be remembered that uracil of RNA is, complimentary to adenine of DNA.
Enzyme RNA polymerase, and four, triphosphates (ATP, UTP, CTP, and GTP) are, of course, required
in the synthesis of RNA.

While the enzyme is needed in making the complimentary copies of bases line up in sequence
with those of DNA, the energy rich phosphates are required to join the RNA nucleotides together to
form a strand. The mRNA with a transcribed nucleotide copy of the message from the DNA travels to
the protein forming sites. i.e, the ribosomes.

Nucreorus: Nucleolus is very large and conspicuous in growing cells but disappears during cell
division. It can be seen as a dense area within the nucleus and has no membrane separating it from
karyoplasm. It is thus exposed for interaction with nuclear material. The RNA and proteins which
make up ribosomal particles are formed in the nucleolus. While some ribosomal particles remain
within the nucleus to synthesize nuclear proteins, the other migrate to the cytoplasm. These nuclear
ribosomes synthesize enzymes required in the nucleus, such as DNA-polymerase, etc.

*The structure of uracil is very much like that of thymine but for the lack of CH; (methyl) group which thymine possesses.



CHAPTER

Foodstuffs

As we know well, food is a matter other than oxygen and water which animals take into their body. It
has three principal uses: First as fuel to supply energy, second as a material for building new tissues
(i.e. in growth) and for repair, and third as substances which with little or no change take part in the
various biochemical reactions without being part of the structure of the body.

The food of animals chiefly consists of varied complex organic substances such as carbohydrates,
fats and proteins. These basic foodstuffs get oxidized to meet most of the energy requirements of the
animals. The amino acid units of proteins are required for growth and repair of tissues, and also for
the synthesis of various secretions of the body. Besides these, there are a number of substances such
as vitamins and inorganic compounds, which the animals cannot synthesize and still essential in
carrying out both energy yielding and anaerobic growth promoting reactions. Such substances form
part of the food and are obtained from outside. Finally the body also obtains through food, minerals
required for the regulation of osmotic pressure and acid-base balance, for incorporation in the
structure of certain tissues, and for the activation of several enzyme reactions. All the above
mentioned substances are taken in by the animals through the food. Since they are the constituents of
the food they are conveniently called foodstuffs or nutrients. The ensuing portion of this chapter gives
an account of the nature of various foodstuffs.

2.1 CARBOHYDRATES

Carbohydrate is the chief nutrient for the animal kingdom. Animals procure carbohydrates from
plants. Plants synthesize carbohydrates through a process of photosynthesis, a process in which the
chlorophyll would utilize solar energy to synthesize carbohydrates from the carbondioxide of the air
and the water from the soil. Carbohydrates serve as main source of energy. Their energy value is four
kilocalories per gram of carbohydrate nutrient and it is provided to the various synthetic needs of a
cell. Carbohydrates include sugars and starches.



26  Animal Physiology

Carbohydrates are organic compounds in which most of the carbon atoms carry the elements of
water. In a simple carbohydrate unit, there are six carbon atoms arranged in a chain with atoms of
hydrogen and oxygen attached to the carbons in the same ratio as found in water, (Figure 2.1). In
other words, in carbohydrates carbon, hydrogen and oxygen are generally found in the proportion of
1:2:1.

Classification of Carbohydrates

Compounds of carbohydrates are classified into the following simple groups, viz. monosaccharides,
disaccharides, oligosaccharides and polysaccharides, each group containing one, two or more
carbohydrate units respectively.

Monosaccharides Disaccharides Polysaccharides
(one sugar compounds) (two sugar compounds) (many sugar compounds)
+
Glucose Sucrose Starch
+
Fructose Maltose Dextrin
+
Fructose Maltose Glycogen
+
Cellulose

Fig. 2.1 Figure showing the structural moieties of monosaccharides, disaccharides and polysaccharides.

From the above illustrated chart it is apparent that the three monosaccharides—glucose, galactose
and fructose are the units contained in the structure of di-and polysaccharides. Mono-and
disaccharides have common characters in that they are soluble in water, crystalline, and sweet. They
are sugars and their names end with characteristic-ose. In contrast to this the polysaccharides are
insoluble in water, and are neither crystalline nor sweet. Their names do not have a characteristic
ending.

Monosaccuaripes: The monosaccharides are grouped according to the number of carbon atoms
in their structure, i.e. trioses (C;H(O;), tetroses (C,HgO,), pentoses (CsH;;0s), hexoses (CsH;,0),
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heptoses (C,H,;;0,). Of these only the pentoses and hexoses play fundamental roles in cellular
nutrition. Glucose, fructose and galactose are the hexoses. The glucose and the galactose are aldoses
(aldehydes} while fructose is a ketose (ketones). Though pentoses and hexoses are often depicted as
open chain compounds they are normally arranged in a continuous ring in their biologically active
state called hemiacetals.

CH ,OH CHZOH H
— O (‘37 (0]
H
H/ \ / / \OH
¢ ¢
HO OH HO CH,OH
\ / \H ; \ Ho/
‘ (‘: ‘ _C‘:
OH OH OH H
D-glucose D-gal actose D-fructose

Ring structure of glucose, galactose and fructose. Glucose and galactose are isomers.

DisaccuaripEs: As already mentioned these are compounds joined with two monosaccharide
units. Disaccharides are formed by a chemical reaction called condensation. In this process an OH
group of one monosaccharide joins with one of the carbon atoms of the other to form a glycoside
bond with the elimination of water.

Sucrose, lactose and maltose are the common disaccharides. Disaccharides are split into their
constituent monosaccharides in the process of digestion before being absorbed. Both beet and cane
sugars are known as sucrose and consist of glucose and fructose units. Lactose which is present in
milk has in it glucose and galactose monosaccharides. Maltose contains two molecules of D-glucose
and is not available free in nature. It is present in malt products. It is produced in the body as a result
of the action of maltase on starch.

Porysaccuaripes: Polysaccharides consist of a long chain of monosaccharide units.
Polysaccharides are also accomplished by condensation. Polysaccharides have a general formula
(C¢H,(Os)n—where n is the number of groups that a molecule may include. Because of the
insolubility and large size, they form colloidal solutions and solids, and will not pass across natural
animal membranes. They are chemically inert and do not ionize and for this reason very much suited
as reserves—as starch in plants and glycogen in animals. Starch, dextrin, glycogen and cellulose are
the four polysaccharides that are important as nutrients. Polysaccharides consisting of only one type
of monosaccharide units are called homopolysaccharides, while, those with different types of
monosaccharides or monosaccharide derivatives are hetero-polysaccharides.

HOMOPOLYSACCHARIDES

Starch: Plant products such as roots, tubers, fruits and seeds contain primarily starch. Starch is found
in the cells of plants in the form of granules. The size, shape and markings of starch granules are
typical of the plant in which they occur—oval shaped in case of wheat starch; small, rounded and
angular in case of corn starch. The composition of starches also differs to some extent, however, all
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types have both amylose and amylopectin. The former is a straight chain polymer and the later a
branched chain. Starch is hydrolyzed in the intestinal tract yielding dextrins and maltose, and
eventually glucose.

In animals, starches are digestible polysaccharides whereas celluloses are indigestible ones. The
end product of starch hydrolysis in the body is glucose. Unwanted or excess glucose is stored in liver
and muscles as glycogen. When the cell need glucose, the glycogen (also known as animal starch) is
hydrolyzed by amylase to form maltose, which is further hydrolyzed by maltase to form glucose.

Dextrins: They are the intermediate compounds formed as a result of hydrolysis of starch to
maltose and finally to glucose, both in the process of preparing food (heating) and digestion of starch.
They are available particularly in the germinating seeds. The presence of dextrin medium in the
alimentary canal is favourable for the growth of acidophilic organisms.

Glycogen (or Animal Starch): Glycogen is present in invertebrates as well as vertebrates. It is a
branched chain polymer having 6,000 to 30,000 glucose units. It gives a brown to red colour with
iodine. On hydrolysis both yield glucose as the end product.

Cellulose: The cell walls of plants are made up of cellulose which consists of a linear chain of
glucose units. These units may range from 900-2000 in different celluloses. It is not acted upon by
digestive enzymes secreted by mammals, but bacteria break it down. Cotton has a pure form of simple
cellulose.

HETEROPOLYSACCHARIDES

These are complex polymers containing several different monosaccharides or monosaccharide
derivatives. In combination with proteins polysaccharides form mucopolysaccharides. They occur in
mucous. Many mucopolysaccharides tend to be highly viscous and are responsible for the viscosity of
body mucous secretions. These are of no dietary significance.

Functional Significance of Carbohydrates

Carbohydrates serve variety of functions. They supply energy for the body functions and form part of
the structure of the mucous membranes, supporting tissues, and the central nervous system.
Carbohydrates are antiketogenic and aid in the utilization of body fats. Carbohydrates have also
protective function.

The main function of carbohydrate is to supply energy for the body processes. Glucose, a
monosaccharide sugar, is the ultimate product into which the entire starch (polysaccharide) and half
of the sucrose and lactose (disaccharides) are converted. The other products formed in this conversion
are fructose and galactose, but they are present in smaller quantities. The fructose and most of the
galactose are converted into glycogen by the liver and a large amount of it is stored in it. Similarly it
is also stored in other tissues notably muscles. Glycogen is broken down to glucose by the process of
glycogenolysis and the glucose is carried out by blood and gets burnt to provide energy for the body
processes.

Structural Function of Carbohydrates

Galactose, which is present in small quantities in the blood of milk drinking people, serves an
important structural function, i.e. forming a covering to nerve fibres.
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At the time of birth of a child its nerve fibres, especially those of the spinal cord lack the
necessary covering of the myelin sheath. The child needs galactose in its blood in order to synthesize
myelin, which is a complex fat like compound. Myelin sheath acts as an insulator around nerve fibres
and prevents the nerve impulses from the leakage from one fibre to another.

Thus small amounts of carbohydrates and their derivatives form the structural elements in certain
tissues.

Pentoses are constituents of nucleic acids. Various carbohydrates are present in many conjugated
proteins. Cartilage, bones and tendons have an aminopolysaccharide. The formation and the
destruction, of these carbohydrate—containing structural elements is a phase of carbohydrate
metabolism.

Formation of Fats from Carbohydrates

When excessive carbohydrates are absorbed into the body, the liver transforms the excess amount into
glycogen and stores them. However, if the carbohydrate intake is more than the limited transformation
capacity of the liver, they are then converted to fats and stored in the tissues. Formation of fats from
glucose is brought about by the synthesis of two components, i.e. fatty acids and glycerol. Acetyl
coenzyme A (acetyl CoA), the last compound in the glycolytic pathway acts as a starting substance in
the synthesis of fatty acids. In case of glycerol synthesis, the dihydroxyacetone phosphate, also a
compound of the glycolytic pathway acts as a starting substance. Though the mechanism involved in
the formation of fats is a complicated one, it may be summarised in the following two paragraphs.

The first reaction requiring energy from ATP, is the carboxylation of acetyl CoA to malonyl CoA
in the presence of coenzyme, biotin. After this malonyl CoA complex reacts with another molecule of
acetyl CoA to form butyryl CoA. Thus by a series of repeated condensations the long chain fatty acids
are formed.

For the synthesis of glycerol, the starting substance is dihydroxyacetone phosphate. In the first
step this substance is reduced to B-glycerolphosphate. The B-glycerolphosphate is then esterified by
two acetyl CoA molecules resulting in phosphodiglycerides. Next to this triglycerides are produced
under the action of another acetyl CoA molecule.

Antiketogenic Role

Ketones are formed from the degradation of lipids when the organism suffers from carbohydrate
starvation or diabetes. In such circumstances sugar which provides energy is not available to the
organism, and hence the energy is supplied by extensive oxidation of lipids. The ketones (acetone,
acetoacetic acid, B-hydroxybutyric acid) formed during the catabolism of lipids are so large that they
exceed the oxidative capacity of the tissues, hence they get accumulated in the blood (ketonemia) and
pass into the urine (ketonuria). Since some of the ketones are strong acids their excessive production
alters akalinity of blood to acidity, thus producing hyperacidemia. In normal conditions hyperacidemia
does not occur because the small amounts of ketones formed can be neutralized by the alkaline
reserve of the blood, but during carbohydrate deficiency ketone bodies become overloaded.

Glucose has an antiketogenic role because it is found that the administration of carbohydrates in
the case of carbohydrate starvation reduces ketogenesis. Similarly, carbohydrates and insulin
administration prevents diabetic ketogenesis.
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Protection of Proteins

Another important function of carbohydrates is to spare protein for building and repairing of body
tissue which is its primary duty. The energy need of body is to be first satisfied before the nutrients are
used for other functions. When the carbohydrate and fat content of the diet is below the desirable
caloric level, protein stops its primary duty of tissue building and repairing and starts degradation.
Certain amino acids, leucine, phenylalanine, tyrosin, which are products of this degradation are
considered to be ketogenic since they can form acetoacetic acid. Normally acetoacetic acid is utilized
in lipogenesis but during carbohydrate starvation this does not happen.

2.2 PROTEINS

The term protein was suggested by Gerardus Mulder in 1840. This term is taken from Greek and it
means “to come first”. Truly enough the proteins form the most important constituents of the animal
body and account for about one half of the total dry weight of the body. A liberal supply of protein is
necessary to the body and without it no life is possible. It must be constantly supplied to the body for
growth and repair.

There are different types of proteins. These types are closely related yet they are distinct
physiologically. Plant proteins differ from each other and are convertible to animal proteins. Each
species in animals has its specific proteins. Further, a given animal has many different proteins within
its organs, fluids and tissues. No two proteins are exactly alike in their physiological behaviour. Some
proteins serve as structural components, some others are important components of extracellular fluids.
The proteins function within the living cells as biological catalysts. Almost every reaction taking
place within the cell requires a specific catalyst. Such catalysts are called enzymes and account for
about 90% of the total functional protein in the cell. A single cell may contain in it as many as 1,000
different enzymes.

Carbon, hydrogen, oxygen and nitrogen are the elements which are present in each protein
molecule. Many proteins also contain sulphur, a few others contain, phosphorus, iron iodine and
cobalt. Nitrogen is the distinguishing element in the proteins because it is present in these compounds
whereas it is absent in carbohydrates and fats.

The individual molecules of proteins have high molecular weight and for this reason they are
often referred to as macromolecules. Since a large number of similar units, known as
macromolecules, are joined to form chain-like molecules they are characterized as bio-polymers.

Amino Acids

A complete hydrolysis of various proteins yields about 20 different amino acids, showing thereby that
the proteins are made up of amino acid subunits. All these amino acids are oi-amino acids, i.e. the
amino group is attached to the o-carbon. Each amino acid has one part which is same for all and one
part which is specific only to that particular amino acid. Taking these points in view the general
formula of an amino acid is sketched as follows:
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H R OH
Sl
. o
H

The part labelled R varies for each amino acid: whereas rest of the molecule is the same for all.
The simplest of the amino acid is amino-acetic acid or glycine.

H H
H / H /
‘ o} H ‘ O
H C C/ \N C
|_‘| \O H / ‘ \O
Acetic acid Amino acetic acid (Glycine)

Alanine, the next simplest amino acid, is amino-propionic acid. There are two amino derivatives
of propionic acid and their formation is based on the attachment of the amino group either to o.- or
[-carbon atom.

Propionic acid ol-amino-propionic B-amino-propionic
acid (alanine) acid (B-alanine)
I\—l H r‘\le
H—C—H _ L e H—C—H _
) < |
H—Cc—C N—cfc\ H—c—C
N TN N
H H H
or or or
"y o oy o i o
H*C*C*C\ H*C*C*C\ H*C*C*C\
. o | o | 0
H H H NH, NH, H

In the same way three possible amino acids can be derived from butyric acid. But the proteins are
constituted only with o-amino acids and not with other amino acids.

In all amino acids, with the exception of glycine, the a-carbon atom is attached to four different
atoms or groups. The o-carbon atom is therefore asymmetric. The amino acids containing asymmetric
o-carbon are optically active and can exist in two stereo-isomeric forms (Fig. 2.2).

The naturally occurring ones belong to L-form. But some amino acids such as alanine are
dextrorotator although they belong to L-form. They are amphoteric electrolytes because they have

both amino, and carboxyl groups which react as acids in the presence of bases and as bases in the
presence of acids.
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Fig. 2.2 Two isomeric forms of typical amino acid.

STRUCTURE AND CLASSIFICATION OF AMINO AcIDS AVAILABLE IN PROTEINS: The classification of
amino acids, obtained by the hydrolysis of proteins is given below and it is based upon the
composition of the side chain, i.e. R-group which varies from, one amino acid to another.

Table 2.1 Amino Acids and Their Structural Formulate

Name Structural formula
1. Side chains with no functional groups—simple amino acids.
H
) ‘ OH
Glycine (Gly) 4
H—Cc—cC
C,HsNO, \ \o
NH,
H H
Alanine (Ala) H ‘C ‘C C/ oH
C3H,NO, I \O
H NH,
HoH OH
Valine (Val) H C—C‘:f(‘:f 4
G3Hy;NO, 0 \O
H,C NH,

_ H H H OH
Leucine (Leu) e (\: (\: ‘C /
CeH13NO, 0 \O

H,C H NH,
Isoleucine (Iic) HC Z z (T / oH
CgH15NO, T ‘ \O

(Contd.)
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(Contd.)

11. Side chains with hydroxylic (OH) groups—Hydroxy-amino acids.

H H OH
Serine (Ser) H*‘Cféfc/
C5H,NO; LN
OH NH, ©

H H H OH

Threonine (Thr) H é é é C/
C4HgNO; T \O
H OH NH,

III. Side chains with sulfur atoms. H H OH
oo

. Lo
Cystine (Cys) S NH,
CeHioN,0,5, \

S H
OH
we o
T N
H NH,

. P o
Methionine (Met) H—C— C—C*C/
CsHy,NO,S LT N

s‘ H NH,

. . . . CH3

1V. Side chains with a basic group.

. Prrrro
Lysine (Lys) H—C—C—C—Cc—C
CeH14N,0, | | | | \o

NH,H H H NH,
Py o
: /
Hydroxylysine (Hyl) H—C—C—C—C—C—C
CeH1aN;05 T T T N
NH,OH H H NH,
H H H
OH

- L
Arginine (Arg) Hf‘cf (‘;i(‘;f‘cf C\
CcH4N,0O
it HN=C—N H H NH, o

NH, H
Histidine (His) ‘CH:C\* CHFC‘H*CHOOH
CeHgN;0, N\ NH NH,
N/
H

(Contd.)
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(Contd.)

V. Side chains with a carboxyl group—Acidic amino acids—or their amides

H H OH
Aspartic acid (Asp) H \C é C/
C4H,NO, [ N\
HOOC NH, O
H H OH
Asparagine (Asn) oché,‘c, C/
C.HaN,0;5 AN

NH, H NH, ©

HHH OH

Glutamic acid (Glu) ot &b o
TN

CsHgNO, COOH H NH, o

H HH OH

Glutamine (GIn) O:C,‘C,éf‘cfc/

CoHioN:05 NI‘-| |‘-| |‘—| l\‘lH o
2 2

VI. Side chain with aromatic (Benzene-like) group.

HoH OH
Phenylalanine (Phe) Z E—éféfc/
CoH1NO, T b Yo
2
HH  OH
Tyrosine (Tyr) HO— //7\7(‘;7é7(;/
CoHi:NO, =N
2
‘//\H——ﬁ CH, — CH,~ COOH
Tryptophan (Trp) N/ cH NH,
CllHIZNZOZ

Proline (Pro)
CsHgNO, N/ N\

HO—HC—CH,  on
\ \ /
Hydroxyproline (Hyp) HZC\ /CH fc\
CsHgNO4 'TI e}
H

The amino acids are described as the building blocks of proteins, and may be conveniently
grouped under two broad categories, i.e. essential and nonessential. The essential amino acids are to
be obtained by the animal through its diet. The nonessential amino acids are, however, synthesized by
the animal tissues.
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Peptides: The amino acids (subunits) are joined together in the following manner.

R, O R, O
NH2—C—(H2—OH+NH2—(‘3—(H3—OH—>
' '
R, 0 H R, O
PR Y S N S

\ \
H H

e
The above reaction shows the amino acids as linked through the carboxyl (C\O ) and amino

groups. The carbon and nitrogen bond between each pair of amino acids shown above is a special
kind of amide bond and is referred to as a peptide bond. The compound formed is a dipeptide. Like
amino acid, it still has an amino group at one end and a carboxyl group at the other end. Therefore it
can still react with another amino acid to form a longer chain (tripeptide), which in turn can react in
this way to accept amino acid again and again in order to form polypeptides. These complex
polypeptides have properties resembling that of proteins. Each polypeptide has in it about 100 to 200
various amino acids in the form of amino acid residues. A protein may have two or more of such
peptide chains. Several such chains join to form macromolecules of proteins.

Protein Structure

For a better understanding of the structure of protein the following information is essential.
(a) Molecular size of protein.
(b) Relative proportions of various amino acids.
(c) Amino acid sequence in the chain.
(d) Three-dimensional arrangement of the chain.

Molecular Size

The estimation of the size or molecular weight of protein is made from the accurate measurements of
osmotic pressure, or of sedimentation velocity and sedimentation equilibrium in the ultracentrifuge.

Primary Structure of Proteins: the Sequence of Amino Acids

The term primary structure is used to designate the sequence in the arrangement of amino acids in
proteins. The sequence remains same in a specific protein and it is an important character in protein
function. Any change in sequence of amino acid is enough to disqualify the protein from discharging
its function. The substitution of only one amino acid for another in the haemoglobin molecule is
sufficient to cause sickle-cell anemia. The sequence of amino acids in insulin molecule was first
established in the year 1955. The molecule has two polypeptide chains, and arranged in them are 51
amino acids. The two chains, one with 21 and other with 30 amino acid, are joined by sulphide bond.
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The complete amino acid sequence of several other proteins is known. These include enzymes
such as ribonuclease, lysoyme and the subtilisin of Bacterium subtilis, etc.

Thus, under the primary structure we have considered the amino acid sequence. Each amino acid
is linked with its immediate neighbour by peptide bonds. The peptide bonds are the primary and
strongest linkages.

Secondary Structure of Proteins

In addition to the above mentioned primary structure the biological activity of protein also depends on
the secondary structure. Under the secondary structure of protein we consider the structural aspects
like folding of the polypeptide chains into a specific coiled structure arising as a result of the linkage
of amino acid units which are not far from each other, as in the o-helix. These amino acid units are
linked by means of hydrogen bonds and disulphide bonds (Fig. 2.3).
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Fig. 2.3 Alpha-helix (after Pike and Brown, Nutrition, 1967, p.40).

Tertiary Structure of Proteins

Tertiary structure deals with the arrangement and interrelationship of twisted chains of proteins. Such
a structure enables the proteins to form specific layers, crystals or fibres. This tertiary structure is
maintained by weak hydrogen bonds and electrostatic forces. The tertiary structure is important and
found in globular proteins. If this structure is disrupted, the biological activity of protein would be
lost. The tertiary structure of the myoglobin which was established is illustrated in Fig. 2.4.

Quaternary Structure of Protein

In addition to the above three structures, a fourth level of structure has been recognized in some
proteins. This structure is essential for the activity of enzyme protein. There are also a number of
globular proteins having the quaternary structure, i.e. they are composed of subunit peptide chains
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(b)

Fig. 2.4 (a) Tertiary of the myoglobin; (b) the course of the polypeptide chain.

linked together by any or all of the forces that can act between amino acid side chains. Haemoglobin,
a protein capable of carrying oxygen, is a fine example of quaternary structure. It has four peptide
chains and each chain (subunit) is complexly folded and resembles myoglobin to some extent. Chains
fall under two types, each type consisting of one pair. These peptide pairs of haemoglobin interact
with each other resulting in a quite stable and compact bundle, which is the active protein.

Classification

During the early stages of the protein chemistry a number of operational classification systems were
suggested. The situation is not much different even today. Presently there are three classifications of
proteins. They are as follows:

A. Classification based on the composition of proteins.

B. Classification based on the shape of the protein molecule.

C. Classification based on the solubility of proteins.

Still none of the above systems of classification is satisfactory. The present information on the
precise structure of proteins is insufficient. A precise system of classification aiming at correlating
structural characteristics with biochemical function should be possible with the availability of more
and more information on the exact nature of protein. Till that time, to lessen confusion it is necessary
to follow one. Given below is an arbitrary classification for descriptive purposes. The proteins are
mainly classified into two broad groupings, viz. (a) simple proteins, and (b) conjugated proteins. The
simple proteins would give rise to only amino acids on hydrolysis. In case of conjugated proteins
some other substance—a prosthetic group—is attached to the protein.

(a) The simple proteins: Proteins such as albumins, globulins, glutelins and gliadins, scleroproteins,
protamines and histones come under this group.

(1) Albumins: They are soluble in water, dilute acids and bases. They coagulate when heated. If a

solution of albumin is heated near the isoelectric point the protein gets denatured and then
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precipitates as coagulum. This property is utilized to test the presence of albumins in urine.
Albumins are precipitated (usually without denaturation) by saturating the solution with
ammonium sulphate. In natural state they are frequently associated with small quantities of
mucopolysaccharides (refer to mucopolysaccharides under the title polysaccharides). Common
examples are albumins of egg-white and, of blood serum, and lactalbumin.

(i) Globulins: They are insoluble in water but soluble in dilute solutions of salts. They are also
coagulable when heated. From solutions they are precipitated by half-saturating with
ammonium sulphate. Common examples are the globulins of egg-white; of blood serum; of
variety of seeds, including squash, soybean, hemp, and others.

(iii) Glutelins: They are soluble in dilute acids and alkalies, and insoluble in neutral solvents
(distilled water and alcohol), but when pressed and squeezed (kneaded) with water they form a
tenacious sticky mass. They are coagulable when heated. They are plant proteins and found in
the cereals. Glutelin from wheat is one of the examples.

(iv) Scleroproteins: They are chiefly the fibrous proteins, insoluble in water or in other common
solvents. They are partially or highly resistant to digestive enzymes. They are the important
constituents of the connective tissue and external coverings of animals. Keratin, collagen,
elastin are examples of scleroproteins. Keratins are the principal constituents of skin, hair,
bones; collagens are present in tendons, bones and also in the skin. Elastins are the main
constituents of arteries, elastic tissues and also tendons.

(v) Protamines: They have relatively low molecular weights ranging from 2,000 to 4,000. They
are very soluble, small, stable proteins and cannot be coagulated by heat. They contain only a
few amino acids but a large proportion of them are basic in nature. The protamines are
exceptionally rich in arginine, hence strongly basic in nature. By virtue of this basic, character
they readily form salts with mineral acids, acidic proteins, and nucleic acids. These salts are
either insoluble or partially soluble. During the process of purification of proteins in order to
eliminate the unwanted nucleic acids, they are made to combine with protamines to form
insoluble nucleic acid salts. Insulin in the form of protamine-insulin is less soluble and more
stable towards heat. Further, it is absorbed more slowly and hence effective over a longer
period of time. Protamines are found in the ripe sperm cells of certain fish.

(vi) Histones: Like protamines, histones have low molecular weight, are basic in nature and very
soluble in most common solvents. However, histones greatly differ from protamines in that
they (histones) are somewhat weaker bases and are insoluble in ammonium hydroxide
solutions. Histones are found associated with nucleic acids in the nucleoproteins. They are
obtainable from the spleen, thymus; nucleated R.B.C. of birds.

(b) Conjugated proteins: Phosphoproteins, glycoproteins, chromoproteins, and lipoproteins are
included under this major group.
Phosphoproteins: In these the protein molecule is linked to phosphoric acid. The phosphoproteins

when treated with dilute sodium hydroxide yield inorganic phosphate. Examples of phosphoproteins
are casein of milk and vitellin of egg-yolk.
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Glycoprotein: They contain small quantity of carbohydrate, bound to protein molecule. The
carbohydrate in these is usually the mucopolysaccharide. Mucin of saliva, chorionic gonadotropins
and some of the pituitary hormones such as follicle stimulating hormone (FSH) and the luteinizing
hormone (LH) are glycoproteins.

The nucleoproteins: These are formed by the combination of nucleic acid with protein.

The chromoproteins: These are the compounds consisting of protein and the coloured material—a
non-protein. Haemoglobin contains protein globin and red pigment haem. Other examples are
haemocyanins, flavoproteins and cytochromes. Haemocyanins are the respiratory pigments found in
the blood of invertebrates and they have copper content.

The lipoproteins: They are compounds of protein and lipids. Lipoproteins have solubility properties of
proteins, hence the lipid portion is insoluble in ether. Extraction of lipid portion is possible only when
the protein is denatured. Lipovitelline of egg-yolk is a lipoprotein.

2.3 LIPIDS

Lipids are important group of organic compounds extractable from biological materials with usual fat
solvents such as (ether-alcohol mixtures, chloroform, benzene, acetone, etc.). They are insoluble in
water. Lipids, like carbohydrates, also contain carbon, hydrogen, and oxygen, the former two in larger
quantity than oxygen. Some lipids contain phosphorus and nitrogen. The lipids in the body, serve as
condensed reserve of energy. Some have structural functions yet others are hormones essential for
various reactions in intermediary metabolism. Lipids play very significant roles in nutrition and
physiology. Lipids are transported in biological fluids when they are in combination with proteins
(e.g., fatty acids with plasma albumin in vertebrates) or when they exist as derivative of a protein (e.g.
lipoproteins).

Classification of Lipids
A brief classification presented below is limited to lipids of importance in animal nutrition.

A. SivirLe Lipips: These are esters of fatty acids with various alcohols.
1. Fatty acids.
2. Neutral fats (mono-, di-, and triglycerides)
3. Waxes (esters of fatty acids with higher alcohols)
(a) Sterol esters (cholesterol esters with fatty acids)
(b) Nonsterol esters (i.e. vitamin A esters, etc.)

B. Compounp Lirips or ComrLEx Lipins: These are lipids with additional group mentioned below.
1. Phospholipids: Any lipid containing phosphorus is included under phospholipids
(a) Phosphatidic acids (phosphoglycerides) lecithins, cephalins. etc.
(b) Plasmalogens
(c) Sphingomylins
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2. Glycolipids: These are carbohydrate containing lipids.
(a) Cerebrosides
(b) Gangliosides
3. Lipoproteins: These are lipids in combination with proteins.

C. Derivep Lirins (alcohols, including sterols, hydrocarbons).

These are products derived by hydrolysis of above mentioned groups, and still having some
general properties of lipids.

SIMPLE LIPIDS

Farty Acips: Fatty acids are the simplest of all the lipids. These are constituents of most of the lipids.
Fatty acids are monocarboxylic acids. The molecule of a fatty acid has a polar carboxyl group soluble
in water and a non-polar hydrocarbon chain soluble only in common organic solvents. They have
greater solubility in organic solvents than in water. The fatty acids with short chain length (under 12
carbon atoms) have greater solubility in water while the solubility decreases appreciably with the
increase in their chain length (more than 16 carbon atoms). The short chain fatty acids are present in
coconut oil, milk fat and butter fat. Most of the long chain fatty acids (16 to 18 carbon atoms) are
found in the average diet. Fish oils, peanut oil contain fatty acids having more than 20 carbon atoms.
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The fatty acids found in foods are classified under three groups based on their degree of
saturation or unsaturation. A saturated fatty acid contains as many hydrogen atoms as its carbon chain
can hold. The saturated fatty acids have the general formula C,H,, ,O, or C H,, ; COOH.

CHEMICAL STRUCTURE OF SATURATED AND UNsaTURATED Farty Acips Certain other fatty acids
have a single double bond in their carbon chain resulting in the loss of two hydrogen atoms. These are
called monounsaturated fatty acids and their general formula is C, H,, ,O, or C,H,, ,—COOH.
There are yet other fatty acids, viz. polyunsaturated fatty acids, which have 2, 3, 4 or more double
bonds in the carbon chain with the consequent absence of 4, 6, 8 or more hydrogen atoms. The
polyunsaturated fatty acids, linoleic, linolenic and arachidonic are often termed as essential fatty acids
since they must be supplied in adequate amounts in the diet of mammals. The absence of linoleic acid
in diet of rats, pigs and the like develops the characteristic dermatitis.

A limited types of unsaturated fatty acids can be synthesized by the animal cell. For this purpose
addition of any new double bonds must be carried out between the carboxyl group and the first double
bond of the fatty acid molecules. The conversion of linoleic acid into arachidonic acid in animal cells
is an example of this.

The existence of different isomeric forms of unsaturated fatty acids is due to the occurrence of
double bonds in its molecule.

In the modern chemical nomenclature, the names of the fatty acids have suffixes which denote the
state of saturation, i.e. -anoic, saturated; -enoic, one double bond; -dienoic, two double bonds and so
forth. These names are given in parenthesis in the following table.

Table 2.2 A Few Common Fatty Acids Found in Lipids

Fatty acids Formula

Saturated acids

Butyric (butanoic) C4HgO,

Caproic (hexanoic) CH150,
Palmitic (hexadecanoic) Ci6H3,0,
Stearic (octadecanoic) CigH360,
Arachidic (eicosanoic) CyoHs00,

Unsaturated acids

Oleic (hexadecenoic) CigH340,
Linoleic (octadecadienoic) CigH3,0,
Linolenic (octadecatrienoic) CigH300,
Arachidonic (eicosatetraenoic) CyoH3,0,

As regards properties, the saturated fatty acids have higher melting points and are less reactive
than the unsaturated ones having equal number of carbon atoms. For example, stearic acid (saturated)
melts at 70°C, whereas oleic, linoleic and linolenic acids are liquid at room temperature in spite of the
fact that they all have 18 carbon atoms. These characteristics are important in physiology as they
influence the properties of fats and other media in which the fatty acids are combined.

NeuTraL Fats: The chemical term for a neutral fat is triglyceride. Triglycerides are esters formed
by a combination of the trihydroxy alcohol (glycerol) with three molecules of fatty acids. The
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trihydroxy alcohol bears three side groups each of which terminates in an —OH radical. In the
illustrated reaction given below the R in the general formula of fatty acid stands for the side chain;
whereas the carbon at the other end bears a group which is typical of all organic acids, i.e. —COOH.
As a result of reaction, the carboxyl group of three molecules of fatty acid units with the alcoholic
group in the glyceryl molecule to form a molecule of triglyceride on one hand, while on the other
hand, the hydroxyl groups from the three arms of the glycerol units with each of the hydrogen atom in
the acid radical of the three molecules of fatty acid to form three molecules of water.

CH, [OH HOOC—R C‘HZ—OOC—R

|

CH OOC—RiC‘H —O0OC—R +3H,0
|

CH, [OH HOOC—R CH, —O0C—R

One mol. glycerol Three moles One mol. of
of fatty acid triglyceride

The triglycerides may be esters of one, two, or three fatty acids with glycerol. If all the 3 moles of
the fatty acids that go in the formation of a triglyceride are the same, it is known as simple
triglyceride. A mixed triglyceride is one, in the formation of which, different fatty acids are involved.
The commonest fatty acids found in fats are palmitic, oleic and stearic acids.

As already stated triglycerides are neutral fats; neutral, because the acid ions are neutralized
during their unification with glycerol; fats, because the bulk of the molecule is devoid of electro-
negative elements which can unite with hydrogen to form water molecules. Because of neutral and
inert nature of triglycerides, they mainly serve as a storage medium for carbon compounds such as
fatty acids and glycerol. These latter compounds can be broken down in order to liberate energy to be
used by the cell.

Whether a triglyceride is a liquid or solid is based on the kind of fatty acid residues in its
structure. The triglyceride which is liquid below 20°C is termed oil in industrial classification and
contains residues, more of the unsaturated fatty acids; whereas the glyceride which is solid above this
temperature is called a fat and contains more of the saturated fatty acid residues in its structure. The
oils are predominant in plants, and the fats are predominant in animals.

The fats of animals differ from species to species. Even within the same species fats in the
different parts exhibit variation. For example, melting point of lard (the typical body fat of swine) is
28°C, whereas the fat of its kidney melts at 43°C. This indicates that the kidney fat has firmer
consistency and higher saturated fatty acid composition. Because of this difference in the property, the
fat around the kidneys acts like cushions to protect them from shock injuries. The fats in the more
active parts of organisms have lower melting point and are more unsaturated. This means they would
be more easily oxidized and constantly utilized than those stored as fatty tissues elsewhere.

Bopy Fats: Animals living in cold zones generally possess fats having more unsaturated
components than those of animals from tropical regions. Further, there is variation in the type of fat
present in poikilotherms and homeotherms. The poikilotherms, i.e. cold blooded animals, are softer
and thus have more unsaturated fats than warm-blooded animals. The meat eating animals have softer
fats than the vegetable feeders.
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Fats are hydrolized into glycerol and fatty acids by dilute mineral acids, enzymes such as lipase,
or steam. Enzymatic hydrolysis takes place during digestion by pancreatic lipases.

SarponiricaTioN: Boiling the fats with alkali such as sodium hydroxide would yield glycerol and
the alkali salt of the fatty acid, which is known as soap.

CH,.0.CO.C,Hgs CH,OH

|
CH.0.CO.Cy;Ha5 + 3NaOH — CHOH + 3C;;H,COONa

| \
CH,.0.CO.Cy/Has CH,OH

Tristerin Glycerol Sodium stearate

This process is known as saponification, and it occurs during the digestion under the action of
sodium salts in the bile. Fats are also hydrolyzed by superheated steam.

The saponification value of a fat is the number of milligrams of alkali, the potassium hydroxide,
required to saponify one gram of fat.

HyprocenaTion: The fats (triglycerides), liquids at ordinary temperature; are mentioned as oils
containing a large proportion of unsaturated fatty acids. The oils may be hardened to make solid
triglycerides or soft fats may be hardened to increase the melting point by a chemical process known
as hydrogenation. In this process the triglycerides are treated with hydrogen under certain pressure, in
the presence of finely divided nickel as a catalyst. As a result, the hydrogen is added on the double
bonds of the unsaturated fatty acids to form a more saturated fat. The process of hydrogenation is not
allowed to reach completion as it makes the fat too hard and brittle making it undesirable.

The saturation of double bonds due to hydrogenation, makes the fat less reactive and thus tends to
prevent the oxidative changes. Thus, the hydrogenation is used for improving the storage qualities
especially of certain vegetable oils.

RoLE oF Fats anp Oivs: The fats and oils are important constituents of the dietary requirements
because they have higher energy value. By calorimetric studies it is found that one gram of
carbohydrate would yield 4.1 calories, whereas one gram of fat yields 9.3 calories. Lipids contain fat
soluble vitamins and the essential fatty acids which are found in the naturally occurring fats. The fat
reserves (adipose tissue) in the body are the rich store houses of energy and it would be released when
the body needs energy. The adipose tissue found in the subcutaneous tissues serves as an insulating
material. As already mentioned, they serve as protective cushions for the viscera and certain organs in
the body such as the kidneys.

Essential fatty acids, viz. linoleic, linolenic and arachidonic help preventing certain disorders in
mammals like mouse, dog and man. Linolenic acid has an essential role in reproduction and lactation.
It also serves as a protective agent against radiation effects and prevents heavy loss of water from the
body by acting against the development of permeability of skin capillaries.

Waxes: The wax is an ester of a fatty acid with one of the higher monohydroxy or dihydroxy
alcohols. The waxes have high melting points. The fat splitting enzyme lipase cannot react on waxes
and for this reason these are not suitable as food. However, many animals, insects in particular,
synthesize and secrete the waxes. Beeswax is an ester of palmitic acid with myricyl alcohol.
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Spermaceti is an ester of palmitic acid with cetyl alcohol. It is formed from the head of the sperm
whale.

Steroips: These are often associated with fat and are separable from it by a process of
saponification. The steroids occur in unsaponifiable residue. Like lipids they are soluble in fat
solvents and generally insoluble in water. All steroids have similar cyclic nucleus of the type shown
below. The rings A, B, and C in the figure represent phenanthrene and to this structure the ring D
representing cyclopentane is attached.

It should be noted that this cyclic nucleus is not uniformly unsaturated, but the actual parent
substance is completely saturated and is termed as perhydro-cyclopentanophenanthrene. Steroid
compounds are the derivatives of this ring. The steroids include such substances as cholesterol and
other sterols, the bile acids, the male and female sex hormones, the hormones of the adrenal cortex,
etc.

SteroLs: Certain steroids are characterized by a free hydroxyl group and as such behave
chemically like alcohols. Such alcohol-like steroid compounds which do not contain carboxyl or
carboxy groups common to other steroids are referred to as sterols (the term sterols means solid, and
ol represents the ending, ‘ol” of alcohol). The sterols are classified into: (i) zoosterols, if they are
available from the animal tissues, i.e. cholesterol, corticosterone, etc., (ii) phytosterols, if available
from vegetable tissues; (ii7) mycosterols, if available from fungi, yeast, etc.

Functions: Sterols form esters with fatty acids and act as carriers of fats for absorption and
transport. They go into the formation of nerve shealth (myelin), and cell membrane. The sterols,
which are present as esters in the fatty secretions of the sebum, cerumen, etc., act as lubricants to skin
and hair.

COMPOUND LIPIDS

Puospnoririps: Lipids containing phosphorus are phospholipids. They are also referred as
phospholipins and phosphatides. They differ from the neutral fats in containing phosphoric acid and
an organic nitrogenous base. The phospholipids are widely distributed in animal and plant cells. They
are abundant in brain and nervous tissues. They have a polar group which can combine with protein to
form biologically important lipoproteins.

The different types of phospholipids described below have the same essential structure but they
vary only in the nature of one of the groups linked to the phosphate portion of the molecule. Further,
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most of the compounds are of phosphodiesters nature. One type of phospholipid, viz. phosphatidic
acid is indicated below with a general formula.

PuospuaTinic Acips: Phosphatidic acids are compounds consisting of glycerol, two fatty acids,
and a phosphate group.

D
H,C—O0—C—R,
2‘ ?
H,C—O0—C—R,
| P
H,C—O—P—OH
oH

The R, and R, in the above formula represent the residues of the molecules of fatty acids. The
phosphatidic acids should be viewed as fats in which one of the fatty acids is replaced by phosphoric
acid. The structure suggests, these acids could easily give rise to triglycerides or to phospholipids.
The phosphatidic acids are not present in significant amounts in the tissue extracts. They play
important role as active intermediates in the biosynthesis of other lipid compounds.

Lecithins (phosphatidyl cholines): Lecithins are choline esters of phosphatidic acid. They are fats
in which one of the fatty acids is replaced by phosphoric acid and the nitrogenous choline. They are
best known and probably the most common form of phospholipids in animals. On hydrolysis,
lecithins break up into glycerol, fatty acids, phosphoric acid and choline.

Lecithins are soluble in the fat solvents except acetone and by this property they are distinguished
from the fats. These are required for the transport, and utilization of other lipids especially in the liver.
If the synthesis of choline, an important component of lecithin is interrupted, the synthesis of lecithin
also will be stopped. With the result, the transport of fat to and from the liver is interrupted.
Consequently, the lipids accumulate in the liver giving rise to a condition called fatty liver. The lack of
dietary choline also leads to a variety of troubles such as growth failure, hemorrhagic kidneys, and
slipped tendons, etc.
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The enzyme, lecithinase A, present in the venoms of snakes attacks lecithins and removes one of
the fatty acid residues leaving a product known as lysolecithin. This product has the ability to
haemolyze the red blood corpuscles.

Cephalins (Phosphatidyl ethanolamines): These are phospholipids which resemble lecithins in
most properties, but differ in containing aminoethyl alcohol (NH,—CH,—CH,—OH) in place of
choline.
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i
H,C — C — P— O — CH,CH,NH,

Phosphatidylserine is a cephalin like compound and contains the amino acid serine in place of
ethanolamine.
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Phosphatidyl inositol is a phospholipid similar in structure to the lecithin but has inositol in place
of choline.
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These are mainly found in plants and in nervous tissues.

Plasmalogens: These phospholipids are abundant in brain and muscle. They resemble licithins
and cephalins in structure but possess an aldehyde group in place of one of the fatty acids in typical
phospholipid molecule. The structure shown below represents a typical plasmalogen. The portion of
the formula enclosed by line is an ethonolamine residue.
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H,C—0 — CH=CH—R,
f
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)
Structure of plasmalogen (phosphatidal ethanolamine)

Sphingosine lipids: These are more complicated phosphatides containing sphingosine, a long-
chain amino alcohol in place of glycerol.

Sphingomyelins (sphingosine phosphatides): These phospholipids contain sphingosine and a fatty
acid attached in the form of amide linkage to the nitrogen of carbon 2, and phosphorycholine attached
to the terminal carbon atom of sphingosine. On hydrolysis they yield fatty acids, phosphoric acid,
choline and sphingosine. The sphingomyelins are found in large quantities in the nerve tissue,
particularly in the myelin sheath of the nerve.

Grycouirips: Cerebrosides and gangloisides are the chief glycolipids.

CH4(CH,),,CH=CH CH4(CH,),,CH=CH

HO —CH ‘ HO—CH

| o ‘
H,N — CH [
\ R—C—N—CH
CH,OH H ‘ o
CH,—O0— P‘—}O—CHZ
Sphingosine Sphingomyelins 0 CH2N+(CH3)3

These are particularly abundant in the brain and in the myelin sheath of nerves. There are the
lipids containing carbohydrate radicals and nitrogen in the molecule. In structure these are related to
sphingomyelins, but contain a hexose instead of phosphorycholine. On hydrolysis they give rise to
fatty acids, sphingosine and galactose.

2.4 VITAMINS

In the year 1911 Funk, a Polish biochemist, coined the term “vitamine” to designate the antiberiberi
factor. In the term vitamine vita suggests the essential nature of the factor, and amine indicates the
chemical structure. Later the same term was used for several unknown dietary factors. Not all the
known factors have the amine structure. Therefore in 1919 the last “e” from the vitamine was
discontinued from use thereby removing the implication of chemical structure.

Vitamins can be described as accessory food factors which are essential for some metabolic
reactions within the cell and which must be provided in the diet in minute amounts. In many animals
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they cannot be synthesized by the body. Certain animals do synthesize a few vitamins in very minute
quantities but they fall short of the requirements. In any case, the animals should procure them
through food. Vitamin deficiency results in several diseases characteristic of each vitamin deficiency.

Vitamins are a special group of organic substances which are chemically unrelated. They may be
organic acids, amines, amino acids, esters, alcohols, steroids, etc. These vitamins are traditionally
divided into two subgroups on the basis of their solubility properties, such as water soluble vitamins
and fat soluble vitamins.

Water-soluble Vitamins
Vitamins C and B complex are water soluble substances.

Ascorsic Acip or Vitamin C: Ascorbic acid is a hexose derivative and is properly classified as
a carbohydrate. It is a white crystalline substance highly soluble in water. It is easily oxidized in
solution and cooking destroys it. The vitamin is highly unstable in alkaline solutions.

This vitamin is required by primates and the guinea pig. All other vertebrates and some
invertebrates as well as plants and most micro-organisms can synthesize ascorbic acid from
carbohydrates. It is an essential dietary factor, the deficiency of which causes painful disease of the
joints and gums called scurvy.

O= c‘;_ o= (‘3—
HO—C ‘ Oo=C ‘
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HO—C ‘ o=cC ‘
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HO — (‘I —H ?HOH
CH, OH CH, OH
L—Ascorbic acid L—-Dehydroascorbic acid
(reduced form) (oxidized form)

Hydroxyproline is an unusual amino acid found in the collagen and is essential for maintenance
of normal tissues. It is formed by hydroxylation of proline and this process requires vitamin C. In the
absence of this vitamin the hydroxyproline production is very much reduced. Therefore, the collagen
formed during ascorbic acid deficiency, contains negligible amount of hydroxyproline and this brings
about structural abnormalities observed in scorbutic tissues.

Vitamin C is contained in fresh vegetables and fruits.

Vitamin B Grour: Vitamin B group contains about twelve known vitamins. Each one performs
specific function. They are collectively called vitamin B complex and are generally found together.

Thiamine or vitamin B: This vitamin is contained in yeast, milk, egg, peas and beans hence richly
distributed in plants, animals and certain microorganisms. A deficiency of this vitamin causes a
serious disease known as beriberi. Its symptoms are inflammation of nerves, muscular weakness and
paralysis of limbs.
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Thiamine functions as part of the coenzyme cocarboxylase which is the coenzyme for pyruvic
decarboxylase and for several other enzymes which are necessary for the oxidation of pyruvic acid to
acetyl—CoA and o—Ketoglutaric acid to succinyl— CoA (see Chapter 4).

Riboflavin or vitamin B,: This vitamin is widely distributed and the rich sources are liver, yeast,
wheat germ, milk, eggs, and green leafy vegetables. Its deficiency causes cracks in the corners of the
mouth and dermatitis of the face. The eyes become inflamed and there is dimness in vision. This
vitamin is a part of two coenzymes, flavin mononucleoide (FMN) and flavin adenine dinucleotide
(FAD) which are linked to proteins as flavoproteins.
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Nicotinic acid or niacin: Nicotinic acid is an essential dietary requirement. Tryptophan is its
precursor which is converted into nicotinic acid through a series of biochemical reactions. Its
deficiency in diet causes a disease pellagra which is characterized by dermatitis diarrhoea and nervous
disorders. This vitamin (niacin) is a component of coenzymes like DPN and TPN which take part in
oxidation-reduction of carbohydrates, fats, proteins and nucleic acid metabolism.

This vitamin is widespread, but the chief sources are meat, liver, yeast, beans and wheat germ.
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Vitamin B: This vitamin occurs in three forms; pyridoxine, pyridoxal and pyrodoxamine. It is an
essential component of the coenzyme pyridoxal phosphate which is an important cofactor in the
transmination and decarboxylation of all naturally occurring amino acids. The dietary requirement of
vitamin Bg; in human beings is not yet fully established. It is synthesized by green plants and a
number of microorganisms. The vitamin is found in many foods like liver, pork, kidney, yeast, egg-
yolk, grains and various seeds.
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Pantothenic acid: The requirement of this vitamin in human beings has not been established so
far, although it is essential for many other animals. Pantothenic acid is essentially a portion of the
coenzyme. A molecule which has a key role in the metabolism of fats, carbohydrates and amino acids.
Its role has been fully determined in rats where the lack of this vitamin induce retardation of growth,
reproduction impairment and greying of black hair. The rich sources of this vitamin are liver, yeast,
eggs and royal jelly. This is synthesized by green plants and some microorganisms.
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Pantothenic acid

Biotin: Biotin requirements in man have not been determined so far, but its importance in other
animals has been amply demonstrated. However, recently it has been shown that this vitamin is
necessary in fatty acid synthesis. It is also necessary for growth and respiration of certain species of
bacteria. Rich sources of biotin are liver, yeast, kidney and egg-yolk. Some animals obtain their biotin
requirements from the biosynthetic activity of their intestinal bacteria.
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Folic acid: This vitamin exists in several different forms depending upon the biological source.
Its importance has been established in a number of animals. Simplest type is the folic acid molecule
called pteroylglutamic acid, which is isolated from liver. This contains glutamic acid, para-
aminobenzoic acid and peteridine. The importance of folic acid is found in the enzymatic synthesis of

serine from glycine. It is also necessary in the metabolism of tyrosine, ascorbic acid, biotin and
vitamin B ,. It is chiefly found in green leafy vegetables, liver, yeast and kidney.
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Vitamin B,,. This vitamin occurs in nature in a variety of forms. Its chemical structure is complex
and contains a metal cobalt, cyanide, ribose sugar and other components. This vitamin has been
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shown as a very important growth factor for many animals, man and microorganisms. A deficiency of
this vitamin causes a blood disease called pernicious anaemia in higher animals. The vitamin is found
in liver, kidney, meat and milk, etc., and takes part in the metabolism of proteins, fats, carbohydrates
and nucleic acids.

Other B vitamins: Choline, inositol, lipoic acid, carnitine and pantothenic acid are important
constituents of group B vitamins. Choline is a portion of lecithin, one of the cell phospholipids. A
dietary deficiency of choline produces symptoms like deposition of excess of fat in the liver of
mammals and shortening and thickening of bones in birds. One of the most important functions of
choline is to provide a source for methyl groups (CH;) in cell metabolism. It is abundantly found in
egg, liver, meat, kidney and /nositol is a growth factor for several yeasts and fungi and also for human
cell brain when in culture medium. In the intact organism (man) its necessity has not been determined
so far. This is usually found in substances rich in calcium, phosphorus and magnesium. Its rich
sources are milk, cereals, liver, sharks, etc.
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Lipoic acid has not been shown to be required by animals in their diets although it is a growth
factor for certain microorganisms. It is an 8-carbon compound containing sulphur. However, it
functions in plants, animals and microorganism as hydrogen carrier in the metabolism of pyruvic acid.
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Carnitine is found to be necessary in certain insects and is responsible for the completion of their
life cycle. Its functions are still not known.

Fat-soluble Vitamins

Vitamins A,D,E and K are fat-soluble vitamins. Their enzymatic role has not been elucidated so far
due to their fat-soluble nature.

Vitamin A: It is available in several chemical forms and was recognized as early as 1913 by
McCollum and Davis. It is determined to be a growth factor in rats. The carotenes of plants upon
ingestion are converted into this vitamin. In most of the animals, a deficiency of this vitamin causes
retardation of growth, drying out of epithelial cells and deposition of horny substances in the corner
of the eye. The latter symptom leads to conditions of blindness (xeropthalmia). In man, its deficiency
causes night blindness causing depletion of a red pigment called rhodopsin. Fish, liver, milk, cheese
and vegetables are rich sources of this vitamin.

— CH; CH, CH,
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Vitamin D: The vitamins D are all sterols and in nature they are chiefly found in animal
organisms. These vitamins are formed from their provitamins which are also sterols. In mammals
vitamin D can cure or prevent rickets—a disease in which bones fail to calcify. For this reason they
are also called antiricketic vitamins.

The provitamin D, (ergosterol) occurs in plant kingdom (i.e., ergot and in yeast) and as such is
available to animals through food. Man and other animals can synthesize provitamin D,
(i-dehydrocholesterol). The provitamins D, and D, are then activated to form vitamin D, (calciferol)
and vitamin D; (cholcalciferol) when the animal is exposed to ultraviolet rays. The activation takes
place in the skin and the vitamins are subsequently transferred to various organs for utilization. A part
of the vitamins D is stored chiefly in the liver, though skin, brain, lung, spleen, and bones also contain
small amounts of stored D-vitamins.

Pure vitamins D are white, crystalline, odourless substances soluble in fats and fat solvents such
as ether, chloroform, acetone and alcohol. They are resistant to oxidation, alkali and to temperatures
below 140°C. In acid media these vitamins D are relatively unstable.

Functions of vitamins D: Vitamin D is essential for the normal growth of the bone. In case of
deficiency of this vitamin, deposition of inorganic bone minerals fail to occur in the newly formed
bone matrix, but the matrix continues to form. The provisional zone of calcification would no longer
be clearly demarcated, but is irregular and deformed. In children rickets is a skeletal deformation and
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can be noticed in the form of bowlegs, knock-knees, rachitic rosary (beaded appearance on ribs at the
juncture of the rib bones and the costal cartilage), and pegion-breast. In adults it leads to late rickets
(osteomalacia).

Another important function of vitamin D is to increase the intestinal absorption of calcium. To
explain the mechanism by which the vitamin aids calcium absorption, two explanations have been
given. According to the first, the vitamin is involved in active transport of calcium. The second
explanation is that the vitamin increases permeability of cells of the mucosa to the mineral. It is
believed that the vitamin aids not only absorption of calcium but also that of various other minerals
such as magnesium, beryllium, zinc, iron, etc. Later these would be deposited in the bone.

In parathyroidectomized animals, vitamin D facilitates the excretion of the phosphate by the
kidney and consequently the high serum phosphate level is lowered.

Sources of vitamin D: The main sources of vitamin D are fish, liver, oils and milk. Vitamin D is
not widely distributed in nature but both provitamins are widely distributed. Although provitamin D,
is a common occurrence in vegetation, vitamin D, is not present in living plants. Animals are the only
source of 7-dehydrocholesterol. These provitamins require sunlight, to be transformed into active
form.

Vitamin E: Vitamin E was discovered in the year 1922 and it has been known as antisterility
vitamin. First discovered as an essential compound for the normal reproduction in male and female
rats. Its absence causes death and resorption of foetuses, and testicular degeneration in rats.
Compounds possessing vitamin E activity are chemically known as tocopherols. This name is derived
from the Greek in which fokos means child birth; perhos means to bear; and the suffix-ol signifies an
alcohol.

There are seven forms of tocopherols and each form, despite its difference due to the position of
methyl groups, is called vitamin E. All these different E-vitamins are derived from the compound -
tocol
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The difference between the various forms of tocopherols is in the structure of the molecule. The
various tocopherols are:

o-tocopherol: 5, 7, 8-trimethyltocol
B-tocopherol: 5, 8-dimethyltocol
Y-tocopherol: 7, 8-dimethyltocol
d-tocopherol: 8-methyltocol

€ -tocopherol: 5-methyltocol
C-tocopherol: 5, 7-dimethyltocol
TM-tocopherol: 7-methyltocol

Of these tocopherols, the a-tocopherol is most widely distributed among animals.
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Function of vitamin E: The absence of vitamin E in the diet hampers the normal reproduction in
both the sexes in rats. In females it causes death and resorption of foetuses and in males it brings
degenerative changes in the testes. In the mouse, only the female seem to suffer from this vitamin
deficiency resulting in death and resorption of foetuses. However, in case of hamsters only the males
affected and result in testicular degeneration. In cattle, sheep, or goats neither the deficiency nor the
concentrated doses of this vitamin seem to have influence on the reproductive performance.

Vitamin E has a powerful antioxidant property and protects vitamin A, carotene and ascorbic acid
from oxidative destruction both in the digestive tract and in the body tissues. As a result of this
protection these vitamins retain their properties long enough to facilitate the body to use them more
efficiently.

Vitamin E functions as a cofactor in the electron transfer system operating between cytochromes
b and c. Its deficiency leads to uncoupling of oxidative phosphorylation.

In some species of animals vitamin E deficiency produces muscular distrophy primarily in the
skeletal muscles. Intake of trocopherol-rich diets cures this trouble. The diets deficient in both
sulphur-containing amino acids (particularly cystine) and vitamin E produced hepatic necrosis in
experimental animals. Such a dietary liver necrosis can be prevented by providing the animals with
adequate amounts of sulphur-containing amino acids, and vitamin E along with selenium.

Vitamin E increases the nucleic acid turnover rate in skeletal muscles.

There is no clear evidence to suggest that vitamin E is essential to man. Even though its level in
the serum is considerably reduced for 10 to 22 months, no significant clinical or physiological effects
have been noticed. In human beings the administration of this vitamin neither brought any relief from
sterility, nor cured human muscular distrophy.

A deficiency of vitamin E is unlikely to occur because of the ability of the body to store it.
Storage is mostly in the liver though small quantities do exist in other organs and tissues.

Sources of vitamin E: Richest sources of this vitamin are vegetable oils such as wheat germ oil
and cotton seed oil. Leafy-green plants and vegetables as well as whole grain cereals are also rich
sources of vitamin E. Among animal products liver, heart, kidney, milk, and eggs are the best sources
of vitamin E.

Vitamins K (NAPHTHOQUINONES): In 1929 Dam, a Danish scientist observed that the chicks raised
on synthetic diet suffered from hemorrahage under the skin. In the year 1935 he identified this as due
to the absence of an antihemorrhagic factor. When these chicks were fed with green leaves, the
hemorrhagic syndrome disappeared. He therefore reasoned that these foods contained the
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antihemorrhagic factor and named it as vitamin K—symbolizing the Danish term, “Koagulation
Faktor”. The vitamin was isolated in a purified form from alfalfa by Dam and his associates in the
year 1939. In nature it occurs in two forms—as K, in green leaves and as K, when produced by
bacterial synthesis. These K, and K, are derivatives of 2-methyl-1, 4-naphthoquinones and soluble in
oils.
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The compound 2-methyl-1, 4-naphthoquinone is a synthetic form of this vitamin and is called
menadione. It is also termed as vitamin K. It is water soluble and is more potent than the naturally
occurring vitamins K.

Functions of vitamin K: The parenchyma in normal liver produces prothrombin which is one of
the factors required for blood clotting. The function of vitamin K is to catalyze the synthesis of
prothrombin. In the absence of vitamin K, hypoprothrombinemia occurs and this greatly delays the
blood clotting. Administration of vitamin K alleviates hypoprothrombinemia if the hepatic
parenchyma is healthy enough to produce prothrombin. In cirrhosis the parenchyma fails to produce
prothrombin and in such a case vitamin K has no effect.
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It is known that vitamin K functions in electron transport and oxidative phosphorylation system in
mitochondria. The exact location of vitamin K in the electron transport chain is not clear. Martius
(1956-1961) suggests that first the cytochrome b oxidizes vitamin K and the latter, then, is reduced by
a specific enzyme called the vitamin K reductase.

The vitamin K, is altered by the action of ultraviolet radiation. Rats when fed with sterilized food
developed vitamin K deficiency and as a result the activity of oxidative phosphorylation was
impaired. When supplied with vitamin K, oxidative phosphorylation was restored as usual. This
suggests the important role of this vitamin in oxidative phosphorylation.
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Normally, dietary vitamin K deficiency is unlikely to occur firstly, because it is fairly well
distributed in foods and, secondly because the microorganisms in the intestinal tract synthesize
considerable amounts of it. However, deficiency of this vitamin can occur when liver or gall bladder
fail to secrete or pass bile fluid, the vitamin K like other fat soluble vitamins, cannot be absorbed
through the intestine and this results in deficiency of vitamin K. Excessive use of sulpha drugs can
destroy intestinal microorganisms helpful in synthesizing considerable vitamin K.

Sources of vitamin K: Green leafy tissues of plants are a good source of vitamin K.

2.5 MINERALS AND WATER

In addition to proteins, carbohydrates and lipids animal body requires mineral elements which serve
structural and physiological functions. Calcium, phosphorus, sodium, potassium, magnesium, iron,
selenium, molybdenum, manganese, copper, cobalt, zinc, sulphur, chlorine and iodine are the mineral
elements which conduct certain essential functions in the animal body. A nutrient is said to be
essential if its absence in the diet of the concerned animal prevents its growth, survival or the normal
functioning. The essentiality of the above elements has not been tested for all species; however, all
these are required by all higher animals. Besides the above mentioned, there are also other mineral
elements in the body tissues. All these are available to animals through diet. Some of the elements are
merely retained in the body while the essential function of a few others is yet to be discovered. Recent
investigations have been bringing to light the useful functions of flourine and chromium. These two
elements may also be entitled to be classified under essential elements.

Though all these elements are needed by the animal body, the quantity of requirement of certain
elements such as calcium, phosphorus, sodium, potassium, magnesium, sulphur and chlorine is fairly
large. Iron, manganese, copper, cobalt, zinc, iodine and molybdenum are required in minute
quantities. Elements like selenium and chromium appear to serve certain functions in metabolic
systems.

Minerals from organic complexes can be removed either by dry ashing or by wet ashing. In the
former process the material is heated to high temperatures in muffle furnace, and in the latter process
materials are dissolved in strong acids. In addition, there are other techniques for assaying trace
minerals in organic complexes (Sandell 1959, AOAC 1960, and Oser 1965).

Calcium

Calcium goes in the formation of hard structures like bones and teeth and about 90 per cent of all
body calcium is concentrated in these structures. Small amounts of calcium are present in blood, inter-
and intra-cellular fluids, playing a fundamental role. About half of the calcium in these fluids is
present in the form of free ions and this is essential for a variety of processes. A major role of calcium
is in the regulation of ion transport across the cell membranes. Calcium exerts a profound effect upon
neuromuscular irritability. High concentration of calcium stimulates the contraction of heart muscle.
Calcium level in the blood is maintained independent of its intake through diet. Serum calcium is
maintained at the normal level by the parathyroid. If calcium level is low, the calcium from the bones
is added into the blood. Certain enzymes—Ilipases, ATPase of actomyosin and myosin cholinesterase,
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and succinic dehydrogenase—require calcium for their activation. Calcium is necessary for blood
coagulation.

Phosphorus

Phosphorus accounts for 12 gm/kg of fat free tissue in the human body. Out of this about 85 per cent
is present in skeletal tissues in the inorganic form. The total phosphorus content in both the plasma
and the RBC may range from 30 to 45 mg/100 ml blood.

Organic phosphates are very much involved in the cellular functions in all cells. The high energy
compound ATP supplying energy to all cellular activities contains phosphorus. Phospholipids in
cellular membranes help in the permeability.

Phosphorus is a widely distributed mineral in the foodstuffs. Hence dietary deficiency of it is
unlikely to occur in the human body. Grazing livestock depending on grass and herbage of the
phosphorus deficient soils, lose appetite and appear emaciated. Such animals resort to eating materials
such as bones, wood, clothing, etc. depending on accessibility.

Magnesium

The body magnesium is about 0.5 gm/kg of fat-free tissue. Of this, bones hold about 60 percent.
Small amounts of magnesium is present in the extracellular fluid. The normal amount of magnesium
is 1-3 mg/100 ml of serum.

Next to potassium, the concentration of magnesium is greater in the cells of the soft tissues, and
a loss of magnesium would mean tissue breakdown and cell destruction. Magnesium is necessary in
oxidative phosphorylation leading to the formation of ATP.

All enzymatic reactions requiring thiamine pyrophosphate (TPP) and the various reactions in the
lipid and protein metabolism also need magnesium. Magnesium deficiency does not appear to occur
in human beings because of their universal distribution in foodstuffs. Green vegetables contain fairly
good amounts of magnesium. Severe diarrthoea or excessive vomiting however, cause magnesium
deficiency in human beings.

Magnesium deficiency brings about personality changes, muscle tremor, gastro-intestinal
disturbances. Decrease in magnesium also brings down the levels of serum calcium and potassium.

Sodium, Potassium and Chlorine

These, unlike the previously described minerals, are largely present in the fluids and soft tissues.
Maintenance of osmotic pressure and acid-base equilibrium, regulation of the movement of nutrients
into the cells, and participation in the water metabolism are some of the functions carried out by these
minerals. These minerals need to be regularly taken through diet because the body has limited storage
capacity. When the availability of these minerals to the body is limited, they are excreted in lesser
quantities. The body thus conserves them. The deficiency of any one of these elements is followed by
lack of appetite, loss of weight and production in the adult, reduction in growth, and decreased blood
levels.
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Sopium: The body contains approximately 1.8 gm of sodium per kg fat-free body weight.
Although a larger proportion of it is found in the extracellular fluids, studies indicate that some of the
sodium is bound in the bones. Sodium together with calcium, magnesium and potassium in the
extracellular fluid are basic in reaction. Sodium forms about 93 percent of the bases in the blood
serum and hence is highly concerned in maintaining neutrality.

Sodium is capable of passing across the cell membrane. During the process of nerve transmission
and muscle contraction, a temporary exchange of extracellular sodium and intracellular potassium
takes place. Subsequently this sodium is pumped out of the cell.

A dietary deficiency of sodium does not occur in human beings. His diet generally contains more
sodium than necessary. Sodium is readily absorbed and it circulates through the entire body. It is
excreted through the kidneys as chlorides and phosphates. Aldosterone, a hormone of the adrenal
cortex is responsible for the reabsorption of sodium from kidney tubules. Absence of this hormone
increases sodium excretion and brings out deficiency symptoms. A major portion of sodium is lost in
man at hard work, particularly in summer. Vomiting, diarrhoea, or profuse sweating would result in
increased loss of sodium. A lack of this mineral would also reduce the utility of digested protein and
energy and prevents reproduction.

Potassivm: The human body contains about 2.6 gm of potassium/kg fat-free body weight. Unlike
sodium a larger proportion of potassium is present as a chief cation in the intracellular fluid. The body
conserves more potassium than sodium. Potassium is concentrated mainly within the cells. Potassium
aids in the maintenance of osmotic pressure and acid-base balance in the cells-sodium and chloride
mostly located outside the cells, potassium inside the cells.

Potassium is required in carbohydrate and protein metabolism, in the formation of glycogen, and
in the degradation of glucose. Investigations suggest that potassium is an activator of enzymes. It may
play an important role in the amino-acid uptake by the cell.

Potassium transfer across the membrane takes place more easily than that of sodium. Most of
excessively absorbed potassium is normally excreted through urine and sweat.

Like that of sodium, the potassium deficiency does not occur in human beings under normal
conditions of health. Hypopotassiemia results due to excessive excretion of potassium through the
kidney. Body burns, excessive vomiting and diarrohea also result in the loss of potassium. Such a loss
is supplemented by the depletion of body potassium.

Potassium deficiency is characterized by muscular weakness; and weakness of skeletal muscle
results in paralysis. Its deficiency in chicks retards growth, incapacitates legs and finally leads to
death.

Curorine: Unlike sodium and potassium, chlorine is distributed in large concentrations both in
intracellular and extracellular fluids. It is the chief anion of the extracellular fluid and a greater part of
it occurs in combination with sodium. A small amount. i.e. about 15 to 20 percent of the chlorine is in
combination with protein and other organic substances. Chlorine with phosphate and sulphate groups,
and protein is acidic in reaction. The chlorine transfer between the serum and erythrocytes is easily
performed and this phenomenon is termed as the chloride shift (Chapter 10). This is an example of
homeostatic mechanism by which the pH of the blood is maintained. In addition, chlorine is an
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essential component of the gastric hydrochloric acid, and activates the amylase of saliva for the starch
splitting process.

Dietary deficiency of chlorine is unlikely to occur owing to its abundance in the normal diet.
Moreover, the body is capable of storing certain amount of chlorine in the skin and subcutaneous
tissues. The chloride content of a teaspoon full salt is about 4.2 gm. The chlorine transfer across the
membranes generally takes place by passive diffusion. However, in gastric and intestinal mucosa the
transfer is by active transport.

The same factors causing sodium loss are responsible for chloride loss. However, its loss due to
vomiting is high because of excessive loss of hydrochloric acid from the stomach.

Iron

The iron content in human body is about 75 mg per kg of fat-free body weight. It is widely distributed
throughout the body. Though this element is present in small quantities, it plays a key role in life
processes. It is a constituent of the respiratory pigment, the haemoglobin. The haeme molecule is
composed of ferrous or ferric iron at the centre of a porphyrin ring. Four porphyrin units are bound to
the protein globin forming haemoglobin. The haeme molecule is also a component of cytochrome C
peroxidase, catalyse, and other enzymes. Iron is also present in the plasma bound to a specific
globulin called transferrin. About 55 to 60 percent of the body iron is in the blood.

Some iron is also present in the myoglobin-a compound present in skeletal and heart-muscle; and
it has greater affinity to oxygen. A considerable amount iron (about 26 per cent of total body content)
is stored in the liver and secondarily, in the spleen, in the kidneys and in the bone marrow.

Intestine, excepting the colon part, is capable of absorbing iron. The absorption is highest in the
duodenum and it decreases progressively towards ileum (Brown, 1963; Moore and Dubach, 1962).
The absorption is efficient in the ferrous (reduced) state. The absorbed iron goes directly into the
blood. Once iron enters the blood stream it would be held by the body. The excretion of iron through
the blood in the intestine is very minute. Iron excretion through urine is less than 0.2 mg per day. The
iron released from the breakdown of RBC is saved and reused.

The absorbed iron would leave the body in significant quantities as a result of loss of blood. Iron
deficiency anemia occurs in women and children due to the lack of building stone necessary for
haemoglobin synthesis. Iron deficiency anemia is the commonest of the nutritional anemias. Its
deficiency may be due to dietary inadequacy or due to poor absorption, or due to excessive loss of
blood. The haemoglobin level of a person with iron deficiency is lower than the normal, and the size
of the RBCs are smaller than normal (hypochromic nicrocytic anemia). As a result of this condition
the oxygen carrying capacity is lessened, and the tissues receive less oxygen resulting in fatigue.

Iron requirement through diet varies in various animals. Chickens require 80 mg per kg of diet,
while pigs need 80 mg per kg. Ruminant’s requirement varies between 25 to 40 mg per kg. Young
people between 15 and 18 years of age and women between 18 and 55 of age require an intake of 15
mg of iron per day. Adults require 10mg per day.

Liver, as food, is an excellent source of iron. Meat products and eggs also obtain iron in generous
amounts. [ron content of leafy-green vegetables is fairly good.
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Sulphur

The body has about 0.15 percent of sulphur. Sulphur is principally located in the sulphur-containing
amino acids, i.e. cystine and methionine. This element is also present in saliva, bile, glutathione and
insulin, but these are synthesized in the body with the help of cystine and methionine.

Sulphur is present as chondroitin sulphate in the cartilage. It is also present in minute quantities in
the blood. Thiamin and biotin also have small quantities of sulphur but these vitamins are not
synthesized inside the body.

Sulphur is excreted through faeces and urine. In urine it is present as inorganic sulphates, ethereal
sulphur and neutral sulphur. Neutral sulphur occurs in the form of cystine, thiosulphates, and other
compounds.

Little is known about the effects of sulphur deficiency in man and animals. Wool contains about
13 percent of cystine. However, cystine feeding did not, improve the wool production in sheep. There
is also no evidence of any relationship between the dietary deficiency of sulphur and the lack of hair
growth in humans.

Body acquires sulphur in the form of organic complexes, i.e. amino acids. These amino acids are
constituents of proteins and hence available to the body through protein diet. Wheat germ, cheese,
kidney beans are very rich in sulphur.

Trace Elements

Body contains many trace elements, of which only a few are known to take part in cellular
metabolism. Dietary deficiency of iodine and cobalt are known to obstruct normal physiological
functioning. Trace elements are required in minute quantities. They are widely distributed in most of
the foods and hence are available to the body in sufficient quantities. The very fact that these trace
elements are in small amounts in the body suggests that they play primarily catalytic roles in the
cellular metabolism.

Deficiencies of some trace elements have been reported in cattle grazing on pastures grossly
deficient in these elements. Excess intake of certain trace elements may result in toxic effects. Studies
on trace mineral metabolism were handicapped by two basic problems. First being the precise
determination of infinitesimal quantity of trace element in foods, blood and other tissues. Second
being the total purification of the diet from the trace element. Essential nutrient is that substance
which by its absence in the diet of experimental animals would affect growth, survival or the normal
functioning.

Copper

The human body has about two mg of copper per kg of fat-free body weight. Though present in all
body tissues, copper is observed in highest amounts in brain, heart and kidneys.

Copper deficiency causes an anemia in which the erythrocyte synthesis and the level of total body
iron is reduced. Inadequate copper in sheep, cattle and pigs results in abnormalities in bone structure.
Extreme loss of protein under certain pathological conditions would result in low copper level in
serum. Evidence on specific dietary deficiency of copper in human body is lacking. However, there
are reports when anemia in children has responded to the administration of copper but not to iron.
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Manganese

Very low concentrations of this mineral are found in all animal tissues, but high concentration of it is
present in pituitary, liver, pancreas, skin, bones and muscles. Highest concentration of manganese is
in the bone.

Manganese is required in the body since it can replace magnesium as cofactor for certain
phosphorylations. It is probably also required to incorporate acetate into fatty acids, and in the
conversion of mevalonic acid to squalene in the cholesterol synthesis.

Dietary deficiency of manganese is unlikely to occur in humans, but such a deficiency has been
demonstrated in rats, chicks, pigs, etc. In rats, its deficiency effects the normal process of
reproduction and lactation. In such cases the females fail to suckle their young, and the males suffer
degeneration of reproductive organs. In chicks the deficiency results in an abnormality of leg bones
known as perosis or slipped tendon. The leg bones shorten and undergo physical and chemical
changes.

High intake of manganese retards growth in rats; and in dogs it causes only gastric disturbances.
Men inhaling ore dust containing manganese oxide develop manganese toxicity, the symptoms of
which are a peculiar mask-like expression of the face, involuntary laughing, low voice with indistinct
speech, spastic gait, and tremors of the hands.

Manganese requirement in man is not known. The average diet of man contains about 4 mg of
this substance per day. Wheat bran, blueberries, whole wheat are the richest sources of manganese.

lodine

Iodine is an important dietary nutrient required for a normal functioning of thyroid gland. Body
contains infinitesimally small quantity of iodine. The quantity of total iodine in the body varies from
20 to 30 mg. One-third of this is concentrated in the thyroid gland. Next to thyroid, highest
concentrations of iodine have been found in ovary, muscles, and blood. Small quantities of the
remaining iodine are present in the other tissues.

Though this element is observed as iodine, in the thyroid gland it quickly gets oxidized to iodine
and goes in the formation of thyroglobulin. The thyroid gland serves as a store house for iodine. The
body conserves some iodine when thyroxine, one of the iodine containing compounds breaks down in
the normal process. This is again reused by the body. lodine is excreted chiefly through the kidney. It
is also excreted through intestine, and through the skin by way of perspiration. lodine is secreted into
the milk during lactation.

Thyroxine and other compounds of thyroid gland which contain iodine as an essential
component, serve important physiological functions. The function of thyroxine is therefore attributed
to that of iodine. Increase in the secretion of thyroid hormone would speed up the rate of oxidation in
the cells. In the absence of thyroxine, the rate of energy metabolism is retarded. Thus the rate of
metabolism or the basal metabolic rate is an indicator of the normality of thyroid function.
Hypersecretion of the hormone increases the basal metabolic rate and hyposecretion results in low
rate.

Thyroxine is also essential for the normal growth and development. Undersecretion of thyroxine
retards growth and a prolonged undersecretion prevents physical and mental maturity. In children
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thyroxine deficiency causes cretinism. Its symptoms are retarded growth; arrested development;
coarse and swollen facial features; thick, dry wrinkled skin; enlarged tongue; thickened lips and partly
opened mouth. In adults the deficiency causes myxoedema which is symptomized by the thickening
of subcutaneous tissues, in particular that of face and extremities. The face is expressionless and the
person becomes lethargic. Besides, iodine is also necessary for normal reproduction. Absence of
iodine supply for a prolonged period may result in sterility or the birth of deformed progeny. Lack of
iodine in the foods is due to deficiency of this mineral in the regional soil where they are grown. This
causes simple goiter which is endemic. Endemic goiter can be cured by constantly providing iodized
table-salt in the food.

lodine content in foods is extremely small and a quantitative determination of this element is
possible only by sensitive chemical method. Its content in foods varies greatly and is dependent on the
soil condition. Marine or deep-sea fishes and shell fishes have high iodine content. Anadromous
fishes (salmon, sea trout, etc.) have higher iodine content than those fishes that live all the time in
fresh water. The leaves of vegetables such as spinach, turnip, and broccoli have higher iodine content
than in their roots.

Zinc

Animals and plants have small quantities of zinc in their body. Most of this mineral is present in the
liver, bones, and blood. The exact function of this element in the body is unknown, though its
presence is reported in several enzymes and hormones. The respiratory enzyme carbonic anhydrase
present in the RBCs contains zinc. The zinc in this enzyme hastens the breakdown of carbonic acid in
lungs in the process of exchanging carbon dioxide for oxygen. Zinc is an essential component of one
of the protein splitting enzymes of the pancreas. Several dehydrogenases present in the liver also have
zinc in their structure. Zinc is present in the crystalline structure of insulin. Of the several types of
insulins manufactured, the protamine-zinc insulin is in wide use, because in this form the insulin is
absorbed more slowly into the tissues.

Zinc deficiency in rats and mice results in the reduction of growth rate, and loss of hair around
neck and shoulders. In pigs it causes parakeratosis—the symptoms of which are retarded growth, a
lesion of the horny layer of the skin, and lowered feed utilization. In chicks its deficiency symptoms
are slow growth, shortened and thickened leg bones and poor feathering. Calves supplied with low
zinc ration develop alopecia, parakeratotic skin lesions.

High level of zinc in the body would cause zinc toxicity, the symptoms of which are growth
depression, anemia, and decreased copper level in the liver. When in excess, it interferes with the
function of copper in the formation of iron-porphyrin compounds, and thus leads to anemia.
Excessive amounts of zinc also interfere in the iron metabolism. Zinc deficiency is unlikely to occur
in animals and man, firstly because of its presence in most natural diets and secondly because of its
retention power. Oysters, wheat germ, and brain are richest in zinc. Fruits and vegetables contain only
small amounts.

Cobalt

Animal body requires cobalt in small amounts and gets it through the diet. Cobalt is present as a part
of the vitamin B, and this is synthesized in the rumen with the help of bacteria. This vitamin is not
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present in the plant foods consumed by the ruminants. Since vitamin B, is synthesized in the body it
is not a dietary essential vitamin and thus cobalt is necessary in the formation of RBCs.

The cobalt requirement in animals varies. The requirement of cobalt in mg per kg of ratio is 0.05-
0.07 in cattle; 0.08 in sheep and 5-8 in the case of horses. Animals grazing in deficient soils do not
get cobalt and consequently they fail to synthesize vitamin B,,. In case of cattle and sheep, absence of
vitamin B, leads them to restlessness, loss of appetite and weight, weakness and anemic, and finally
to death.

If cobalt intake exceeds the normal requirement, the RBC number in blood increases. This
increase is called polycythemia and has been observed in rats, guinea pigs, rabbits, dogs, pigs,
children and man. Polycythemia is a normal occurrence in people living at high altitudes and this
helps them cope with the lower percentage of oxygen there. The daily need of cobalt in different
animals has not been established. The average diet normally supplies the required amounts of cobalt
to man.

Molybdenum

Molybdenum is another trace element which is found essential in nutrition. Molybdenum is an
essential factor for the formation and maintenance of xanthine oxidase of some animals. In man the
function of this mineral is yet to be known. This enzyme, essential in the oxidation of aldehydes and
purines, is present in liver and intestinal tissue, and also in milk. Molybdenum is an essential nutrient
and is always available to the animals through their diet. For this reason neither animals nor man
show the symptoms of molybdenum deficiency. However, excess intake of this element causes
reduced growth rate and death in rats; retarded growth, loss of weight, low haemoglobin and RBC
counts, alopecia and malformed leg bones in rabits; loss of weight and change in hair coat in calves.

Legumes, cereal grains, dark green vegetables liver and kidney, are rich in molybdenum.
Selenium

Dietary intake of traces of selenium is required in certain animals.

An unidentified factor found in certain foods (milk, brewer’s yeast, meat, and some kinds of
cereals) is capable of preventing ill effects caused by vitamin E deficiency in rats and chicks. This is
termed factor 3. From this factor, Schwarz and Foltz (1957) isolated selenium. Minute amounts of
sodium selenite are found to be as effective as the vitamin E in the prevention of liver necrosis in rat,
mouse, and pig. Selenium salts are also effective in the prevention of exudative diathesis in chicks,
and the muscular distrophy in lambs.

The mechanism of selenium function is not completely established, but it clearly has a role in
metabolism of tocopherol compound.

Selenium toxicity in farm animals grazing on selenium rich soils is well known. The symptoms of
selenium poisoning are emaciation, loss of hair and hoofs, cirrhosis of liver, and skeletal erosions.

The toxicity seems to be due to inhibition of certain enzyme systems. Linseed oil meal, arsenilic
acid, and organic arsenicals effectively counter the selenium toxicity.
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Chromium

Schwarz and Mertz (1959) suggested that trivalent chromium is an essential dietary requisite in rats.
Chromium probably acts as a cofactor with insulin in carrying out the glucose metabolism. Chromium
deficiency retards growth in male and female rats and results in a syndrome similar to that caused by
diabetes mellitus (Schroeder, 1966).

Water

Water is an essential liquid present in all cell structures. About 65 percent of the body weight is water.
Two-thirds of this is contained within the cells and the remaining is present in spaces outside the cell.
It is the medium in which chemical reactions required in cellular metabolism take place and hence it
is the most essential of the nutrients in all animals.

Water is available to the body through the mineral water and solid foods taken in by the animals.
About 15 percent of the daily requirements of water is gathered by the body as a result of the
oxidation of foodstuffs within its cells.

Water is the solvent for more substances than any other liquid. It is an ideally suited medium for
the transportation and distribution of nutrients to all the cells in the body. Water regulates the body
temperature by conducting and distributing heat energy to the entire body. It removes, by
vaporization, the excess heat of the body generated by metabolic reactions.

Water is lost from the body due to profuse sweating, diarrhoea, and prolonged and frequent
vomiting. As a result of water loss, dehydration and loss of electrolytes would result. Animals can live
longer periods without food, but without water they die soon.



CHAPTER

Biological Oxidations

All living systems require energy to carry out life processes. The most common and cheapest source
of energy is the sun. The solar energy is initially utilized by the chlorophyll of green plants and some
bacteria to synthesize carbohydrates in the form of starch. This process is known as photosynthesis.
Green plants are eaten by animals and the stored carbohydrates serve as the basic source of energy.

Cells of plants, animals and bacteria are primarily composed of polymers such as carbohydrates,
proteins, fats and fatty acids. These biopolymers are large molecular complexes which upon oxidation
yield energy. The maintenance and growth of cellular structures is dependent upon the energy-
requiring or endergonic reactions by which these large polymer complexes are synthesized.
Endergonic reactions store up energy in a potential form in the products of the reaction.
Photosynthesis is an ideal example of such endergonic reactions. Energy is, however, required for
other functions as well, such as endergonic chemical reactions. Biological systems also require
exergonic reactions which are energy-yielding processes. Energy thus liberated is used up for growth,
chemical synthesis, muscle contractions, maintenance and repair of body parts and other protoplasmic
activities. Therefore, a biological system must provide the energy necessary for its maintenance,
growth, and various other processes. Biological oxidations are the most important exergonic reactions
of the living matter which furnish chemical form of energy to build and maintain structure.

3.1 BIOENERGETICS

Energy is defined as the capacity to do work. It is a common knowledge that energy can neither be
created nor destroyed, but can be transformed from one form to the other. Various forms of energies
exist, such as thermal, mechanical, electrical and chemical and it is the transfer of energy through one
of these means that work can be performed. Muscular work, conduction of nerve impulse and
synthesis of complex food molecules are some of the examples in which energy transfer is involved.
Living organisms, therefore, cannot consume energy, but they can transform it involving oxidation,
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reactions. Such transformations are accomplished at rather constant temperature and under constant
pressure-volume relationships.

Before discussing energy in biological systems, it would be appropriate to discuss the general
laws of thermodynamics which govern all energy transformations. The laws which govern the
behaviour of all energy in the universe are the first and the second laws of thermodynamics. The
physical and chemical events taking place in the universe are under the control of energy contained in
the universe. Both matter and energy must be exchanged between the system and surroundings.

The first law of thermodynamics states that the energy content of the universe must remain
constant since it can neither be created nor destroyed. Biological systems absorb from their
environment useful form of energy under constant temperature and pressure and return the same
amount of energy of less useful form to the environment. Thus useful form of energy absorbed by
biological systems is called the free energy which is capable of doing work.

Biological systems have a high molecular complexity and orderly structure, whereas the non-
living matter is in a state of disorder or randomness. The second law of thermodynamics states that
the randomness or entropy of the universe always increases. Living organisms maintain their
orderliness at the expense of their environment and in return increase its entropy.

Living organisms are called open systems since they exchange both matter and energy with the
environment. Although apparently a living system may seem to be in equilibrium, but it is not; it is
actually in a steady state. Steady state is that condition of an open system in which the rate of transfer
of matter and energy from the environment into the system is balanced by the rate of transfer of matter
and energy out of the system.

Living organisms are unable to use heat as a usable energy, since they are essentially isothermal.
In man-made machines, such as steam engines, heat energy is transformed into work. This may be
expressed as follows:

AE=q—w

Where AE is the change in the energy of the system, ¢ is the increase in heat and w is the amount
of work done by the system. The energy change accompanying a chemical reaction may be measured
in the form of heat gained or lost and is called enthalpy change. This can be expressed as H or the
heat of reaction. In living cells heat is not used as a source of energy because heat can do work at
constant pressures only. If in a reaction there is no change in pressure, no work is accomplished, then

AH=AE

Organic molecules like carbohydrates have a heat of combustion which is characteristic of any
given molecule. If 1 mole of glucose is completely oxidized aerobically, the heat evolved or the molar
enthalpy can be measured. This is expressed as

AH = —-686,000 cal/mole
In this case AH is negative since heat is lost during the reaction
C¢H,,04 + 60, — 6CO, + 6H,O + 686 kcal

We have discussed earlier that the entropy content of the universe always Increases. If the entropy
of a system increases during a process, the amount of useful energy contained in the system decreases.
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Thus higher the degree of order, lower the entropy. The free energy which does useful work is
designated is AG after Willard Gibbs, who developed the concept. The equation representing
relationship among free energy, enthalpy and entropy may be expressed as:

AG=AH-TAS
where
AG is change in free energy.
AH is change in enthalpy.
AS is change in entropy.
T is absolute temperature.

A drop in free energy is followed invariably by an increase in entropy. The change in free energy
of a reaction is an index of its ability to do useful work. Exergonic reactions proceed spontaneously
and have a negative AG value. Endergonic reactions do not proceed spontaneously, require chemical
energy input and have a positive AG value.

3.2 TYPES OF REACTIONS

A most accurate definition of oxidation is rather impossible. However, a compound is said to be
oxidized if the following take place:

(a) when it loses one or more electrons, for example

Fe™ —=¢ 3 Fe'tt

(b) when the compound loses one or more atoms of hydrogen, for example

CH,CH,0H —2— CH,CHO

(c) When one or more atoms of oxygen are added to the compound, for example

CH,;CHO —°— CH;COOH

Reduction reactions are reverse of oxidations.

All the chemical reactions in the cells are varied and frequently complex, but are restricted to
these three simple classes. In order to understand them better, we may classify them into five general
groups: digestion, synthesis, transfer, oxidation and reduction.

(a) A digestion reaction is actually a hydrolytic reaction in which complex molecules are broken
down to smaller sub-units. Degradations of carbohydrates, fats and proteins are common
examples of such digestion reactions.

—<\A H,0

(b) In synthetic reactions smaller molecules are combined into larger ones with loss of water:

/ >

H,0
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(c) In transfer reactions a portion of one molecule is transferred to another molecule.

(d) Oxidation and reduction reactions always occur together involving change in the number of
electrons. If the number of electrons decreases, the atom is said to be oxidized, whereas
increase in the number of electrons indicates reduction. If oxidation occurs, reduction must
follow it. An example of this reaction is when metallic zinc is added to an aqueous solution of
copper sulphate. The zinc is oxidized to zinc ions at the expense of copper ions which are
reduced to metallic copper.

++

Zn Cu Ared B ox
or
zn" Cu A ox B red
(Ox: oxidized)
(red: reduced)

3.3 COUPLED REACTIONS

The biological systems are dependent upon coupling of energy between oxergonic and endergonic
reactions. In coupled reactions there is always a molecular form which donates energy and another
molecular form which accepts energy. It is necessary that we examine some of the exergonic reactions
which provide usable energy to the living system to derive endergonic reactions.

It should be stated here that the carbohydrates, fats and proteins are not the immediate fuels that
run the living system, instead ATP (adenosine triphosphate) performs this function. ATP is the most
common and universal energy donor belonging to the class of nucleoside triphosphates. The chemical
structure of ATP is given in Figure 3.1. ATP consists of a nucleoside (adenine 5-carbon D-ribose) and
three phosphate molecules attached to it. The phosphate ester linkage (P—O—P) between the two
terminal phosphate groups of ATP is relatively weak. This terminal phosphate group breaks
spontaneously from the kinetic energy of the molecule when ATP is in complex with an enzyme. The
breakage of the phosphate bond releases chemical energy causing an immediate shift in the bond
energies within, giving rise to ADP (adenosine diphosphate). About 10 kcal/mole of energy is
released.

AG =-10 kcal/mole
ATP— _— ADP+FPi

AG = +10 kcal/mole

When the terminal bond of ATP is broken down, the phosphate becomes inorganic phosphate (Pi)
which is endowed with low energy. The reaction is reversible and the formation of ATP requires ADP
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Adenosine Triphosphate (ATP)

Fig. 3.1 Structure of ATP.

Uncatalysed reaction
H Catalysed reaction
Enzyme catalysed reaction
Urea
H,0
B3
o}
C
L0
CO, +2NH,4
+ 13800 calories

Reaction coordinate

Fig. 3.2 Enzyme catalysed reaction.

and inorganic phosphate. The regeneration of ATP requires 12 kcal/mole and occurs in the coupled
reactions.

ATP is universal energy donor, hence it should be regenerated constantly when any mechanical
work is done. In the coupled reaction as shown above, 10 kcal/mole of energy is released from one
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ATP molecule, showing thereby a loss of 2 kcal/mole of energy during regeneration. When a
phosphate bond is broken, 10 kcal/mole of energy is released, but only 8 kcal/mole is converted to
work and the rest is lost. Thus ATP can derive most of the metabolic reactions requiring 8 kcal/mole
or less.

3.4 ENERGY EXPENDITURE IN METABOLIC PROCESSES

The cell machinery functions on maximum economy basis, hence the energy expenditure is to be
minimized in a metabolic process. This is achieved by the use of enzymes which help in lowering the
energy of activation (Fig. 3.2). Enzymes are referred as biological catalysts which obey certain
general rules. The enzyme-catalyzed reactions take place at physiologically low temperatures and
require extremely small amounts of enzymes.

If a glucose molecule is subjected to a series of enzyme-catalyzed reactions, the molecule is
broken down with minimum expenditure of energy. Sometimes the energy required for the reaction is
present in the kinetic form in the reaction itself, but more frequently, the enzyme acts in combination
with ATP requiring low activation energy. Both synthetic and degradative pathways require the use of
ATP. In synthetic reactions the ATP molecule combines with the enzyme at one of the active sites and
the substrate combines with other sites. This can be shown as:

Substrate + enzymes + ATP — ATP — enzyme — substrate —
ADP + Pi + enzyme + product

Since the reaction is enzyme mediated, it can be simplified thus:

ATP ADP + Pi
A > B
(Substrate) Enzyme (Product)

In degradation reactions, the terminal phosphate group of ATP (A — P — P — P) is usually
transferred to the substrate which gets phosporylated. This may be shown as:

ATP ADP
A / > B
Enzyme (Phosphorylated
substrate)

Since ATP is used both in synthetic and degradative reactions, its regeneration is essential for
efficient functioning of the biological systems (Fig. 3.3). Regeneration of ATP is possible in two
ways: (i) by transfer of a phosphate group from a high-energy molecule (substrate-level
phosphorylation) and (ii) by electron transport system.
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Fig. 3.3 ATP cycle in energy-transfer processes.

3.5 OXIDATION-REDUCTION REACTIONS

One of the major classes of reactions is the oxidation-reduction reaction in which electrons are
transferred from one atom to another. We have already noted that oxidation involves loss of electrons
whereas reduction involves gain of electrons. This may be shown as:

Oxidation

Reduction

In some of the redox reactions, the values of AG are very high, hence they may serve as ATP
regeneration reactions. In all redox reactions, a reducing agent (electron donor) and an oxidizing
agent (electron acceptor) are present. During the reaction, reducing agent gets oxidized and the
oxidizing agent gets reduced and this is dependent upon the ability of reducing agent to furnish
electrons and the tendency of oxidizing agent to accept them. This relative ability to donate and
accept electrons is called redox potential. 1t is represented by the following equation:

E,=E,+ RT In (oxidant)
nF (reductant)

where
E, = the redox potential
E, = the standard emf of the system

gas constant in joules/mole/degree
absolute temperature

S N X
Il

valence of the ion or number of electron equivalents
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F = Faraday (96,500 coulombs)
In = logarithm to the base e

When the concentration of oxidant and reductant are equal, In (oxidant/reductant) becomes 0 and
E, =E,. The redox potential values as cited above are applicable when the pH value is 0, otherwise it
would vary with the change in pH. The E, of the hydrogen at pH 7.0 is —0.420 V (redox potential of
hydrogen at pH 0 is 0.000).

3.6 THE CYTOCHROME SYSTEM

The transfer of electrons occurs on an atomic level. Whether the atom should act as a reducing or
oxidizing agent depends on the structure of the molecule. The cytochromes are a group of complex
types of molecules belonging to the class of porphyrins. They have an atom of iron (Fe) held in the
porphyrin ring structure. An important property of the cytochromes is their ability to undergo
reversible oxidation involving a change in the valency of iron.

A variety of cytochromes have been identified from plants and animals. In mammalian cells, five
types of cytochromes have been identified: Cytochromes b, c;, ¢, a and a;. These have important roles
in the oxidation reactions. In biological systems, reactions involving the removal of hydrogen atom
occur most frequently and this hydrogen atom is transferred to the hydrogen acceptor. NAD
(nicotinamide adenine dinucleotide) is the common hydrogen acceptor which acts as an oxidizing
agent. In the conversion of pyruvate to CO, and acetate, role of NAD can be indicated:

COOH
NAD NADH + H" \O\
c—o » CO,+CoA—C—CH,
‘ (Acetyl CoA)
CH,
(Pyruvate)

In the above reaction, the carboxyl group is lost by the pyruvate and the remaining 2-carbon
portion is joined to coenzyme A. When NAD accepts a hydrogen, it also involves ionic bonding to a
second hydrogen, giving rise to product NADH + H":

NAD + pyruvate — NADH + H" + 2¢~ + CO, + acetate

Regeneration of ATP is dependent upon reactions involving removal of hydrogen. The oxidizing
agent NAD has an E, value of —0.320, whereas the reducing agent pyruvate has an E_ value of —
0.700. There are many compounds in biological systems which have more positive redox potentials
than NAD and NADH. When NAD reacts with such compounds, it serves as a reducing agent in its
NADH + H' form. NADH (reduced form) enters into a series of reactions involving transfer of
electrons. In the course of reactions great deal of energy is generated. Series of such reactions are
called electron transport system. In the scheme of reactions, oxygen is the final hydrogen acceptor
(Fig. 3.4).
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Fig. 3.4 Electron transport system.

Electron transport system in different organisms may differ in certain steps. However, the major
components of the system are:

(a) an enzyme—NAD (nicotinamide adenine dinucleotide)
(b) a flavoprotein

(c) coenzyme Q

(d) cytochrome compounds

3.7 THE FLAVOPROTEINS

In biological systems, many metabolites undergo oxidation by the loss of hydrogen through catalyzed
reactions. The specific enzymes involved are known as dehydrogenases and the reaction can proceed
with the aid of a hydrogen acceptor. Dehydrogenation of a substrate depends upon the availability of
NAD" or NADP". The oxidized forms of these enzymes are present in the system in minute
quantities, and in order to maintain a constant supply, NADH and NADPH are reoxidized to NAD
and NADP. The mechanism to reoxidize these enzymes is furnished by certain flavoproteins. These
are proteins and act as coenzymes. They contain a prosthetic group FMN (flavin mononucleotide) or
FAD (flavin adenine dinucleotide). These coenzymes catalyze oxidation-reduction reactions:
+2H
. " FPH,

FP <
2H

Two co-enzymes of this group, NADH, and NADPH, reoxidize NADH and NADPH. This can
be shown as:

NADH +H' FP NADPH" +H’" FP

NAD FPH, NADP FPH,
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The flavoprotein enzymes act upon certain metabolites that function as substrates. Flavoproteins
take hydrogen from NAD and thereby get reduced. The same flavoprotein molecule is reoxidized to
become active again to participate in further reactions. This can be shown as:

AH, NAD FP-H,
A NADH FP
(Substrate) * (Flavoprotein)
H

Reoxidation of flavoproteins is accomplished by cytochrome system.

3.8 DEHYDROGENATION

The initial step of the electron transport system is the oxidation of the organic substrate by NAD, and
in turn NAD gets reduced to NADH. It may be shown as under:

Metabolite + NAD — oxidized metabolite + NADH + H"

In the above reaction, the oxidizing agent NAD is reduced to NADH by accepting two electrons
and one hydrogen, the other hydrogen atom is released as hydrogen ion (H"). Such reactions
involving loss of hydrogen and two electrons by the molecule to be oxidized are called
dehydrogenations. The enzymes which catalyze such reactions are called dehydrogenases. Specific
dehydrogenases are required for different organic molecules.

The NADH thus formed is reoxidized to NAD by a flavoprotein enzyme. Flavin functions as a
coenzyme. The NADH is oxidized to NAD and flavin accepts two electrons, a hydrogen atom and the
H" from the solution.

H' + NADH + Flavin < Flavin H, + NAD

Thus flavin is reduced, and further undergoes reoxidation by coenzyme Q. The reaction involves
oxidation of reduced flavin by the transfer of two electrons and two hydrogens to a molecule of
coenzyme Q.

Flavin H, Flavin

N

Coenzyme Q

In the next reactions, reoxidation of coenzyme Q takes place by cytochromes which act as
electron carriers. There are a number of such compounds which occur in the mitochondria of the
cells, and differ from each other on the basis of their structure with respect to the protein molecule.
Owing to their structural differences, they also differ with respect to their ability to accept or donate
electrons. They react in a particular order, cytochrome b — cytochrome ¢ — cytochrome a —
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cytochrome a;. Cytochrome b accepts an electron from coenzyme Q and thus gets reduced. Since one
electron is accepted by one molecule of cytochrome b, two molecules are necessary to reoxidize
coenzyme Q. The hydrogens of the reduced coenzyme Q are not accepted by cytochromes and they
are released as hydrogen ions in the medium.

An electron thus accepted by cytochrome b is next passed on to ¢, then to a, and finally to
cytochrome a; with alternate oxidation and reduction of the iron atom of the cytochromes.
Cytochrome a; is commonly known as cytochrome oxidase which is capable of undergoing direct
oxidation by molecular oxygen. Cytochrome oxidase is an important enzyme showing a specific
behaviour. In the presence of oxygen it works efficiently and continuously transfers electrons in one
direction, that is to oxygen. In the absence of oxygen, it becomes inactive. The sequence of reactions
is shown in Fig. 3.4.

3.9 ENERGY RELEASE AND OXIDATIVE PHOSPHORYLATION

If one mole of glucose is completely oxidized, 686 kcal of energy is released. This can be shown thus:
C¢H,,04 + 60, — 6CO, + 6H,0 + 686 kcal

In order to produce ATP from ADP and Pi in a biological system, about 10 kcal of energy per
mole of ATP is required. It is apparent from the above equation that 68 moles of ATP would be
produced for each mole of glucose acrobically oxidized. However, it is not true. Actually, 38 moles of
ATP are produced per each mole of glucose oxidized. One might ask as to what happens to the rest of
energy?

Rest of the energy is lost in the form of heat. The typical reaction of glucose oxidation can be
shown as follows:

C¢H,,0; + 60, + 38 ADP + 38Pi — 6CO, + 6H,0 + 38 ATP + 310 kcal (heat)

The above equation summarizes the oxidation of glucose in one step. In actual oxidation process,
however, several steps are involved so that the energy is released bit by bit in a stepwise fashion. Thus
only one mole of ATP is synthesized in one single reaction. In biological systems glucose is the chief
fuel to be oxidized for the production of ATP. A series of oxidation reactions are employed by the cell
to oxidize glucose to CO, and water. We shall describe these reactions with respect to oxidative
phosphorylation.

3.10 GLUCOSE OXIDATION

Carbohydrates are fuels which are first broken down to 6-carbon sugars before they are oxidized.
Glucose is the simplest 6-carbon sugar which must be first converted into glucose-6-phosphate
through phosphorylation by ATP. This is the common early stage of glycolysis. It is further
transformed to pyruvic acid as summarized in Fig. 3.5.

In the next reaction glucose-6-phosphate is converted to fructose-6-phosphate under enzymatic
control. Fructose-6-phosphate is phosphorylated again on the first carbon and leads to the formation
of fructose-1, 6-diphosphate. This conversion is accomplished by ATP which acts as both energy and
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ATP ADP ATP ADP
(mole) N 7 NN _ (2moles)
glucose glucose 6-phosphate fructose 1, 6-diphosphate ——»  3-phospho-

glycoraldehyde
(2moles) (2 moles)
3-phosphoglyceric 47T 1, 3-diphosphoglyceric < 1N
acid acid p
i 2ATP 2ADP 2NAD.H, 2NAD
H,0 2ADP ATP

T e 2 emaey A maey

2-phosphoglyceric = ;hoeshoenol pyruvate pyruvate

acid

Fig. 3.5 Scheme of glucose oxidation (glycolysis).

phosphate donor. In the next series of reaction, the 6-carbon diphosphorylated sugar is split into two
3-carbon phosphorylated sugar, phosphoglyceraldehyde (PGA) and dihydroxy acetone phosphate
(DHAP). Next reaction is very important for two reasons. Firstly, one more molecule of phosphate is
added, and secondly in the course of this reaction a hydrogen is removed from the aldehyde group
which is picked up by NAD. In the next reaction transformation of the two molecules of 1, 3-
diphosphoglyceric acid and 2 molecules of ADP to two molecules of 3-phosphoglyceric acid and 2
molecules of ATP takes place. This is an enzyme catalyzed reaction. Up to this stage the energy yield
has been balanced by the energy expenditure. Any energy derived from the process after this step will
be the net gain.

The next two reactions rearrange the phosphate group of 3-phosphoglyceric acid resulting in the
formation of 2-phosphoglyceric acid which is then converted to phosphoenol pyruvate by losing one
hydrogen. For each glucose molecule oxidized, two phosphoenol pyruvates are formed. The
phosphate group of phosphoenol pyruvate is transferred to ADP molecule to form ATP. After
transferring the phosphate from phosphoenol pyruvate, the resulting compound pyruvic acid or
pyruvate is formed. Four ATP molecules are formed in this glycolytic process, two pay back for the
two expended in the beginning of glycolysis. Therefore the net gain is of 2 ATP molecules.

The importance of glycolysis can be enumerated as follows:

1. About 10 per cent of free energy available in glucose molecule is released.

2. Glucose molecule is changed to form pyruvic acid which can enter the citric acid cycle to

release more energy.

3. A net synthesis of 2 molecules of ATP takes place.

4. Two molecules of NADH are generated by dehydrogenase action.

The remainder of energy contained in the glucose molecule is released during the course of citric
acid cycle and oxidation by the electron transport system. The product of glycolysis, pyruvic acid
enters the mitochondria where it undergoes oxidative phosphorylation with the help of electron
transfer chain to generate more of ATP. The complex reactions, their sequence and products are
summarized in Fig. 3.6.

At the beginning of the cycle, pyruvic acid is acted upon by an enzyme pyruvic dehydrogenase
and acetyl CoA is formed. The enzyme also transfers hydrogen from pyruvic acid to NAD which
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Fig. 3.6 The citric acid cycle (Krebs cycle).

forms NADH, a reduced compound. The compound acetyl CoA enters the citric acid cycle by
reacting with a 4-carbon molecule, oxaloacetic acid, forming citric acid.

In the next reaction isocitric acid is formed involving minor changes in the citric acid molecule.
In the next step dehydrogenation of isocitric acid to oxalosuccinic acid takes place. The coenzyme
which acts as the electron acceptor is NADP. Oxalosuccinic acid is a keto-acid and is capable of
undergoing decarboxylation. The product of this reaction is a-ketoglutaric acid. a-ketoglutaric further
undergoes decarboxylation and forms a high energy complex, succinyl CoA. NAD acts as an
oxidizing agent removing the hydrogen. Succinyl CoA is rapidly cleaved to succinic acid and CoA
becomes free. This reaction leads to the synthesis of one molecule of ATP.

In the next reaction, an enzyme succinic dehydrogenase oxidizes succinic acid to fumaric acid. In
this reaction 2 molecules of ATP are formed. An addition of a water molecule to fumaric acid yields
malic acid. Malic acid is then finally oxidized by NAD to oxaloacetic acid, thus completing the cycle.
There ATP molecules are formed in this step. The most important conclusion drawn from the cycle is
the entrance of an acetyl group which is oxidized to CO,, and H,O, by four oxidation reactions. The
balance sheet of the ATP yield from glycolysis and various steps of oxidative phosphorylation is
given in Table 3.1.
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Table 3.1 Net ATP Gain During Complete Glucose Oxidation

Sequence of reactions Net ATP yield
1. 1 glucose — 2 pyruvic acid moles 2
2. NADH + H* from conversion of 3-phosphoglyceraldehyde to 1, 3-diphosphoglyceric acid
(electron transport system) 6
3. 2 pyruvic acid — 2 acetyl-CoA + 2CO, 6
4. 2 acetyl-CoA — 4CO, (citric acid cycle) 24

Glucose — 6CO, 38




CHAPTER

Enzymes—The Biological
Catalysts

In the previous chapter it has been mentioned that the enzymes catalyze metabolic reactions in a
precise way by lowering the energy barrier (see section 3.4 of Chapter 3). In living systems chemical
reactions proceed at physiological temperatures which are quite low (in most cases 37°C). The same
reactions in vitro will proceed at considerably higher temperatures and pressure. But the remarkable
property of the cell to carry out its reactions at mild temperatures, low pressure, and in dilute solutions
is due to the influence of enzymes.

Chemically, enzymes are complex protein molecules synthesized in the cells where they act as
biocatalysts in carrying out various physico-chemical reactions. These proteins have their own
specificity and kinetics. By definition a catalyst is a substance which speeds up the rate of a given
reaction and at the end of the reaction it remains unaltered. Further, the catalyst helps in attaining a
reaction in a state of equilibrium. Many noncatalyzed reactions remain in a nonequilibrium condition
since their rate of reaction to reach the state of equilibrium is very slow. For example, glucose and
oxygen may remain together in a solution for years without reacting with each other. However, if a
suitable catalyst is added to the solution, both will react readily to attain the state of equilibrium by
forming carbondioxide and water. This may be represented as,

6CO, + C¢H,,0, == 6CO, + 6H,0

The above reaction has an equilibrium favouring the product formation since no detectable
amount of glucose will be formed if CO, and H,O are mixed together.

4.1 GENERAL PROPERTIES OF ENZYMES

All enzymes are proteins and synthesized within the cell. Owing to their protein nature their physical
and chemical properties conform to the nature of proteins. Action of strong acids, bases, organic
solvents, heat and agitation will denature and render them biologically inactive. An essential property
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of these biological catalysts is to speed up the rate of chemical reactions and while doing so they
remain unchanged without loss of activity. An enzyme recognizes its specific substrate and reacts
with it to form product and gets regenerated at the end of the reaction. The enzyme lowers the
activation energy and allows a larger number of molecules to react at a given temperature. The
efficiency with which an enzyme acts on its substrate is known as its turn over rate which is the
number of substrate molecules converted into the product by a single molecule of enzyme per unit
time.

Enzyme catalysis follows the same general rules as observed for nonenzymatic catalysis. Both
catalyze forward and backward reactions to reach a state of equilibrium. However, the main
difference lies in the fact that the enzyme delicately controls and regulates the cellular processes at
considerably low temperatures with maximum economy.

Enzyme Specificity

Enzymes have a preference for their specific substrate on which they act. The phenomenon is known
as enzyme specificity. Some enzymes have absolute specificity, i.e. the enzyme can act on only one
substrate. Urease hydrolyzes urea and any modification in urea molecule will render it ineffective for
enzyme attack:

NH
co< NH2 + H,0 &= 2NH; + CO,
2

Certain enzymes are capable of acting on a specific organic group, thus showing group
specificity. For example, alcoholic dehydrogenases act only on alcohols. Similarly, carboxyl esterases
will act on carboxylic acid esters only.

R -~ OH + NAD" = R — CHO + NADH + H"
In the above reaction the R and H groups are immaterial.

Some enzymes act on a range of substrates showing a broad specificity. Trypsin will attack
peptide bonds in a protein chain only b&fween certain amino acid residues involving lysin and
arginine.

Certain enzymes show optical specificity, i.e. they are able to discriminate between their optical
isomers. An L-amino oxidase will not act on D-amino acids or vice versa.

Enzyme-substrate Interaction

An enzyme reacts with its substrate at various concentrations. When the rate of enzymes catalyzed
reaction is studied at various substrate concentrations, a hyperbolic curve is obtained (Fig. 4.1). When
the initial substrate concentration is low, the rate is directly proportional to the substrate
concentration. As the substrate concentration is increased the velocity of reaction reaches a maximum
V... At high concentrations the rate of reaction becomes independent of substrate concentration

max.

(Fig. 4.1).
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Fig. 4.1 Effect of substrate concentration on the velocity of enzyme catalyzed reaction.

The enzyme catalyzed reaction is a two-step process which can be shown thus:

kl
[E]+ [S] = [ES] ()
k2
k3
[ES] v [E] + [P] )

4

In this process the enzyme first combines with the substrate [S] to form enzyme-substrate [ES]
complex. This complex breaks down into the product [P] and the enzyme [E]. The enzyme catalyzed
process was quantified by Michaelis and Menten who applied the law of mass action to the formation
of ES complex. Following equation was obtained to express the relationship:

_ VaulS]
K, +[S]
where
V' = velocity of reaction
[S] = substrate concentration
Vmax = Mmaximum velocity

K, = Michaelis-Menten’s constant
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K, represents the substrate concentration at which the velocity of reaction is half of the maximum
velocity (V)

4.2 THE MECHANISM OF ENZYME ACTION

Activation Energy

An exergonic reaction will take place very slowly, but the rate of reaction is determined by how many
molecules have the activation energy (£ ) to react together at anyone moment. In a slow reaction only
a small percentage of the molecules involved have the necessary amount. The activation energy
therefore represents a kind of barrier which must first be overcome before the reaction can proceed
(Fig. 4.2).

Enzyme lowers energy barrier
so that E, < E,

EA
(without
heat or
enzyme)

E (with heat)

. Rééétants
Heat raises energy CgHy,05 + 60
content of reactants
sothat EY <E,

|

Energy content
of reactants

E, (with enzyme)

e Hedting
Products This difference equals
6CO, +6H0 | (E, —E,) since heating
raises the energy content
of the products as well
asthat of the reactants

—
Progress of reaction

Fig. 4.2 Activation energy: enzyme lowers the energy barrier. Heat produces a secondary effect, increasing the kinetic
energy of the reactants.

In principle, reactions can be speeded up in two ways:
(a) by supplying the reactants with more energy, for example by heating;
(b) by lowering the activation energy by means of a catalyst.

In living organisms heat from any external source cannot be applied, because of limitations.
Besides, heat also denatures proteins which include enzymes also. However, enzymes are biocatalysts
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which lower the activation energy barriers dramatically. How these enzymes lower the energy barrier?
Before we answer this question, let us have a closer look at the concept of the active site or the
catalytic site.

Lock and Key Hypothesis

Fischer postulated a lock and key hypothesis to explain the interaction between the enzyme and the
substrate. The model visualizes the enzyme molecule as a rigid structure having a fixed substrate
binding site (Fig. 4.3). For a key to work it must be provided with the right lock and so is with
enzyme and substrate.

E S E + S Complex

Fig. 4.3 Fischer's lock and key hypothesis to explain the formation of enzyme-substrate complex.

The concept of active site. The active site of an enzyme molecule is the catalytic site which reacts
with the substrate. It has been suggested that there must be one or more active sites of an enzyme
which are the centres of catalytic activity. Enzymes are huge molecules with a high molecular weight,
but substrates are often small. It has been suggested that one or two substrate molecules bind at a time
to specific points on an enzyme, showing that enzymes possess specific active sites for catalysis. If
the active site is only a small part of the enzyme molecule, what is the function of the rest of the
molecule? In 1963, Koshland suggested that an enzyme consists of essentially four categories of
amino acids (Fig. 4.4):

Catalytic residues Binding residues

Active site Active site

Structural
residues

«—— Non essentia
residues

Fig. 4.4 Amino acid residues in an enzyme molecule showing four sites: catalytic site, binding site, structural residues
and non-essential residues.
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(1) Catalytic residues: These are the amino acids at the catalytic site which make and break
chemical bonds. They participate in the catalytic activity.
(i1) Binding residues: These amino acids hold the substrate in place while catalysis is taking place.
(iii) Structural residues: These amino acids hold the active site in the correct shape so that it can
function properly.
(iv) Non-essential residues: These amino acids have no specific function. They are often near the
surface of the enzyme and can be removed or replaced without loss of function.

Induced-fit Theory

The idea of an enzyme ‘wrapping around’ a substrate to form a more stable structure is called
induced-fit hypothesis. These and other considerations led Koshland to postulate that essential
functional groups on the active site of the free enzyme molecule are not in their optimal positions for
promoting catalysis when the active site is unoccupied, but when the substrate molecule is bound by
the enzyme, the binding affinity forces the enzyme molecule into a conformation in which the
catalytic groups assume a favorable geometric position to form the transition state. This is the
induced-fit model of enzyme-substrate interaction (Fig. 4.5).

m Substrate
Active site
(relaxed form)

Enzyme

1
Active site m
. Enzyme-substrate
(induced form) @ (induced-fit form)

Fig. 4.5 Induced fit model of enzyme molecule as proposed by Koshland.

Molecular Basis of Enzyme Action

According to thermodynamic considerations, enzymes lower the energy barrier or activation energy
through several steps, each step with reduced activation energy, including the formation of ES-
complex. On the other hand, in molecular terms, few major factors appear to participate and probably



Enzymes—The Biological Catalysts 85

operate simultaneously at the active site, all of which contribute to a lowering of activation energy,
and hence to the large rate accelerations produced by the enzyme (Table 4.1).

Table 4.1 Mechanisms which Contribute to the Catalytic Efficiency of Enzymes

Mechanisms

Description of catalysis

Proximity effects
Orientation effects
Strain effects
Acid-base catalysis
Covalent catalysis

Microenvironmental effects

Temporary binding of reactants close to each on an enzyme increases the chance
of a reaction.

Reactions are held by the enzyme in such a way that the bonds are exposed to
attack and a transition state is readily achieved.

Enzyme may induce strain or distortion in the susceptible bond of the substrate
molecule, making the bond easier to break.

Acidic and basic amino acids in the enzyme facilitate transfer of electrons to and
from the reactants.

Enzyme may combine with the substrate to form an unstable covalent
intermediate that readily undergoes reactions to form the products.

Hydrolytic amino acids create a water-free zone in which non-polar reactants
may react more easily.

4.3 CLASSIFICATION OF ENZYMES

The International Enzyme Commission has adopted a system of classification of enzymes recognizing

six major classes (Table 4.2).

Table 4.2 Major Classes of Enzymes and the Types of Reactions Catalyzed by Them

Enzyme class

Nature of reaction Mayjor type of enzymes with their specific reactions

1. Oxido-reductase | Biological oxidation and reduction 1. Dehydrogenases: catalyze removal of 2 atoms of

hydrogen
2. Oxidases: these catalyze reduction of O,

3. Oxygenases: which catalyze incorporation of molecular
O, into the substrate

4. Oxidative deaminases: catalyze the oxidation of amino
compounds with the formation of NH;

5. Hydroxylases: these introduce OH groups
6. Peroxidases: they use H,0, as oxidant

2. Transferases Effecting exchange of groups 1. Aminotransferases: catalyze exchange of amino
groups between two substrates: & Keto group between amino and Keto acid
AB + CD AC + BD 2. Kinases: catalyze the transfer of a PO, radical

3. Acyltransferases: catalyze the transfer of acyl/acetyl
group to a suitable acceptor

4. Glycosyltransferases: they transfer glycosyl groups

Contd.
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Contd.

3. Hydrolases They catalyze hydrolysis reactions: | 1. Peptidases: catalyze hydrolysis of peptide bonds
AB + H,0 A OH + HB 2. Glycosidases: catalyze glycosidic bonds
3. Esterases: carry hydrolysis of carboxylic esters
4. Phosphatases: hydrolyse phosphoric acid esters
5. Phosphodiesterases:
6. Deaminases: catalyse hydrolysis of amines
7. Deamidases: catalyze hydrolysis of amides
4. Lyases Remove groups from substrates 1. Decarboxylases
non-hydrolytically: 2. Aldolases
AB A+B 3. Dehydratases
5. Isomerases Catalyze isomerization of 1. Racemases
substances (substrates) 2. Epimerases

6. Ligases Catalyze joining together of two

down of a pyrophosphate bond in
ATP

molecules coupled with the break

Synthetases; bring about the formation of C-O, C-S, C-
N or C-C bonds.

Reactions require expenditure of energy with
simultaneous cleavage of ATP.

4.4 FACTORS INFLUENCING ENZYME ACTIVITY

There are many factors which influence the activity of enzymes. These may be physical or chemical in

nature.

A. Substrate and Enzyme Concentration

An enzyme catalyzed reaction is dependent on the enzyme concentration.

Usually the enzyme is present in much lower concentration than the substrate. In vitro experiment
if we take increasing enzyme concentration in the presence of an excess of the substrate, a linear
relationship is observed showing increased utilization of the substrate (Fig. 4.6). However, with fixed

enzyme
A concentration a different relationship is observed (Fig.
4.7). First of all a rapid rise in velocity of reaction is
observed and subsequently the reaction rate slows down
until no change in velocity is observed. The enzyme at this
stage is saturated with the substrate. Three situations are
observed at points A, B and C.
1. At point A (Fig. 4.1) the [S]
hence the velocity V is dependent upon the substrate
concentration.

Velocity of reaction

A\ 4
N

o Enzyme concentration

Fig. 4.6 Effect of enzyme concentration on
the rate of reaction.

concentration and increasing  substrate

is much less than K

m>

At point B the substrate concentration is equal to
K,,, hence the velocity is half of V,

max-*

. At point C the substrate concentration is much
greater than the K, value, hence the velocity of
reaction is maximal (V).
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B. Temperature

Temperature has a marked effect on enzyme-catalyzed reactions as enzymes are very sensitive to
elevated temperatures. At high temperatures the enzymes undergo denaturation resulting in complete
loss of their biological activity. For most enzymes, optimal temperatures are close to that of the
ambient temperature of the cell. In homeotherms this temperature is around 37°C. However, the
enzymes show their activity over a limited range of temperature.

According to vant Hoff law, a rise of 10° in temperature will double the velocity of a reaction. If
we assume that at a given temperature 7° the rate of reaction is ¥, the latter becomes 2V at
temperature 7 # 10°. This is expressed in terms of the ratio of velocities of the reaction at two
temperatures 10° apart and is indicated by Q,,. This holds true for an enzyme-catalyzed reaction at
low temperatures. The temperature range for most of the enzymes lies between 30° and 50°C.

C. pH

The enzymes are influenced by pH changes since they are A
proteins and have an ionic character due to amino and
carboxylic groups. Each enzyme has an optimum pH at
which the velocity is maximal provided all other
conditions like temperature, substrate concentration etc,
are ideal. In a typical curve showing the effect of pH on
an enzyme-catalyzed reaction it is observed that the
maximal catalytic activity is seen at the optimum pH,
while on either side of the curve it is low (Fig. 4.7).
Within a narrow range of pH (i.e. slightly alkaline or acid ;
condition), the changes in the reaction are reversible. O Low<«——pH—— High
However, if the pH is either too low or too high, the

changes are irreversible due to denaturation of the Fig. 4.7 Effect of pH on the enzyme
enzyme protein. catalyzed reaction.

D. Redox Potential

Many enzymes are sensitive to oxidizing and reducing agents and the comparative ability of oxidation
or reduction of an enzyme is known as redox potential. It is the electromotive force (measurable in
millivolts) developed by the solution when in physical contact with the platinum electrode as
compared to the normal hydrogen electrode at zero potential. The redox potential of an enzyme is
either positive or negative owing to its relative oxidizing or reducing ability in comparison to
hydrogen.

E. Inhibitors

There are certain compounds, also known as antimetabolites, which when added to the substrate
combine with the enzyme reversibly or irreversibly to block the production of end products. Such
substances are known as inhibitors which include drugs, antibiotics, poisons and certain metabolites.
Inhibition occurs in a variety of ways, but broadly they may be classified into two categories:
reversible and irreversible inhibitions.

Optimum pH

Velocity of reaction

Y
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(a) Irreversible Inhibition: Some enzymes have a thiol (SH) group at the active site. The
compounds like iodoacetate (CH, I.COOH) or mercurials react with the functional—SH group
of the enzyme and form covalent derivatives. This kind of binding with the active site of the
enzyme molecule causes more or less inactivation of the enzyme. The inhibitor cannot be
released by any means, hence called irreversible inhibitor. The inhibition is proportional to the
concentration of the inhibitor.

E—SH + ICH,COOH — E—S—CH,COOH + HI

(b) Reversible Inhibition: Many inhibitors reversibly bind with the enzyme molecule affecting
the equilibrium constant of the reaction. Three types of reversible inhibitions are known.

(i) Competitive Inhibition: In this type of inhibition both the inhibitor and the substrate
compete for the same active site of the enzyme, but the inhibitor has greater affinity. The
effect of inhibition can be overcome by increasing the substrate concentration. In such
cases the inhibitor is structurally related to the substrate and bind with the enzyme
decreasing the effective concentration of the enzyme. An example of this type of inhibition
is succinic dehydragenase which converts succinate to fumaric acid. If malonic acid (it is
analogous to the structure of succinic acid) is added to the reaction, the activity of succinic
dehydrogenase falls but the activity can be restored by increasing the concentration of
succinic acid (Fig. 4.8).

v
+ Inhibitor

No inhibitor

—]JKml

Fig. 4.8 Graphical representation showing competitive inhibition.

O (S

(ii) Noncompetitive Inhibition: In this case there is no competition between substrate or
inhibitor and the inhibitor either combines with the enzyme with the ES complex (Fig. 4.9).
Noncompetitive inhibition cannot be fully reversed even at high substrate concentrations.
Noncompetitive inhibitors lower the [V, but do not affect the K, value. From the Fig. 4.10
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E EIS —> El+P
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E+P

Fig. 4.9 Mechanism to show binding of inhibitor with enzyme or with ES complex.
it can be seen that the substrate has an affinity both for enzyme and for EI complex. When
the results are plotted with 1/V against I/S at various concentrations of the inhibitor V, , is

lowered (Fig. 4.10).

w

<« 1/V max

-UK

m

Fig. 4.10 A plot showing non-competitive inhibition.

(iii) Uncompetitive Inhibition: Some inhibitors combine with ES complex, hence are called
uncompetitive inhibitors. Such inhibitors have no affinity with the substrate and bear no
resemblance with it. This type of inhibition can never be reversed. /A variety of poisons
such as iodoacetamide and metal ions (Ag, Hg) cause this type of inhibition.
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4.5 ISOENZYMES

Certain enzymes occur in multimolecular forms in the same organism. These enzymes have different
physical properties but catalyze the same type of reactions. Lactate dehydrogenase (LDH) is an
example of an isoenzyme which can be distinguished into 5 distinct types. These five different forms
differ in their behaviour, amino acid composition and relative rates of reaction. They have been
reported from different organs of vertebrates, chiefly from the heart and skeletal muscles. Two basic
subunits of LDH enzymes are known, the H type predominant in the heart and the M type in the
skeletal muscles. Both have same molecular weights (35,000) and both are produced in the same cells
by two, separate genes. LDH is composed of M and H subunits in 5 different combinations. These
are: H,, H;M, H,M,, H M; and M,. M, and H, are pure tetramers. Besides LDH, many other
enzymes like alkaline phosphatase, glutamate-oxaloacetate transaminase and creatinine
phosphokinase also occur in the form of isoenzymes.

4.6 ALLOSTERIC ENZYMES

There is an important class of enzymes usually known as allosteric or regulatory enzymes. They have
distinct regulatory and catalytic sites and their activity can be enhanced or inhibited by organic
compounds that occur as intermediates in the sequence of reactions. The inhibitor of the regulatory
enzyme bears no structural similarity with that of the substrate and usually occurs at the end of the
pathway.

Allosteric enzymes do not follow Michaelis-Menten kinetics and behave atypically in their
relationship with the substrate concentration. Normally, an enzyme possessing independent binding
sites will yield a hyperbolic curve to represent

their velocity of reaction. However, in case of 100

allosteric enzymes, binding of one substrate v __

molecule will induce structural changes in the 80

enzyme to facilitate affinity of the substrate o)

with the remaining binding sites. In such cases 60

the enzyme-substrate relationship yields a

sigmoidal curve (Fig. 4.11). This is also known ol @

as positive cooperativity. In order to explain
this behaviour example of haemoglobin may be Allosteric enzyme
cited. Haemoglobin molecule is composed of 4 20 -

polypeptide chains linked to the haeme
molecule and the binding of a molecule O, | | | | |
would induce structural changes in the 0 20 4 60 80 100

haemoglobin molecule which would facilitate

further binding of O, to reach saturation Fig. 4.11 E;fiit)Sg:uebr?;;/a:weeccs)ggani:;tilsl?cggeFIri]s ;’4‘22:3
point. The relationship is sigmoidal. On the Kinetics and, (2) allosteric enzyme.

other hand, myoglobin, which has only one
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polypeptide chain, can bind with one molecule of oxygen and shows a hyperbolic curve. Michaelis-
Menten kinetics is not applicable to allosteric enzymes, hence Km has no meaning. Sometimes the
binding of substrate molecule to one catalytic site obstructs the binding at another site and this
behaviour is known as negative cooperativity.

Two types of allosteric responses are known, homotropic and heterotropic, In case of homotropic
response the substrate (effector) is a second molecule. Many, enzymes have several active sites per
molecule. When the substrate is bound at one site, the affinity at other sites changes markedly due to
conformational change in the enzyme molecule. In case of heterotropic response, the effector or the
co-substrate (other than the substrate) binds at the regulatory site affecting the affinity of other vacant
binding sites. Most heterotropic effectors that bind with the regulator sites are unrelated to substrates
or products, but are usually identified as terminal products of the metabolic pathway exhibiting a
feedback control.

4.7 COENZYMES

Some enzymes such as pepsin and ribonuclease occur as pure proteins, while others have a non-
protein component associated with the protein molecule. This non-protein component of the enzyme
molecule is known as prosthetic group and the protein moiety is called the apoenzyme which together
constitute holoenzyme.

The prosthetic group may be either in the form of a metal ion (cofactor) or as a coenzyme which
may be firmly or loosely bound to the apoenzyme. Enzyme activity depends upon the coenzyme
which is often regarded as a second substrate. Some important coenzymes along with their functional
characteristics are given in Table 4.3.

Table 4.3 Coenzymes and Their Functional Characteristics

Name of coenzyme Functions
Nicotinamide adenine dinucleotide (NAD) Transfer of hydrogen atoms (electrons)
Nicotinamide dinucleotide phosphate (NADP) Transfer of hydrogen atoms
Thiamine pyrophosphate (B,) Decarboxylation and aldehyde group transfer
Flavin mononucleotide (FMN) Transfer of hydrogen atoms
Flavin adenine dinucleotide (FAD) Transfer of hydrogen atoms
Lipoic acid Transfer of acyl groups
Biotin Transfer of CO,
Pyridoxal phosphate (Bg) Participates in transamination, decarboxylation and racemization,
reactions of amino acids
Tetrahydrofolate Transfer of methyl, methylene, formyl or formimino groups.
Cyanocobalamine (vitamine B,5) Transfer of alkyl groups in alkylation reactions
Coenzyme Q Transfer of hydrogen atoms

Coenzyme A Transfer of acyl groups
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Regulation of Enzymes

Cells contain a large number of enzymes all of which do not function simultaneously. They have to be
regulated and their functioning coordinated according to the requirements of the cell. Some enzymes
remain in inactive form and unless they are activated by proper conditions they will not participate in
catalytic activity (examples: pepsin and chymotrypsin). A few hydrolytic enzymes are found to be
trapped in lysosomes, and if found loose in the cytoplasm they may cause self destruction of the cell

machinery.

A number of enzymes form enzyme complexes
and have spatial arrangement in the cell. These are
known as multienzymes and catalyze a series of
reactions. The enzymes within the mitochondria and
chloroplasts are so organized in the membrane
system of the organelle that they establish a chain of
reactions. Enzymes of the respiratory chain are
membrane bound and transfer electrons from the
substrate to oxygen.

A number of enzymes remain in physical
association with each other in form of clusters (fatty
acid synthetase). So long the enzymes are physically
bound together, their catalytic activity remains intact.
Some enzymes occur as independent molecular
entities in the cytoplasm and convert a substrate to an
end product by producing a number of intermediate
metabolities and if the product of the system
accumulates in the cells, it specifically inhibits the
activity of the first enzyme of the reaction system.
The first enzyme of the sequence which is inhibited is
known as the regulatory enzyme and the product is
known as the modulator (Fig. 4.12). On the other
hand, if the initial substrate accumulates in the cell it
activates the enzyme E5 so that the conversion of
initial substrate (A) continues.
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Fig. 4.12 Feedback inhibition showing self-regulation
to control concentration of metabolites.



CHAPTER

Animal Calorimetry

The organisms should be considered as chemical laboratories where energy transformations are
continually taking place. Life of organisms is intricately woven with their environment and as long as
they live, they continually exchange matter and energy with their environment. Thus, the organisms
constitute a dynamic system exhibiting biological activity at cellular and organismic levels. The
complex pattern of activity involves capture of food, digestion and absorption of food, transport of
nutrients and elimination of wastes.

The food supplies the energy needed for the maintenance of body temperature, for muscular
movements of the heart and respiration, and for other physical activities. The packets of energy
liberated from utilisation of various foods are different. The quantity of energy available from 1 g of
carbohydrate is 4.1 kilocalories: from 1 g of fat, 9.3 kilocalories are liberated, and from 1 g of protein
only 5.3 kilocalories are obtained in the form of heat of combustion.

5.1 ANIMAL CALORIMETRY

To maintain normal physiological functions, physical activity, growth, and tissue repair, the body
needs an ongoing supply of energy from oxidation of foodstuffs. Oxidation of dietary carbohydrates,
fats and proteins supplies the required energy for these body functions. Recommended dietary
allowances (RDA) have been established for required energy needs, including vitamins and minerals.
However, RDA does not apply to people with conditions such as chronic illness, infections or
metabolic disorders. In these cases nutritional requirements are determined on individual basis.

Animal calorimetry deals with the measurement of energy requirement of the body under various
physiological conditions and the fuel value of foods which supply the energy. In animals the chemical
source only need be considered and we may confine our attention to that form of combustion in which
the substance finally appears in the completely oxidised form.
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Unit of Heat

Since oxidation of food involves combustion in the body, heat is evolved as recognised by
temperature which is due to the energy of molecular motion. In animal calorimetry the unit of heat is
the large calorie (kilocalorie), which is defined as the amount of heat necessary to raise the
temperature of 1 litre of water from 15°C to 16°C.

When certain substances are combusted in a bomb calorimeter (an apparatus for measuring
heat), we can obtain the values of heat of combustion:

1 g of H, gas produces 34.5 kilocalories
1 g of charcoal produces 8.0 kilocalories
1 g of glucose produces 3.7 kilocalories

1 g of sucrose produces 3.96 kilocalories
1 g of starch produces 4.2 kilocalories

Fuel Value of Foods

The potential energy of different foods is determined by combusting them in an atmosphere of
oxygen in a metal chamber known as bomb calorimeter. The amount of heat produced in the
instrument is measured in terms of calories, which is slightly more than the food actually oxidised in
the body. The caloric content of the three principal foodstuffs measured in a bomb calorimeter is
given in Table 5.1.

Carbohydrates and fats are completely oxidised in the body to CO, and water. However, proteins
do not undergo complete oxidation, therefore the energy obtained is a bit less.

Table 5.1 Fuel Values of Food Obtained by Burning 1 g of Food

In bomb calorimeter In the body Metabolic water
Carbohydrates 4.2 kcal 4.1 kcal 0.55¢
Proteins 5.6 kcal 4.1 keal 041 g
Fats 9.3 kcal 9.3 kcal 1.07 g

Types of Calorimetry

The amount of heat produced in the body is dissipated and is measured as the amount of energy
expenditure in the animal. There are two methods of measuring energy expenditure.

Direct Calorimetry

Direct calorimetry measures the total heat production in a living organism. The animal is placed
inside a large chamber having double insulated walls with a provision to remove water evaporated
from the lungs and skin, and exchange of oxygen and carbondioxide. A constant flow of air is needed
which enters through a saturator and then passes through a heat exchanger. The air then circulates in
the calorimeter and comes out through another heat exchanger. The flow rate of both the exchangers
is identical. The circulating water in heat exchangers is warmed by absorbing the heat given out by
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the animal. The temperature of water is recorded which gives an indication of the body heat
production. Though direct calorimetry is a cumbersome process requiring expensive equipment, it
permits precise and continuous measurement of heat produced.

Indirect Calorimetry

When carbohydrates are oxidised in the body, oxygen is consumed involving heat production and
carbondioxide formation. In such a case, the rate of oxygen consumption can be measured to find out
the heat evolved. The equipment used for the purpose is known as spirometer. The spirometer is filled
with oxygen and also contains a vessel full of soda lime. The animal is placed inside the respiratory
chamber. When the animal inhales oxygen, water and carbondioxide are expired, which are absorbed
by soda lime. The chamber is airtight but since it is not insulated, heat production cannot be obtained
directly. The animal remains in the oxygen chamber for several hours and its oxygen consumption
and carbondioxide output are measured at regular intervals. A writing pen is attached to the
spirometer connected with a revolving drum. There is an upward stroke for inspiration and a
downward stroke for expiration. The slope indicates the rate of oxygen consumption. The
relationship between oxygen consumption and heat production varies with the type of food consumed,
hence with the help of a calibration chart one can find out the amount of heat produced in relation to
the oxygen consumed. To know heat production of the body from the oxygen consumed, it is
necessary to know the nature of food (carbohydrate, fat or protein) being consumed. The information
can be obtained from the respiratory quotient (Table 5.2).

Respiratory Quotient (RQ)

The respiratory exchange of gases is dependent upon the type of food consumed and the physiological
state of the animal. For this purpose, the amount of O, consumed and the amount of CO, evolved are
used as a measure of the extent of the type of fuel oxidized by a particular animal. The ratio of the
volume of CO, produced to the volume of oxygen absorbed is known as the respiratory quotient
(RQ). This has different value for each of the major food components and serves to determine what
substances are being burned.

Table 5.2 Energy Relationships and Respiratory Quotients

Carbohydrate Fat Protein
0, utilised/g (in litres) 0.75 2.03 0.97
CO, produced/g (in litres) 0.75 1.43 0.78
RQ 1.00 0.71 0.80
Kcal yield/g 4.10 9.30 4.10
kcal equivalent of 1 litre of O, 5.47 4.60 4.23

We can further explain the concept of RQ by taking an example of glucose oxidation where the
quantity of CO, evolved is equal to the amount of O, consumed:

CH,,0, + 60, = 6CO, + 6H,0

1 f lved in ti
The RQ for glucose (carbohydrate) = volume of CO, evolved in time /

volume of O, consumed in time ¢
=6/6 or 1.0
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1 litre of oxygen represents a liberation of 5.011 kcal. In animal calorimetry the heat equivalent of 1
litre of oxygen is generally accepted as 5.047 kcal when carbohydrates are burned in the body.

As noted above, the ratio is known as RQ, which is different for different foodstuffs. In other
foods, however, this RQ is less because relatively less oxygen is consumed. In case of fat (tristearin
for example), the RQ is about 0.71:

Cs;H, 40, + 1630, — 114CO, +110H,0

Proteins too have a lower RQ value ranging between 0.8 and 0.82. Based on the analytical figures
for the average protein, it is estimated that 1 g of urinary nitrogen represents the metabolism of 6.25
g of protein, the absorption of 5.91 litres of oxygen, the production of 4.76 litres of carbondioxde, and
the liberation of 26.51 kilocalories.

5.2 BASAL METABOLISM

Energy requirement of the animal body may be studied with the help of two functional parameters:
energy required for basal metabolism and the energy needed for active work. Basal metabolism
includes the energy expended in respiration, blood circulation, intestinal contractions, activities of
various organs, maintenance of muscular work, thermal equilibrium, etc. The basal metabolic rate
(BMR) is influenced by the amount of protoplasmic mass, height, weight, surface area, age, sex,
composition of the tissues, general health etc., and is governed by endocrine organs, particularly the
thyroid and pituitary glands.

The energy consumed in active work and indeed all forms of voluntary activity, imposes an
additional requirement for fuel over the basal metabolism, which depends upon the nature and extent
of the muscular work. Ordinarily an average man expends about 100 kcal per hour while sitting at
rest, his metabolism may increase to about six times with extreme physical effort. In a healthy person,
energy requirements are determined by basal energy expenditure, physical activity, and the energy
used for digestion. Digestion related energy expenditure is known as calorigenic effect of food, which
generally equals about 10% of the basal energy expenditure.

Basal Metabolic Rate (BMR)

Basal metabolic rate is a measure of the heat production of the body in complete mental and physical
repose, and in the post absorptive state. It represents the lowest energy expenditure consonant with
minimal physical activity and reflects the amount of energy needed to maintain basic physiologic
functions and is expressed as the heat produced per hour per meter square. It is determined 12 hours
after the last meal. The subject should have had complete rest at 20°C before the BMR estimation is
done. The BMR is expressed in kcal/hr per surface area (in sq metre) and is determined from the RQ
values obtained over a known period of time.



Animal Calorimetry 97

Factors Affecting BMR

The BMR values differ with age, sex, surface area, climate, racial variations, state of nutrition, disease
and hormonal balance. Smaller individuals have higher rate of metabolism. It is lower in women and
higher in children (Table 5.3). From birth to the age of one and a half years the basal metabolism
increases at a remarkable rate, and is followed by a gradual decline until full growth and development
is reached. Constancy characterises the rate in adult life, with a slight decline as old age advances. In
normal healthy males around 20 years of age, the BMR is about 40 kcal/hr/m?. In women the BMR
averages about 12% below that of men.

Table 5.3 Oxygen Consumption (in litres) and Heat Production Calories/Hour/M? (in Humans)

Age Males Females

(yrs) 0, consumed Calories 0, consumed Calories
14-15 9.53 45.9 8.91 42.9
16-17 8.91 42.9 8.29 39.9
18-19 8.50 40.9 7.88 37.9
20-29 8.19 39.4 7.67 36.9
30-39 8.19 39.4 7.57 36.4
4049 7.98 38.4 7.46 35.9
50-59 7.77 37.4 7.25 34.9
60-69 7.57 36.4 7.05 33.9

In many diseased states such as leukemia, hypertension, anaemia and fever, which involve
increased cellular activities, the BMR is increased. Thyroid malfunctioning influences BMR to a
great extent, hyperthyroidism increases BMR due to excessive O, consumption, while
hyperthyroidism lowers it. The rate of heat production is also influenced by epinephrine. It is lowered
in conditions of under-nutrition, deficiency of adrenal cortex and in some pituitary disorders.

Measurement and Calculation of BMR

The BMR is expressed in kilocalories per sq meter of the body surface area per hour. Surface area
may be obtained from the Du Bois’ standard chart. However, the average surface area of women is
about 1.6 m?, and for men about 1.8 m® A simple method for calculating surface area is
circumference of midthigh (in cm) X height (in cm). A simple method to calculate BMR from the
oxygen consumption is largely in use. The diet consists of a mixture of carbohydrates and fats, and
the RQ of this mixture of foods is taken to be 0.82, a value obtained after 12 hours of fasting by the
subject. If the O, consumption over a period of 10 minutes is 2.5 litres, then the hourly heat
production under defined conditions at RQ 0.82 will be:

2,500 x 4.825 x 60/10, i.e. 72.36 kcal.

If this subject has a surface area of 1.8 m% the heat production would be 72.36/1.8 = 40.2 kcal/
m?/hr. The surface area of the body bears a relationship with height and weight.

Although there are different systems available for calculating normal heat production, Du Bois
system is more favoured which is based on the height and weight:
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A =Wt x 1" x 71.84
where A equals the area in m?, Wt is in Kg and the height (Ht) in cm.

5.3 CALORIC REQUIREMENT

Caloric Requirements in Man

The heat production of normal individuals under basal conditions largely depends upon the factors of
age, height and weight. The normal standards are based upon thousands of determinations (Table 5.4).

Table 5.4 Standard Values for Energy Production in Relation to Age and Sex

Age Kilocalories/m?/hour
year Males Females
6 53.0 50.6
7 52.4 49.1
8 51.8 47.0
10 48.5 45.8
12 46.8 44.3
14 46.4 41.5
16 45.7 38.9
18 43.3 37.0
20 41.8 36.2
25 40.4 35.9
30 39.6 35.8
35 38.9 35.7
40 38.2 35.0
50 37.0 34.5
60 35.8 33.0

The above table is kg intervals for the height range of 110 to 200 cm and the weight range of 20
to 110 kg.

Caloric Requirements of Animals

The energy requirements of animals are varied depending upon their metabolic capacities. In cold-
blooded animals most of the energy released from food is used to perform physical activities.
Generally they need greater amounts of oxygen with increasing ambient temperature. Therefore, in
such animals the metabolic rate is measured under specific conditions. This is known as standard
metabolic rate (SMR). In warm-blooded animals such as birds and mammals, a high constant internal
temperature is maintained. Their energy requirements vary with the change in ambient temperature in
either direction. There is greater consumption of oxygen at low temperature associated with muscular
activities. Thus in homeotherms, the basal metabolic rate represents the minimal metabolic energy
required and is determined by measuring oxygen uptake by a resting animal.
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After food ingestion the metabolic rate of an animal is enhanced resulting in more heat
production. Increase in metabolism above the basal level is due to calorigenic effect of food and is
called specific dynamic action (SDA) of food and its effect is known as specific dynamic effect
(SDE).

There is undoubtedly a close relationship betwen body surface and the metabolism. In this regard
greater attention has been paid to mammals as compared to other animals. In mammals oxygen
consumption and therefore heat production varies with the body weight, approximating to about two-
thirds. The relationship between weight and volume is 1:1, hence the heat loss is directly proportional
to the surface area, because body surface determines heat loss.

Generally the BMR values have not been found to be related to climatic conditions. This is well
illustrated by the fact that birds and mammals living in low temperatures of arctic, when exposed to
temperatures much below their core body temperatures (50°C), do not show significant difference in
the BMR as compared to birds and mammals of tropical regions.

Daily rhythm is another parameter which can hardly be over-emphasized in energy relationships.
Physiologic measurements show striking relationship with the daily cycle. Factors such as oxygen
consumption, body temperature, locomotor activity and blood sugar, etc., show variations in a cyclic
manner. These daily cycles, called circadian rhythms, influence heat production to an appreciable
extent.



CHAPTER

Metabolism

Metabolism can be defined as the sum total of chemical reactions necessary for the foodstuffs to be
utilized by the body. We have already seen in Chapter 2, the foodstuffs fall under six categories:
proteins, carbohydrates, lipids, water, minerals, and vitamins. These are broken down to simpler
substances before being absorbed by the body tissues. During the process of biochemical reactions a
number of intermediate products are formed which participate in a variety of interactions. The subject
of metabolism is very vast and falls in the purview of biochemistry. However, we shall attempt to
describe in brief such reactions that have relevance to the understanding of physiological processes.

Metabolism is absolutely essential to the maintenance of homeostasis of the body chemistry.
During metabolism energy is required to breakdown the foodstuffs, which in turn yield more energy
to derive other vital life processes. Some of the energy is evolved as heat necessary to maintain a
constant body temperature (especially in warmblooded animals). A good deal of energy is utilized in
the synthesis of new protoplasm during growth and tissue repair, in impulse transmission, in muscle
contraction, etc. In general, these processes fall under two categories: (a) anabolism, in which simple
substances are converted into complex substances; and (b) catabolism, involving degradation
reactions converting complex substances into simpler molecules during which energy is released.

A. PROTEIN METABOLISM

Protein metabolism consists essentially of transformations of amino acids which are more readily
absorbed from the intestine into the portal blood to be conveyed to the liver. Some proteins can be
synthesized in the body from amino acids ingested in food as proteins, while a number of them are
synthesized from amino acids not present in the diet. Amino acids are also oxidized for energy and
utilized for non protein nitrogenous compounds. The body is not capable of storing large amounts of
amino acids and proteins, hence interconversion of amino acids to other compounds like
carbohydrates, fats, etc., takes place. Most of the absorbed amino acids are removed from the blood
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by the liver and the muscles so that the average concentration of amino nitrogen is about 6 mg per 100
ml. This level is maintained almost constant, although the blood urea nitrogen may be somewhat
increased.

Proteins a re indispensable and supply the required amino acids for growth, repair and
maintenance of the body. In all, there are about 20 naturally occurring amino acids which fall under
two categories: essential and non-essential (Table 5.1).

Table 6.1 Essential and Non-essential Amino Acids

Essential Non-essential
Threonine Glycine

Valine Alanine
Leucine Serine
Isoleucine Aspartate
Methionine Glutamic acid
Phenylalanine Proline
Histidine Hydroxyproline
Tryptophan Arginine

Lysine

Arginine

*Cysteine

*Cystine

*Tyrosine

*Replaceable amino acids.

6.1 OXIDATION OF AMINO ACIDS

The process of deamination takes place in the liver, kidney and intestinal mucosa, although urea
formation is confined to the liver only. In this process ammonia is liberated in the intestine and the
kidney, and goes into circulation in the form of glutamine. Very little amount of ammonia is found in
the systemic circulation. The ammonia produced as a result of deamination of amino acids is
converted into urea in the liver which is then excreted out.

/NHz /NH /O
- / /
R. CH i» R. CH420> R. C +NH,
AN AN
COOH COOA COOH
amino acid imino acid keto acid

Transamination involves interconversion of a pair of amino acids and a pair of keto acids
catalyzed by transaminases or amino-transferases. The reactions are reversible.

Various amino acids enter the citric acid cycle in different ways. Valine, threonine and alanine can
be converted to pyruvic acid. The conversion of alanine takes place in the following way:
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R.CH (NH,) COOCH o-ketoglutarate NH,-to ureacycle

R.CO.COOH T

(keto acid) Glutamate

Transamination

Fig. 6.1 Transamination reaction.
CH, CH,

Transmination

CH—NH, |
CO +NH,
COOH
COOH
alanine pyruvic acid

Aspartic acid is converted to oxaloacetic acid, while glutamic acid is changed to alpha
ketoglutaric acid.

COOH COOH

\ H,O

CH, ™ CH,

CH, NAD NADH CH, + NH,

CH— NH, *+H co

COOH COOH
glutamic acid a-Ketoglutaric acid

Fig. 6.2 Conversion of glutamic acid to o-ketoglutaric acid by glutamate dehydrogenase.

6.2 UREA SYNTHESIS

Ammonia is formed in the tissues by oxidative deamination, some of which is excreted in the form of
ammonium salts (ammonium salts are excreted in metabolic acidosis). However, much amount of
ammonia is excreted in the form of urea. The conversion of ammonia into urea takes place in the
liver. The formation of urea is a complex process and takes place via ornithine cycle as proposed by
Krebs. In the scheme of urea formation arginine is hydrolyzed by an enzyme arginase to yield one
molecule of urea and one of ornithine. The details of the process are described in Chapter 14.

6.3 DECARBOXYLATION

Decarboxylation is a process in which certain amines are formed by the removal of CO, from the
COOH (carboxylic group) of amino acids. Amines are physiologically important. Decarboxylation is
catalyzed by amino acid decarboxylases in the presence of coenzyme pyridoxal phosphate. The
resulting amines, for example, histidine yields histamine, tyrosine tyramine, and serine yields ethanol
amine. Tyramine gives rise to adernaline.
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6.4 REACTIONS OF SOME AMINO ACIDS

Although glycine is the simplest amino acid, it is a precursor of the ring systems in purine and
porphyrins. Glycine can be converted into serine when it combines with formaldehyde (HCHO), a
single carbon compound. Glycine, serine, alanine and glucose are interconvertible (Fig. 6.3).

Glycine
+

S Serine —— Phosphoserine
formaldehyde transamination
Pyruvic 3-Phospho- 3-Phosphohydroxy
acid N glycerate T pyruwicacid
M Transamination
Alanine

Fig. 6.3 Interconversion of glycine, serine and alanine (schematic).

Some amino acids have tremendous physiological importance. Phenylalanine and tyrosine fall in
this category which have aromatic nuclei. These two amino acids form the precursors of the hormones
thyroxine, noradrenaline and adrenaline. Phenylalanine can give rise to tyrosine in the body, but this
is an irreversible reaction. Defective metabolism of these amino acids causes a disease alcaptonurea
which is due to an inborn gene error. In this disease the urine turns black when exposed to air. A gene
mutation causes the absence of homogentisate oxygenase from the cells, with the result, homogentisic
acid accumulates in the cells and appears in the urine. In another disease, phenylketonuria, the
conversion of phenylalanine to tyrosine is blocked, consequently the pigment melanin is not
produced. Children deficient in phenylalanine suffer from mental imbecility (for more details refer to
chapter on Physiological Genetics).

Kidney
Arginine / \ $»  Glyco-cyamine
Glycine Ornithine
(Liver)
In muscle
Creatinine < Y
/ Creatine - P
H,0+P,

Fig. 6.4 Formation of creatine from arginine in the liver (schematic).
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6.5 METABOLISM OF CREATINE AND CREATININE

Creatine and creatinine are metabolically important compounds which are related to each other.
Creatine is methyl guanidine-acetic acid, and its formula is:

NH,
= NH

\

C

\

N — CH; Creatine
\

CH,

\
COOH

Creatine is found abundantly in muscle, which is probably the site of its formation. It is composed
of amino acids glycine, arginine and methionine.

Creatine is useful in the body in many ways. Hydrolysis of phosphocreatine in the muscle
provides energy for muscle metabolism, for resynthesis of adenyl pyrophosphate, supplies energy for
muscle contraction. Creatine accepts phosphates during glycolysis. When combined with phosphoric
acid, creatine serves as a buffer.

Creatinine is an anhydride of creatine. Its structural formula is:

NH ———
\

C = NH

\

N - CH, Creatinine
\
CH,

\
co

Creatinine is an excretory product and solely derived from creatine (Fig. 6.4). It is found in the
muscles where it is synthesized and excreted in the urine. About 1.0 to 1.5 gm of creatinine per day is
excreted in the urine and it is independent of the protein intake. After heavy muscular exercise
creatinine output is temporarily accelerated which soon stops during the recovery period.

6.6 SULPHUR METABOLISM

Sulphur is a constituent of sulphur containing amino acids cysteine, cystine and methionine. It is also
found in glycoproteins as mucoitin-sulphuric acid in mucine, sulpholipids in nervous tissue, or as
inorganic sulphates. Sulphur is present in tissue proteins, in hairs, horns and feathers, in mucin as
mucoitinsulphuric acid, in some glycoproteins of tendons, cornea and connective tissues.

Small amounts of sulphur-containing amino acids are utilized for the synthesis of the insulin. The
tripeptide glutathione and the P—mercaptoethylamine, a constituent of coenzyme A. Important
pathways of sulphur metabolism are shown in Fig. 6.5.
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Glutathione f - mercaptoethylamine
\ /Coz
Cystine Cysteine —> Pyruvate
NH, =——3 Urea
Thiosul hate
Cysteic P
acid
Cysteine
sulphuric acid Mercapturic SO,
_ CO acid
H,SO, + Pyruvate Taurine
J Thiosulphate l + Cholic acid
HZSO4 .
Taurocholic
acid

Fig. 6.5 Sulphur metabolism (schematic).

Majority of sulphur-containing amino acids are catabolized in the liver producing urea, and
sulphur is oxidized as sulphuric acid to be excreted as sulphates in the urine. The sulphur compounds
are useful in the following ways:

(1) Synthesis of tissue proteins like hair, feathers, etc.
(2) Synthesis of glutathione, taurine, insulin, sulphatides, etc.

(3) Production of sulphuric acid in the liver which is used for detoxication of compound like
phenol.

(4) Formation of heparin.
(5) Help in the activity of several enzymes where free SH group is available.

6.7 METABOLISM OF NUCLEOPROTEIN

Nucleoproteins are complex compounds that are present in the chromosomes of the nucleus and the
cytoplasm. Chemically they are composed of simple proteins like protamines, prolamines or histones
conjugated with nucleic acids and are rich in basic amino acids. They are made up of basic building
blocks called nucleotides containing purine and pyrimidine bases, pentose sugars and phosphoric
acid. The purines are converted to uric acid and pyrimidines are oxidized to produce CO, and NH;.
The pentose sugars are in the form of deoxyribose or ribose resulting in deoxyribose nucleic acid
(DNA) or ribose nucleic acid (RNA) respectively. The purine bases comprise adenine and guanine,
and pyrimidines consist of thymine and cytosine. All these four bases are present in DNA, whereas in
RNA thymine is replaced with uracil.
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Nucleoprotein

|
i i

Protein Nucleic acid
(DNA and RNA)
Nucleotides
Nucleosides Phosphoric acid

!
v '

Bases Pentose sugars
(Purines, Pyrimidines) (Deoxyribose, Ribose)

Fig. 6.6 Hydrolysis of nucleoproteins (schematic).

Nucleotides are nucleoside phosphates. Nucleosides are formed when the phosphoric acid
component is removed. They are moderately or entirely soluble in water.

Nucleoproteins are of two kinds: exogenous and endogenous. The exogenous sources are muscles
and tissues like pancreas, testis, kidney, thymus, etc. Endogenous sources are various cells that
undergo breakdown during the metabolic process.

Several nucleotides function as coenzymes which are derivatives of 5-adenylic acid. Some of the
important coenzyme nucleotides which take part in the metabolism are: nicotinamide adenine
dinucleotide (NAD), nicotinamide adenine dinucleotide phosphate (NADP) and flavin adenine
dinucleotide (FAD).

Ribonucleic Acid

About 80 percent of the RNA in a cell, is associated with ribosomes. They are primarily found in the
cytoplasm of the cell. Very little RNA is found in the nucleus. RNA plays the key role in protein
synthesis. RNA is labile to alkali and is hydrolyzed by ribonuclease (RNAse).

Deoxyribonucleic Acid

The nucleus of the cell contains almost all the DNA of the cell. It is the primary component of the
genes which are the carriers of heredity. The amount of DNA remains constant in the somatic cells;
however, just prior to cell division this amount is doubled so that each daughter cell receives the same
amounts as that of the somatic cell. The DNA is a double stranded helical structure, and each strand
is complementary to the other. These strands from the templates for the transcription of RNA
molecules. The synthesis of DNA is found to be most active in bone marrow, thymus and embryonic
tissues where the cell proliferation is maximum and rapid.

Catabolism of Nucleic Acid

The ingested nucleo-proteins are hydrolyzed into protein and nucleic acid in the digestive tract by the
action of proteases. The specific enzymes, deoxyribonuclease and ribonuclease break the DNA and
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. Adenase .
Adenine  —————» Hypoxanthine
¢ Xanthine oxidase
Guanine M; Xanthine
¢ Xanthine oxidase
Uric acid
¢ Uricase (not in man)
Allantoin

Fig. 6.7 Catabolism of purine bases (schematic).

RNA respectively into oligonucleotides and tetranucleotides. Nucleotidases act on nucleotides and
nucleosidases act on nucleosides. The nucleosides upon hydrolysis form adenylic and guanylic acids.
The nucleotidase acts upon nucleotides to form adenosine or hypoxanthine and guanosine or xanthine
respectively. By specific enzymes, adenase and guanase, adenine and guanine are converted to
hypoxanthine and xanthine respectively. An enzyme oxidase then acts upon hypoxanthine to convert
it to xanthine; xanthine is further converted to uric acid by the action of xanthine oxidase. The
catabolism of purine bases is shown in Fig. 6.7.

The purine bases are absorbed in the blood and one of the final wastes in man is uric acid. In
other animals, uric acid is converted to allantoin. The fate of pyrimidines is quite complicated.
However, it is known that they are catabolized to CO, and NH;.

Protein Biosynthesis

Proteins are continuously degraded to amino acids, and side by side amino acids continually
participate in protein formation. Proteins are essential for the body and form structural proteins, and
multiple enzyme systems and hormones that are necessary for chemical reactions. Proteins cannot be
synthesized from any other source except amino acids and thus they form an essential component of
the diet. Protein synthesis is under genetic control, that is gene directed. As a result of current
researches, a fairly good picture has emerged as to how genetic information stored in the DNA is
translated and expressed in specific protein molecules. This aspect falls under the field of
biochemistry. The reader is therefore advised to look for this in a textbook on biochemistry.

B. CARBOHYDRATE METABOLISM

Carbohydrates are the main foodstuffs which are synthesized by plants and utilized by animals for
their energy requirements. We have discussed in efficient details the different classes of carbohydrates
in Chapter 2. In this chapter attention will be given to the manner in which carbohydrates are
employed as sources of energy in different tissues and the way they are distributed and stored in the
body.

The food of organisms contains large amounts of carbohydrates in the form sugars and starches
which are hydrolyzed in the course of digestion into their monosaccharide moieties or simple sugars.
These simple sugars are absorbed by the small intestine and utilized in many ways which may be
enumerated as follows:
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(1) Simple sugars like glucose, fructose, and galactose are absorbed by the intestine and may
circulate as blood sugars.

(2) Sugars (glucose) are absorbed into the portal blood and converted into glycogen for storage
and future use.

(3) Simple sugars may be changed into glycogen in the muscles.

(4) They may be transformed into fat and deposited as adipose tissue.

(5) A good portion of the absorbed glucose is oxidized as an immediate

source of energy.

(6) Some amount of sugars is excreted in the urine.

6.8 BLOOD SUGAR

Glucose is the free sugar which circulates in the blood. After a meal, the circulating blood sugar level
is elevated quickly after absorption. In a fasting human being the glucose concentration in blood is
about 80 mg per 100 ml. However, the blood sugar level is maintained almost constant and varies
within narrow limits only unless during abnormal conditions like hyperglycemia or hypoglycemia.

Several regulatory mechanisms are responsible for maintaining blood sugar level. Much of the
glucose absorbed from the gut is passed on to the tissues for oxidation or converted into glycogen in
the muscles (Fig. 6.8). Quite a good amount is still converted to glycogen in the liver through the
process of glycogenesis. In case the blood sugar level falls below the required level, glycogenolysis
occurs. Thus these two processes have a marked regulatory effect.
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Fig. 6.8 Regulation of blood sugar.
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A number of hormones are responsible for glucose regulation. There are three endocrine organs
involved in carbohydrate metabolism. These are: pancreas, adrenals and anterior pituitary. We shall
discuss in brief the role of each of these (for more details see Chapter 19). The islets of langerhans of
the pancreas secrete the hormone insulin which is closely linked with carbohydrate utilization in the
body. Increase or decrease in the amounts of circulating glucose depends upon insulin efficiency.
Insulin speeds the movement of glucose from the blood into tissue cells, thereby lowering the blood
glucose level. If too much of insulin is present in the circulation, the blood sugar level will drop
below normal causing hypoglycemia. On the other hand, if enough insulin is not present, then the
transport or mobilization of blood sugar is slowed down causing rise in blood sugar level. This
condition is known as hyperglycemia. Deficiency of insulin causes the disease, Diabetes mellitus.
Insulin may also help in the process of phosphorylation during glycolysis by acting as a coenzyme to
the enzyme glucokinase.

Another hormone that affects the blood sugar level is adrenaline and produced by the adrenal
medulla. This hormone increases the concentration of glucose in the blood by facilitating the
breakdown of liver glycogen. Noradrenaline probably performs the same function to a very limited
extent.

The steroid hormone from the adrenal cortex, hydrocortisone, stimulates the liver to convert
proteins and fats to carbohydrates (gluconeogenesis) resulting in an increase blood sugar level.

The anterior pituitary (adenohypophysis) secretes some hypoglycemic hormones which include
thyroid stimulating hormone (TSH), adrenocorticotropic hormone (ACTH) and growth hormone
(STH). These hormones antagonize the action of insulin and elevate the blood sugar.

6.9 GLYCOLYSIS

After absorption the glucose molecule is subjected to a series of reactions and is completely oxidized
into CO, and H,O plus some energy. The splitting of glucose molecule is referred to as glycolysis.
One mole of glucose when oxidized yields 686 kilocalories of kinetic (active) energy. Much of the
energy released during carbohydrate metabolism is stored in the form of high energy phosphate
compounds such as ATP. In the process of glucose oxidation several chemical steps are involved and
each step is catalyzed by specific enzyme (Fig. 6.5). In the first step each molecule of glucose
produces two molecules of pyruvic acid:

Glucose + 2ADP + 2PO, — 1 pyruvic acid + 2ATP + 4H

The net yield of energy is 2 molecules of ATP. The series of reactions involved in glycolysis are
collectively known as Embden-Meyerhof Pathway. The entire process is an anaerobic process and
does not require oxygen.

After glucose has been converted to pyruvic acid, the next step is the conversion of pyruvic acid
to acetyl coenzyme A.

Pyruvic acid + Coenzyme A — Acetyl coenzyme A + 2H

The reaction neither requires ATP, not is ATP generated. Now acetyl coenzyme A undergoes
another series of reactions which is referred to as citric acid cycle or Krebs cycle. This cylcle is
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aerobic and the end products are CO,, H,0 and energy in the form of ATP. The details of the steps are
given in Fig. 4.6. A total of 38 molecules of ATP are produced utilizing only about 55 per cent of
kinetic energy released during the process.

Besides Embden-Meyerhof Pathway, there is yet another pathway for glycolysis known as Ahexose
monophosphate shunt (HMP). This pathway occurs in the liver, lactating mammary glands and the
adipose tissue of mammals. Considerable fraction of glucose is oxidized in this way. In the HMP-
pathway, first glucose-6-phosphate undergoes dehydrogenation and decarboxylation to yield ribulose-
S-phosphate (a pentose). In the next phase ribulose-5-phosphate is converted back to
glucose-6-phosphate by a series of intermediate reactions. In case of HMP-pathway, NADP
(nicotinamide adenine dinucleotide phosphate) is used instead of NAD, as hydrogen acceptor. The
shunt works as a source of chemical rather than energy.
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6.10 GLYCOGENESIS

The formation of glycogen is called glycogenesis which occurs both in the liver and the muscles
(Fig. 6.9). First, glucose is phosphorylated to glucose- 6-phosphate, which is then converted to
glucose-1-phosphate, a reaction catalyzed by phosphoglucomutase. Then glucose-1-phosphate reacts
with uridine triphosphate (UTP) to form uridine diphosphate glucose (UDPG). After this, enzyme
glycogen synthetase reacts with UDPG and forms a glycosidic bond between 1 carbon of activated
glucose and 4 carbon of the glucose residue of glycogen releasing uridine diphosphate (UDP). The
reactions showing interconversion of glucose and glycogen in the liver are given in Fig. 6.12.

Liver glycogen is formed not only from simple sugars, but also from the lactic acid that is
produced in the muscles (Fig. 6.8). Lactic acid produced during muscle contraction goes to the liver
through the circulating blood and is converted into glycogen. Glycogen in the liver can be converted
into glucose, and glucose can be changed to muscle glycogen which in turn is converted into lactic
acid, some of which is later transformed back to liver glycogen. The cyclic pathway involved in this
process is known as Cori cycle (Fig. 6.10).
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Fig. 6.10 Cori Cycle.

6.11 GLUCONEOGENESIS

Liver glycogen is also formed from non-carbohydrate sources such as proteins and fats. The
conversion of protein into glycogen is known as gluconeogenesis. Formerly it was believed that
gluconeogenesis occurs only in special circumstances. However, lately it has been proved that it
occurs simultaneously with glycogenolysis. The excess amounts of protein are metabolized by the
carbohydrate pathway and can be converted into glucose or glycogen by reversal of glycolysis.
Gluconeogenesis is most important because it usually occurs when the glycogen store is exhausted.
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In the process, the excess of protein is first hydrolyzed to amino acids which are then deaminated
and later metabolized through either carbohydrate pathway or fat metabolism.

In addition to these sources of glucose or glycogen in the liver, glucose may derived from fat also,
although this conversion takes place to a very limited extent. In this conversion the essential part of
the process consist of the oxidation of long chain fatty acids in the mitochondria. Then the glycerol
component of the fat reacts with ATP to form glycerol phosphate which is then oxidized to
glyceraldehyde 3-phosphate, This may be further oxidized to pyruvic acid or may be converted to
glycogen by reversal of the part of the glycolytic pathway.

6.12 MUSCLE GLYCOGEN

Muscles are no less important than liver in carbohydrate metabolism. Normally the concentration of
glycogen in the muscle ranges between 0.5 and 1.0 per cent of the weight of the muscle. In this way
muscle glycogen is far greater in amount than the liver glycogen. Liver is the storage organ for
glycogen, whereas muscle glycogen acts as a source of energy during contraction. Starvation does not
affect the muscle glycogen. Synthesis of glycogen in the muscle takes place in the same manner as in
case of liver. Muscle cannot convert glycogen to glucose since the specific enzyme required for its
conversion is absent in the muscle. However, glycogen is broken down to lactic acid in the muscle
from where it is carried to the liver through the bloodstream to be converted into glycogen.

6.13 METABOLISM OF OTHER SUGARS

Glucose, galactose and fructose are sugars of great metabolic importance. These sugars enter the
metabolic pathways after being phosphorylated. Phosphorylation of glucose has already been
described in connection with glycolysis. The source of galactose is mainly the lactose content of the
milk. Galactose is first phosphorylated in the presence of a specific enzyme galactokinase,and then it
reacts with uridine diphosphogalactose to form uridine diphosphoglucose which may participate in
glycogen synthesis. Large quantities of galactose in blood are known to be toxic and cause a disease
galactosemia.

Fructose is obtained from sucrose and fruits and is readily converted into glucose or glycogen in
the liver. It is phosphorylated in the presence of fructokinase into fructose-1-phosphate. The sequence
of events is shown below (Fig. 6.11).

Occasionally glyceraldehyde is oxidized to glycerol. Glyceraldehyde can also be reduced to
glyceraldehyde-3-phosphate (triose), and two molecules of triose can be converted to fructose-1, 6-
diphosphate.

C. FAT METABOLISM

Fats and lipids are important constituents of the protoplasm. They may be present in the foods or may
be formed in the body. We have described the chief classes of fats and lipids in Chapter 2. The
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structural fats are very complex compounds, whereas reserve fats D —fructose
or depot fats are the ordinary fats which make up the bulk of the
body. Depot fats are in the form of neutral triglycerides which can Fructokinase ATP

be hydrolyzed to form monoglycerides and free fatty acids.
Triglycerides may be resynthesized from the fatty acids in the \
cells of intestinal mucosa. Fructose 1 - phosphate

In the metabolism of fat, three major processes are involved:

(1) Mobilization of fat from storage fat depots of the body,  pipy roxyacetone 4 Aldolase
which later take part in catabolism. .

(2) Absorption of digested fats. D -~ Glyceraldehyde

(3) Synthesis of fats in the liver, from intestinal muscosa and NAD'
the adipose tissue carbohydrate and protein sources. p e@gzg&zse (

Mobile fat is in the form of minute oily droplets known as +
chylomicrons which travel in the bloodstream. Chylomicrons are y o NADHH
made up of neutral fats, and also consist of phospholipids (fat D - Glycerate
plus phosphate), cholesterol and cholesterol esters of fatty acids. —

The chylomicrons are absorbed by the liver where they are Fig. 6.11  Metabolism of fructose.

hydrolyzed giving rise to free glycerols and fatty acids. Mobilization of fats can be conveniently
observed in case of starving animals. After starvation for a short period, the glycogen reserve of the
liver is depleted. Since no more of carbohydrates are synthesized (except by way of gluconeogenesis),
the liver does not receive its carbohydrate supply. Under such conditions, large, amounts of fats are
transported to the liver which take part in metabolism.

6.14 ROLE OF LIVER IN FAT METABOLISM

Liver has a key role in the metabolism of fats. It has been proved beyond doubt that in conditions of
carbohydrate depletion, most of the fat of the body is mobilized to the liver to provide an alternative
source of energy. Liver is not normally an accumulator of fats as it is for carbohydrates. The fat
content in the liver is maintained uniformly constant between 3 and 8 per cent. Thus excess of fat
deposits is transformed by the liver into useful substances through various interconversions
(Fig. 6.12).

Besides interconversion of proteins, fats and carbohydrates, which goes on in the liver, it is also
responsible for transformations of lipids into phospholipids and cholesterol, desaturation of fatty
acids, oxidation of fatty acids, etc. The sluggish function of the liver results in several metabolic
disorders, which may be normally due to the effect of certain poisons, fat-rich diet, protein-poor diet,
deficiency of vitamins and a host of other causes. Therefore, we can say that liver is the predominant
organ which maintains the healthy state of an individual.



114  Animal Physiology

ATP
Galactose Gaaciokinee > Galactose 1 — phosphate
Uridine diphosphate
glactose
Uridine diphosphate
glucose
K——,  Glycogen
1 «— phosphorylase
glucose 1 — phosphate
ATP 1
Glucose > - _, Glucose
! Glucokinase ¢ ucose61 phosphate phosphate
ATP
Fructose - » Fructose 6 — phosphate
Fructokinase

Fig. 6.12 Interconversion of carbohydrates in the liver.

6.15 OXIDATION OF FATTY ACIDS

Fats, especially triglycerides, are hydrolysed to their constituents fatty acids and glycerol before they
proceed to catabolic pathway. Much of the fat hydrolysis takes place in adipose tissue, where free
fatty acids (FFA) are produced to be carried into the plasma (Fig. 6.13). The FFA acids reach the
tissues (liver, kidney, heart, muscle, testis, brain, and adipose tissue) where oxidation takes place. The
long chain fatty acids are systematically broken down to 2-carbon units in the form of “active
acetates”. The acetate and the long chain fatty acids are metabolised through a common pathway,
requiring ATP and CoA enzyme (Fig. 6.14).

(‘:H3 (‘:Hs (‘ZH3
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Oxidation ‘ Decarboxylation ‘ +CO,
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COOH COOH
B-Hydroxybutyrate Acetoacetate Acetone

The acetyl CoA can either combine with oxaloacetate before entering the citric acid cycle, or it
may be directly oxidised to acetoacetate, the first ketonc body. Acetoacetate may further breakdown
to B-hydroxybutyrate and acetone, which accumulate in the liver in small amounts. The liver tissue
cannot oxidise acetoacetate. Acetone arises from acetoacetate by spontaneous decarboxylation.
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Fig. 6.13 Schematic representation of metabolism of fats and carbohydrates.
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Fig. 6.14 Metabolism of fatty acids.

(3) Enol hydrase
(4) B — hydroxy acyldehydrogenase
(5) Thiolase

The utilisation of glycerol is dependent on the activating enzyme, glycerol kinase, which is found
in sufficient amounts in liver, kidney, intestine, brown adipose tissue and lactating mammary glands.

6.16 [(-OXIDATION OF FATTY ACIDS

Fatty acids are mainly oxidised by a proce

ss called B-oxidation, a scheme proposed by Knoop in

1904. He postulated that since majority of neutral fats contain even number of carbon atoms,

B-oxidation is the more likely process in wh
manner, removing 2-carbon atoms from the

ich the fatty acid molecule is broken down in a stepwise
carboxyl end in each step, yielding acetate equivalents.
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The acetate molecules can be completely oxidised via citric acid cycle or may be utilised to synthesise
glucose and other complex carbohydrates as per needs of the animal. Some important steps of -
oxidation scheme are shown in Fig. 6.15.

It must be borne in mind that fatty acid oxidation takes place in the mitochondria, but before FA
enters the mitochondria it has to be made ready for oxidation reactions. The FA in the cytosol is
activated by a molecule of ATP in the presence of acylcoenzyme A(CoASH). The reaction occurs
either in the endoplasmic reticulum or at the outer mitrochondrial membrane, resulting in the
formation of fatty acyl CoA derivative. The fatty acyl CoA derivative is then transported inside the
mitochondria with the help of carnitine, a carrier molecule. This reaction is catalysed by an enzyme,
acyl CoA transferase. Once the fatty acyl CoA enters the mitochondrial matrix, there follows the
removal of 2 hydrogen atoms from the & and B carbons, catalysed by a dehydrogenase, resulting in
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the formation of unsaturated acyl CoA. The unsaturated fatty acyl CoA derivative is subsequently
hydrated and dehydrogenated at the expense of specific enzymes to form corresponding B-keto-acyl
CoA compound. Finally, B-keto-acyl CoA undergoes thiolytic cleavage by thiolase producing an acyl-
CoA unit and the remaining acyl-CoA chain containing 2-C less than the original fatty acyl CoA
molecule. In this way, a long chain fatty acid may be degraded completely to acetyl-CoA (2-C
fragments), which can be oxidised to CO, and water through citric acid cycle.

In case of fatty acids with odd number of carbon atoms, oxidation takes place through B-oxidation
scheme, leaving behind propionyl CoA, a 3-carbon unit. This compound can enter the citric acid cycle
after conversion to succinyl CoA.

Energetics of 3-oxidation

Let us consider the oxidation of one mole of palmitic acid (C,4 H;, O,), entering the mitochondria in
the form of palmitoyl CoA. Initially one mole of ATP is required to activate the acid, and at the end of
each oxidative spiral, one FADH, and one NADH are formed along with an acetyl CoA fragment. In
order to oxidise palmitoyl CoA, 8 acetyl CoA will be formed and the energy gained in terms of ATP
will be as follows:

8 acetyl CoA + 7 FADH, + 7 NADH + H" 35 ATP formed

8 acetyl CoA oxidised via citric acid cycle 96 ATP formed

ATP initially used for activation 01 ATP consumed
Net gain of ATP 130 ATP g

The overall equation is represented as:

Cy¢ Hy, O, + ATP + 7 FAD + 7 NAD" + 8 CoASH + 7 H,0 — AMP
+ PPi + 7 FADH, + 7 NADH + H" + 8 CH;CO—S—CoA.

Since each ATP molecule has 7.6 kcal of bond energy, the net gain would be 130 x 7.6 = 988
kilocalories. The calorific value of palmitic acid is 2340 kcal/mole, the system receives at least 42%
of high phosphate bond energy (988/2340 x 100) of the total energy of combustion of the fatty acid.

Oxidation of Unsaturated Fatty Acids

Body lipids are rich in unsaturated fatty acids and these are oxidised more slowly. Some examples are:
palmitoleic acid (16:1), oleic acid (18:1), linoleic acid (18:2), linolenic acid (18:3) and arachidonic
acid (20:4). All double bonds in naturally occurring unsaturated fatty acids are in cis-configuration.
Palmitoleic and oleic acids are not essential as they can be formed in the body, but the remaining three
acids come under the essential fatty acids category and have to be supplied in the diet. Oxidation of
unsaturated fatty acids proceeds the usual B-oxidative pathway until the double bond is reached. The
double bond in cis-configuration is not vulnerable to enzymic attack unless it is isomerised to trans-
configuration. Polyunsaturated fatty acids, such as linoleic, arachidonic etc. are more complex and
require additional enzyme for oxidation. They are normally found as structural components in
association with cholesterol and phospholipids (e.g. membranes and reproductive organs). In
mammals, arachidonic and some related C-20 fatty acids are known to give rise 