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INTRODUCTION TO BIOCHEMISTRY

Medical biochemistry is an essential component of curriculum for all categories of health
professionals. Contemporary Biochemistry plays a crucial role in the Medical field, be it
metabolic pathways, storage diseases, mechanism action of varied biomolecules or inter and

intra cellular communications.

A lecture note on Medical biochemistry integrates and summarizes the essentials of the core
subject. Topics are carefully selected to cover the essential areas of the subject for graduate
level of Health sciences. The chapters are organized around the following major themes:

1. Conformation of biomolecules, structure and their relationship to biological activity
synthesis and degradation of major metabolites
Production and storage of energy
Biocatalysts and their application

Intercellular communication by hormones

S T o

Molecular events in gene expression and regulation

Enzymes:

Body proteins perform a large number of functions. One such unique function is, they act as
biological catalysts (Enzymes) .They are responsible for highly complex reactions. They direct
the metabolic events and exhibit specificity toward substrates, regulate the entire metabolism.

Thus, they play key role in the degradation and synthesis of nutrients, biomolecules etc. The
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the protein. The structural organization of proteins could be primary, secondary, tertiary and

quaternary. The three dimensional structure is the most biologically active one.

The unfolding and disorganization of the proteins results in denaturation, the process is mostly
irreversible. Such a protein may lose its biological function. Many amino acid derived peptides
are of biological importance and special products formed from them are of critical importance to
the body.

Carbohydrates

They are biomolecules, found abundantly in living organisms. They contain more than one
hydroxyl group (polyhydric) In addition to aldehyde or ketone group. Thus, they form in to
polyhydroxy aldoses or polyhydroxy ketoses. Carbohydrates can be classified in to
Monosaccharide, disaccharide, and polysaccharides. Mono is the smallest sugar unit,
disaccharide is made up of two monosaccharides joined by glycosidic linkages .The linkage can

be a or 3. A polymer with more than 10 monosaccharide units is called polysaccharide.

Carbohydrates have a wide range of functions. They provide energy; act as storage molecules
of energy. Serve as cell membrane components and mediate some forms of communication

between cells.

Absence of a single enzyme like lactase causes discomfort and diarrhea. The failure of
Galactose and fructose metabolism due to deficient enzymes leads to turbidity of lens proteins
(Cataract). Blood glucose is controlled by different hormones and metabolic processes. People
suffer from Diabetes if the insulin hormone is less or not functioning well, such people are prone

to atherosclerosis, vascular diseases, and renal failure.

Integrative Metabolism and Bioenergetics

Oxygen is utilized for the conversion of glucose to pyruvate. The same metabolite also forms
from amino acid and protein metabolism. Other precursors like Glycerol, propionate can give
rise to pyruvate. The main breakdown product of pyruvate is acetyl CoA, which is the common
intermediate in the energy metabolism of carbohydrates, lipid and amino acids. It enters

central metabolic pathway, the Citric acid cycle in t
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Lipids
The bulk of the living matter is made up of Lipids, carbohydrates and proteins.

Lipids are water insoluble, but can be extracted with non-polar solvents like Benzene, methanol,

viii



Hormones

Hormones are chemical messengers secreted by endocrine glands and specific tissues. They

reach distant organs and stimulate or inhibit the function. They play important role in carrying




UNIT ONE
ENZYMES

General Properties

Enzymes are protein catalysts for chemical reaction in biological systems. They
increase the rate of chemical reactions taking place within living cells with out changing
themselves.

Nature of Enzymes

Most enzymes are protein in nature. Depending on the presence and absence of a non-
protein component with the enzyme enzymes can exist as, simple enzyme or
holoenzyme

1. Simple enzyme: It is made up of only protein molecules not bound to any non-

proteins. Example: Pancreatic Ribonuclease.
2. Holo enzyme is made up o protein groups and non-protein component.
A The protein component of this holo enzymes is called apoenzyme
A The non-protein component of the holo enzyme is called a cofactor. |
If this cofactor is an organic compound it is called a coenzyme and if it is an inorganic
groups it is called activator. (Fe *, Mn ?*, or Zn 2" ions).
If the cofactor is bound so tightly to the apoenzyme and is difficult to remove without
damaging the enzyme it is sometimes called a prosthetic group

Simple enzvme

Iiruzytrle o Firamaaar e

Holo enzvme

Cofactor
COENZYMES-

Coenzymes are derivatives of vitamins without which the enzyme cannot exhibit any
reaction. One molecule of coenzyme is able to convert a large number of substrate
molecules with the help of enzyme.

A Coenzyme accepts a particular group removed from the substrate or donates a

particular group to the substrate
A Coenzymes are called co substrate because the changes that take place in

substrates are complimentary to the changes in coenzymes.



A The coenzyme may participate in forming an intermediate enzyme-substrate
complex
Example: NAD, FAD, Coenzyme A
Metal ions in enzymes
Many enzymes require metal ions like ca®*, K*, Mg*, Fe?*, Cu?**, Zn**, Mn** and Co?
for their activity.
Metal-activated enzymes-form only loose and easily dissociable complexes with the
metal and can easily release the metal without denaturation. Metalloenzymes hold the
metal tightly on the molecule and do not release it even during extensive purification.
Metal ions promote enzyme action by
a. Maintaining or producing the active structural conformation of the enzyme
(e.g. glutamine synthase)
b. Promoting the formation of the enzyme-substrate complex (Example: Enolase and
carboxypeptidase A.)
c. Acting as electron donors or acceptors (Example: Fe-S proteins and cytochromes)

d. Causing distortions in the substrate or the enzyme Example: phosphotransferases).

Properties of Enzyme
A. Active site

Enzyme molecules contain a special pocket or cleft called the active site. The
active site contains amino acid chains that create a three-dimensional surface
complementary to the substrate.

The active site binds the substrate, forming an enzyme-substrate (ES) complex.
ES is converted to enzyme-product (EP); which subsequently dissociates to enzyme
and product.
For the combination with substrate, each enzyme is said to possess one or more active

sites where the substrate can be taken up.

The active site of the enzyme may contain free hydroxyl group of serine, phenolic
(hydroxyl) group of tyrosine, SH-thiol (Sulfhydryl) group of cysteine or imindazolle group
of histidine to interact with there is substrates.
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E. Zymogens (- inactive form of enzyme)
Some enzymes are produced in nature in an inactive form which can be activated when
they are required. Such type of enzymes are called Zymogens (Proenzymes).
Many of the digestive enzymes and enzymes concerned with blood coagulation are in
this group
Examples: Pepsinogen - This zymogen is from gastric juice.When required
Pepsinogen converts to Pepsin
Trypsinogen - This zymogen is found in the pancreatic juice, and when it
is required gets converted to trypsin.
* The activation is brought about by specific ions or by other enzymes that are
proteolytic.
Pepsinogen + H¥ ——>  Pepsin

Trypsinogen Enteropeptidase Trypsin

Zymogen forms of enzymes a protective mechanism to prevent auto digestion of tissue

producing the digestive enzymes and to prevent intravascular coagulation of blood.

F. Isoenzymes (Isozymes)

These are enzymes having similar catalytic activity, act on the same substrate and

produces the same product but originated at different site and exhibiting different

physical and chemical characteristics such as electrophoretic mobilities, amino acid

composition and immunological behavior.

Example: LDH (Lactate dehydrogenase) exists in five different forms each having four
polypeptide chains. H= Heart and M=Muscle.

Type Polypeptide chain
LDH-1 HHHH
LDH-2 HHHM
LDH-3 HHMM
LDH-4 HMMM
LDH-5 MMMM



Example. CPK (Creatine phospho kinase) exists in three different forms each having

two polypeptide chains. Characteristic sub units are B=Brain and M= Muscle.

Type Polypeptide chain
CPK-1 BB

CPK-2 MB

CPK-3 M

Classification of Enzymes

Enzymes are classified on the basis of th
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Example: Enzymes catalyzing formation of C-N-bonds

L- Glutamine: ammonia ligase (ADP) [Glutamine Synthetase]

ATP + L-Glutamate + NH; = ADP + orthophosphate + L-Glutamine

Example: Enzymes catalyzing formation of C-C bonds

Acetyl-CoA: CO; ligase (ADP) [acetyl-COA carboxylase] ATP+ Acetyl-COA-CO,—>
Malonyl-CoA+ADP+pi.

MECHANISM OF ACTION OF ENZYMES

Emil Fischer’s model Lock and Key model 1890.
Lock: Key model of enzyme action implies that the active site of the enzyme is
complementary in shape to that of its substrate, i.e. the shape of the enzyme molecule
and the substrate molecule should fit each other like a lock and Key

In 1958, Daniel Koshland, postulated another model; which implies that the

shapes & the active sites of enzymes are complementary to that of the substrate only

1+ 3) >

Temnlate ar Inck.ag

after the substrate is bound.

Figure: Models of enzyme- substrate interactions

Mechanism of Enzyme Action (1913)

Michaels and Menten have proposed a hypothesis for enzyme action, which is
most acceptable. According to their hypothesis, the enzyme molecule (E) first combines
with a substrate molecule (S) to form an enzyme substrate (ES) complex which further
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dissociates to form product (P) and enzyme (E) back. Enzyme once dissociated from
the complex is free to combine with another molecule of substrate and form product in a

similar way.

ENZYMES ENHANCE THE RATE OF REACTION BY LOWERING FREE ENERGY OF ACTIVAION

A chemical reaction S— P (where S is the substrate and P is the product or products)
will take place when a certain number of S molecules at any given instant posses
enough energy to attain an activated condition called the “transition state”, in which the
probability of making or breaking a chemical bond to form the product is very high.

The transition state is the top of the energy barrier separating the reactants and
products. The rate of a given reaction will vary directly as the number of reactant
molecules in the transition state. The “energy of activation is the amount of energy
required to bring all the molecules in 1 gram-mole of a substrate at a given temperate to
the transition state

A rise in temperature, by increasing thermal motion and energy, causes an
increase in the number of molecules on the transition state and thus accelerates a
chemical reaction. Addition of an enzyme or any catalyst can also bring about such
acceleration.

The enzyme combines transiently with the substrate to produce a transient state
having c lower energy of activation than that of substrate alone. This results in
acceleration of the reaction. Once the products are formed, the enzyme (or catalyst) is
free or regenerated to combine with another molecule of the substrate and repeat the
process.

Activation energy is defined as the energy required to convert all molecules in one mole
of reacting substance from the ground state to the transition state.

Enzyme are said to reduce the magnitude of this activation energy.

* During the formation of an ES complex, the substrate attaches itself t0 the specific
active sites on the enzyme molecule by Reversible interactions formed by Electrostatic

bonds, Hydrogen bonds, Vanderwaals forces, Hydrophobic interactions.



Factors Affecting Enzyme Activity
Physical and chemical factors are affecting the enzyme activity. These include

1. Temperature

2. pH

3. Substrate/enzyme concentration etc.

Temperature

Starting from low temperature as the temperature increases to certain degree the
activity of the enzyme increases because the temperature increase the total energy of
the chemical system .

There is an optimal temperature at which the reaction is most rapid (maximum).
Above this the reaction rate decreases sharply, mainly due to denaturation of the
enzyme by heat.

The temperature at which an enzyme shows maximum activity is known as the
optimum temperature for the enzyme. For most body enzymes the optimum

temperature is around 37°, which is body temperature.

Tc-. 24-5863




For example, Catalytic activity may require that an amino-group of the enzyme be in the
protonated form (-NHs") At alkaline pH this group is deprotonated and the rate of
reaction therefore declines.

Extreme pH can also lead to denaturation of the enzyme, because the structure
of the catalytically active protein molecule depends on the ionic character of the amino
acid chains.

The pH at which maximum enzyme activity is achieved is different for different
enzymes, and after reflects the pH] at which the enzyme functions in the bodly.

For example, pepsin, a digestive enzyme in the stomach, has maximum action at pH 2,
where as other enzymes, designed to work at neutral pH, are denatured by such an

acidic environment.

Enzyme activity

T Optimum pH

6 8
pH——>

Figure. Effect of pH on enzymatic reaction

3. Concentration of substrate

At fixed enzyme concentration pH and temperature the activity of enzymes is
influenced by increase in substrate concentration.

An increase in the substrate concentration increases the enzyme activity till a
maximum is reached. Further increase in substrate concentration does not increase rate

of reaction.

This condition shows that as concentration of substrate is increased, the substrate
molecule combine with all available enzyme molecules at their active site till not more
active sites are available (The active Sites become saturated). At this state the enzyme

is obtained it maximum rate (V max).

10
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Figure. Effect of Concentration of substrate on enzyme activity
The characteristic shape of the substrate saturation curve for an enzyme can be

expressed mathematically by the Michaelis Menten equation:

K1 K2
E+S <5 ES —» E+P Km = K3 +K2 / K1
K-1

V= V max|[S]
Km +[S]

Where: V= Velocity at a given concentration of substrate (initial reaction velocity)
Vmax = Maximal velocity possible with excess of substrate
[S] = concentration of the substrate at velocity V

Km = michaelis-constant of the enzyme for particular substrate.

Relationship between [S] and Km
Km shows the relationship between the substrate concentration and the velocity of the
enzyme catalyzed reaction.
Take the point in which 50% of the active site of the enzyme will be saturated by
substrate, Assume that at 2 Vmax-50% of the active site of enzyme becomes

saturated. Therefore:

11



Vo = ¥2 Vmax, at 50% saturation
% Vmax = Vmax[S]

Km + [S]
2[S] =Km +[S]
Km= [S]
Ulrld!""""'_"'_"'"""'—"'""""'—'—"
12
Em — [S] -

Figure:

12




High Km Value f an enzyme means the catalysis of that enzyme is slow compared to
low Km.

Km does not vary with the concentration of enzyme.

4. Relationship of Velocity to Enzyme Concentration
The rate of the reaction is directly proportional to enzyme concentration at all
substrate concentration. For example, if the enzyme concentration halved, the initial

rate of the reaction (Vo) is reduced to one half that of the original.

Enzyme activity

Enzyme concentration

Figure. Effect of Enzyme concentration on enzymatic reaction

Order of Reaction

When [S] is much less than Km, the velocity of the reaction is roughly
proportional to the substrate concentration. The rate of reaction is then said to be first
order configuration with respect to substrate. When [S] is much greater than Km, the
velocity is constant and equal to V max. The rate of reaction is then independent of

substrate concentration and said to be

13



Irreversible Inhibition

The type of inhibition that can not be reversed by increasing substrate concentration or
removing the remaining free inhibitor is called Irreversible inhibition

Eg. Diisopropyl & luorophosphate (DFP) Inhibits the enzyme acetyl cholinesterase,
important in the transmission of nerve impulses. Acetyl cholinesterase catalyzes the
hydrolysis of Acetylcholin (to acetic acid and choline) a neurotransmitter substance

functioning in certain portions of the nervous system

A DEP inhibits also trypsin, chymotry

14






Effect of Competitive inhibitors
1. Effect on Vmax: The effect of a competitive inhibitor is reversed by increasing [s]. at a
sufficiently high substrate concentration, the reaction velocity reaches the Vmax.
observed in the absence of inhibitor.
2. Effect on Km: A competitive inhibitor increases the apparent Km for a given
substrate. This means that in the presence of a competitive inhibitor more substrate

is needed to achieve %2 Vmax.

plus com petitive inhibitor

1y /
/ ;f; ":.F;f : |

N An E
e f}fif T e
. r N f"

i H ; ‘ i e

Figure: Competitive inhibition

Non-Competitive Inhibition

In non-competitive inhibition the inhibitor binds at different site rather than the
substrate-binding site. When the inhibitor binds at this site there will be a change in
conformation of the enzyme molecules, which leads to the reversible inactivation of the
catalytic site. Non-competitive inhibitors bind reversibly either to the free-enzyme or the
ES complex to form the inactive complexes El and ESI (Enzyme substrate Inhibition)

The most important non-competitive inhibitors are naturally occurring metabolic
intermediates that can combine reversibly with specific sites on certain regulatory
enzymes, that changes the activity of their catalytic sites.

An Example: is the inhibition of L-threonine dehydratase by L-isoleucine

*Such type of Enzyme is called Allosteric Enzyme, which has a specific sites or

allosteric site other than the substrate-binding site.

16



1. Effect on Vmax.

Non-Competitive inhibition cannot be overcome by increasing the concentration of
substrate. Thus, non-competitive inhibitors decrease the Vmas of the reaction.
2. Effect on Km:

Non-competitive inhibitors do not interfere with the binding of substrate to enzyme.
Thus, the enzyme shows the same Km in the presence or absence of the non-

competitive inhibitor.

plus noncom petitive
inhihitor

1h

1K,

vz

uninhibited enzyme

1[S]

Figure: Noncompetitive inhibition

Uncompetitive Inhibition

Uncompetitive Inhibitor binds only to ES complex at locations other than the catalytic
site. Substrate binding modifies enzyme structure, making inhibitor-binding site
available. Inhibition cannot be reversed by substrate.

In this case apparent Vmax. and Km decreased.

plus uncom petitive inhikitar

1

s

Figure: Uncompetitive inhibition

uninhibited enzyme

1[5]
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Regulation of enzyme activity

There are several means by which the activity of a particular enzyme is specifically
regulated.

1. Irreversible covalent Activation / Zymogen activation

Some enzymes are secreted in an inactive form called Proenzymes or zymogens. At
the site of action specific peptide bonds are hydrolysed either enzymatically or by PH
changes to convert it into active form, e.g. Pepsinogen A pepsin, TrypsinogenA
trypsin, plasminogenA plasmin. After hydrolysis when it is activated, it cannot be

reconverted into proenzyme form.

2. Reversible Covalent Modification
By addition of or removal of phosphate or adenylate, certain enzymes are reversibly

activated and inactivated as per the requirement. Protein kinase of muscle

phosphorylate phosphorylase kinase, glycogen synthetase by making use of ATP.

3. Allosteric Modulation
In addition to simple enzymes that interact only with substrates and inhibitors, there is a
class of enzymes that bind small, physiologically important molecules and modulate
activity in ways other than those described above. These are known as allosteric
enzymes; the small regulatory molecules to which they bind are known as effectors.

Allosteric effectors br

18



There are two ways that enzymatic activity can be altered by effectors: the Vmax

can be increased or decreased, or the K,, can be raised or lowered.

4. Feedback inhibition
In allosteric regulation in which end products inhibit the activity of the enzyme is called”
feedback inhibition”.

=1 == E=
L == B — 1 —== T

4 |

ITtalai bt =

A high conc. D typically inhibits conversion of AA B.

This involves not simple backing up of intermediates but the activity of D to bind to
and inhibit E1. D thus acts as negative allosteric affector or feedback inhibitor of E1.

The kinetics of feedback inhibition cay be competitive, mixed, etc. It is the
commonest way of regulation of a biosynthetic pathway. Feedback regulation generally

occurs at the earliest functionally irreversible step unique in the biosynthetic pathway.

ENZYMES IN CLINICAL DIAGNOSIS

Plasma enzymes can be classified into two major groups

1. Those, relatively, small group of enzymes secreted into the plasma by certain
organs (i.e. Enzymes those have function in plasma) For example: - the liver
secretes zymogens of the enzymes involved in blood coagulation.

2. Those large enzyme species released from cells during normal cell turnover.
These enzymes are normally intracellular and have no physiologic function in the
plasma. In healthy individuals the levels of these enzymes are fairly constant
and represent steady state in which the rate of release from cells.into.the-plasma
is balanced by an equal rate or removal from the plasma.

Many diseases that cause tissue damage result in an increased release of intracellular

enzymes into the plasma. The activities of many of these enzymes are routinely

19



determined for diagnostic purposes in diseases of the heart, liver, skeletal muscle, and
other tissues. The level of specific enzyme activity in the plasma frequently correlates
with the extent of tissue damage. Thus, the degree of elevation of a particular enzyme
activity in plasma is often useful in evaluating the diagnosis and prognosis for the
patient.

Measurement of enzymes concentration of mostly the latter type in plasma gives

valuable informatioOn about disease involving tissues of their origin.

1. Lipase:
It is an enzyme catalyzing the hydrolysis of fats. It is secreted by pancreas and Liver.
The plasma lipase level may be low in liver disease, Vitamin A deficiency, some
malignancies, and diabetes mellitus. It may be elevated in acute pancreatitis and

pancreatic carcinoma.

2. a- Amylase
a- amylase is the enzyme concerned with the break down of dietary starch and
glycogen to maltose. It is present in pancreatic juice and saliva as well as in liver
fallopian tubes and muscles. The enzyme is excreted in the Urine. The main use of
amylase estimations is in the diagnosis of acute pancreatitis. The plasma amylase level
may be low in liver disease and increased in high intestinal obstruction, mumps, acute

pancreatitis and diabetes.

3. Trypsin
Trypsin is secreted by pancreas. Elevated levels of trypsin in plasma occur during

acute pancreatic disease.

4. Alkaline phosphates (ALP)
The alkaline phosphates are a group of enzymes, which hydrolyze phosphate esters at
an alkaline pH. They are found in bone, liver, kidney, intestinal wall, lactating mammary

gland and placenta. In bone the enzyme is found in osteoblasts and is probably
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important for normal bone function. The level of these enzymes may be increased in
rickets and osteomalacia, hyperparathyroidism, paget's disease of bone, obstructive

jaundice, and metastatic carcinoma. Serum alkaline phosphatase levels may be
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7. Lactate Dehydrogenase (LDH)
It catalyzes the reversible interconversion of lactate and pyruvate. It is widely
distributed with high concentrations in the heart, skeletal muscle, liver, kidney, brain and
erythrocytes.
The enzyme is increased in plasma in myocardial infarction, acute leukemias,
generalized carcinomatosis and in acute hepatitis. Estimation of it isoenzymes is more

useful in clinical diagnosis to differentiate hepatic disease and myocardial infarction.

8. Creatine kinase (CK) or ceratin phosphokinase (CPK)
CK (CPK) is found in heart muscle brain and skeletal muscle. Measurement of serum

creatine phosphokinase activity is of value in the diagnosis of disorders affectin
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UNIT TWO
CARBOHYDRATS

Objectives

e Define carbohydrates in chemical terms

Classify carbohydrates in to three major groups with examples of each group
e List the monosaccharides of biological importance and learn their properties
e List the disaccharides of biological importance and learn their properties

e List the polysaccharides of biological importance and learn their properties
® Study the chemistry and functions of glycoproteins

Introduction

Carbohydrates are the most abundant macromolecules in nature. They are the main source and
storage of energy in the body. They serve also as structural component of cell membrane. The
general molecular formula of carbohydrate is C,H,,0, or (CH,0),, where n > 3. Chemically, they
contain the elements Carbon, hydrogen and oxygen. Thus they are Carbon compounds that

contain large quantities of Hydroxyl groups.

Carbohydrates in general are polyhydroxy aldehydes or ketones or compounds which give

these substances on hydrolysis.
Chemistry of Carbohydrates

Classification and Structure

Classification

There are three major classes of carbohydrates
* Monosaccharides (Greek, mono = one)
e Oligosaccharides (Greek, oligo= few) 2-10 monosaccharide units.

e Polysaccharides (Greek, Poly = many) >10 monosaccharide units.

Monosaccharides
Monosaccharides also called simple sugars. They consist of a single polyhydroxy aldehyde or
ketone units. The most abundant monosaccharides in nature are the 6-carbon sugars like D-

glucose and fructose.
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Structure

Monosaccharide has a backbone, which is un- branched, single bonded carbon chain.

One of the carbon atoms is double bonded to an oxygen atom to form carbonyl group.
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Physical properties
Physical properties of Monosaccharides

They are colorless, crystalline compounds, readily soluble in water. Their solutions are optically
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and L isomers are present, the resulting mixture has no optical activity, since the activities of

each isomer cancel one another. Such a mixture is called racemic or DL mixture.

Epimers

When sugars are different from one another, only in configuration with regard to a single carbon
atom (around one carbon atom) they are called epimers of each other. For example glucose
and mannose are epimers. They differ only in configuration around C,. Mannose and Galactose

are epimers of Glucose

CHz0H CH20H CHo0H
H \ H HO H u J—O '
G
-
L
Fig 2.3: Structure of D - glucose, D-mannose and D- Galactose.
Anomers

The two stereoisomers at the hemiacetal (anomeric) carbon are:

o The alpha anomer: Where- OH group is down (Haworth)
o The beta anomer:Where- OH group is up (Haworth)
- Anomers are diastereomers (having different physical properties)

Cyclization of monosaccharides

Monosaccharides with five or more carbon atoms in the backbone usually occur in solution as
cyclic or ring structure, in which the carbonyl group is not free as written on the open chain
structure but has formed a covalent bond with one of. the hydroxyl group along the chain to
form a hemiacetal or hemiketal ring. In general, an aldehyde can react with an alcohol to form

a hemiacetal or acetal.
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The C-1 aldehyde in the open-chain form of glucose reacts with the -5™ carbon atom containing
hydroxyl group to form an intramolecular hemiacetal. The resulting six membered ring is called

pyranose because of its similarity to organic molecule Pyran.

Two different forms of glucose are formed when the OH group extends to right it is a-D-Glucose

and when it extends to left, it is B-D-Glucose commonly called as Anomers.
Similarly, a ketone can react with an alcohol to form a hemiketal or ketal.

The C-2 keto group in the open chain form of fructose can react with the 5" carbon atom
containing hydroxyl group to form an intramolecular hemiketal. This five membered ring is called

furanose because of its similarity to organic molecule furan

Fig 2.4. a and 3 forms of Fructose

Oligosaccharides

Oligosaccharides contain 2 to 10 monosaccharide units. The most abundant.oligosaccharides

found in nature are the Disaccharides.
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Disaccharides

When two monosaccharides are covalently bonded together by glycosidic linkages a
disaccharide is formed. Glycosidic bond is formed when the hydroxyl group on one of the

sugars reacts witrl Do.8(s)-1
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The inner part of glucose units in amylopectin are joined by a-(1,4) glycosidic linkage as in
amylose , but the branch points of amylopectin are a- (1,6) linkages. The branch points repeat

about every 20 to 30 (1-4) linkages

Glycogen

- Glycogen is the main storage polysaccharide of animal cells (Animal starch).

- ltis presentin liver and in skeletal muscle.

- Like amylopectin glycogen is a branched polysaccharide of D-glucose units in o - (1, 4)
linkages, but it is highly branched.

- The branches are formed by a -(1,6) glycosidic linkage that occurs after every 8 -12
residues. Therefore liver cell can store glycogen within a small space. Multiple terminals of

branch points release many glucose units in short time.

Cellulose

Cellulose is the most abundant structural polysaccharide in plants. It is fibrous, tough, water
insoluble. Cellulose is a linear unbranched homopolysaccharide of 10,000 or more D- glucose
units connected by B-(1, 4) glycosidic bonds. Humans cannot use cellulose because they lack of

enzyme (cellulase) to hydrolyze the B-( 1-4) linkages.

Figure: Structure of Cellulose
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Dextrins
These are highly branched homopolymers of glucose units with a-(1, 6), a-(1, 4) and a-(1, 3)
linkages. Since they do not easily go out of vascular compartment they are used for intravenous

infusion as plasma volume expander in the treatment of hypovolumic shock.

Hetero polysaccharides

These are polysaccharides containing more than one type of sugar residues

1. Glycosaminoglycans, (GAGs or mucopolysaccharides)

They are long, usually unbranched, composed of a repeating disaccharide units
* They are negatively charged heteroplolysaccharid chains (polyanions)

e The amino sugar is either D-glucosamine or D-galactosamine in which the amino group is
usually acetylated, thus eliminating its positive charges.

e The amino sugar may also be sulfated on carbon 4, 6, or on a monoacetylated nitrogen.

e The acidic sugar is either D-glucuronic acid or its carbon 6 epimer, L-uronic acid. For

example Hayluronic acid, Heparin and chondatin sulphate.

Function of Glycosammoglycans. (GAGS)

1. They have the special ability to bind large amounts of water, there by producing the gel-like
matrix that forms the basis of the body’s ground substance.

2. Since they are negatively charged, for example, in bone, glycosaminoglycans attract and
tightly bind cattions like ca™, they also take-up Na*and K*

3. GAGs stabilize and support cellular and fibrous components of tissue while helping maintain
the water and salt balance of the body.

4. Its essential components of the extra cellular matrix, GAGS’ play an important role in
mediating cell-cell interactions

e Ground substance is a part of connective tissue, which is a gel like substance containing
water, salt, proteins and polysaccharides.

An example of specialized ground substance is the synovial fluid, which serves as a-tabricantif

joints, and tendon sheaths.

31



3. Heparin:

e contains a repeating unit of D-glucuronic and D-gluconsamine, with sulfate groups on some
of the hydroxyl and aminx-groups

e It is an important anticoagualtn, prevents the clotting of blood by inhiginting the conversion
of prothrombin to throbin. Thrombin is an enzyme that acts on the conversion of plasma
fibrinogen into the fibrin.

e ltis found in mast cells in lung, liver skin and intestinal mucosa.

Glycoproteins (Mucoproteins)

Glycoprotiens are proteins to which oligosaccharides are covalently attached. They differ from
the glycosaminoglycans in that the length of the glycoproteins carbohydrate chain is relatively
short (usually two to ten sugar residues in length, although they can be longer), whereas it can

be very long in the glycosaminoglycans.
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Action of pancreatic Amylase
It is also an a - amylase, optimum pH 7.1. Like ptyalin it also requires CI for activity. The
enzyme hydrolyzes o-(1,4) glycosidic linkage situated well inside polysaccharide molecule.

Other criteria and end products of action are similar of ptyalin.

1. Digestion in Small Intestine
Action of Intestinal Juice
a. pancreatic amylase:
It hydrolyzes terminal a-(1,4), glycosidic linkage in polysaccharides and Oligosaccharide
molecules liberating free glucose molecules.
b. Lactase
It is a B- glycosidase, its pH range is 5.4 to 6.0. Lactose is hydrolyzed to glucose and

galactose.

lactase
Lactose » Glucose + Galactose

Lactose Intolerance
Lactose is hydrolyzed to galactose and glucose by lactase in humans (by - Galactosidase in
Bacteria).Some adults do not have lactase.Such adults cannot digest the sugar.It remains in the
intestines and gets fermented by the bacteria. The condition is called as Lactose intolerance.
Such patients suffer from watery diarrhea, abnormal intestinal flow and chloeic pain. They are
advised to avoid the consumption of Lactose containing foods like Milk.
C. Maltase

The enzyme hydrolyzes the a -(1,4) glycosidic linkage between glucose units in maltose

molecule liberating two glucose molecules. Its pH range is 5.8 to 6.2.

Maltase
Maltose . Glucose + Glucose

D. Sucrase

PH ranges 5.0 to 7.0. It hydrolyzes sucrose molecule to form glucose and fructose.

Sucrase
Sucrose » Glucose + fructose

|
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e ATP acts as PO, donor in the presence of Mg .One high energy PO, bond is utilized and
ADP is produced. The reaction is accompanied by considerable loss of free energy as heat,
and hence under physiological conditions is regarded as irreversible.

e Glucose 6 phosphate formed is an important compound at the junction of several metabolic
pathways like glycolysis, glycogenesis, glycogenolysis, glyconeogenesis,
Hexosemonophosphate Shunt, uronic acid partway. Thus is a “committed step” in metabolic
pathways.

2. Conversion of G- 6- phosphate to Fructose6-phosphate

Glucose6 phosphate after formation is converted to fructose 6-p by phospho- hexose
isomerase, which involves an aldose- ketose isomerization. The enzyme can act only on a -

anomer of Glucose 6 phosphate.

Phospho- hexose

isomerase

Glucose 6 phosphate » Fructose 6 phosphate

3. Conversion of Fructose 6phosphate to Fructose 1, 6 bisphosphate
The above reaction is followed by another phosphorylation. Fructose-6-p is phosphorylated with
ATP at 1- position catalyzed by the enzyme phospho- fructokinase-1 to produce the symmetrical

molecule fructose —1, 6 bis phosphate.

Note:

e reaction one is irreversible

e One ATP is utilized for phosphorylation of glucose at position 6

e Phosphofruvctokinase | is the key enzyme in glycolysis that regulates the pathway. The
enzyme is inducible, as well as allosterically modified

e Phosphofructokinase Il is an is enzyme which catalyzes the reaction to form fructose-2 6-
bis phosphate.

Fructose-6-phosphate + ATP —» Fructose-2, 6-bisphosphate + ADP

Energetics

Note that in this stage glucose oxidation does not yield any useful energy rather there is
expenditure of 2 ATP molecules for two phosphorylations (-2 ATP).
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Stage |l
Here,Fructose, 1, 6- bisphosphate is split by the enzyme aldolase into two molecules of triose-
phosphates, an Aldotriose, glyceraldehyde3 phosphate and a Ketotriose, Dihydroxy acetone

phosphate.

Note

e The reaction is reversible

e There is neither expenditure of energy nor formation ATP

« Aldolases are tetramers, containing 4 subunits. Two isoenzymes.A,B
Aldolase B: occurs in liver and kidney

e The fructose- 6-p exists in the cells in “furanose” form but they react with isomerase,
phosphofructokinase-1 and aldolase in the open-chain configuration.

e Both triose phosphates are interconvertable

D- glyceradehyde-3 —p

Stage li
This is the energy- yielding reaction. Reactions of this type in which an aldehyde group is

oxidized to an acid are accompanied by liberation of large amounts of potentially useful energy.

This stage consists of the following two reactions:
1. Oxidation of Glyceraldehyde 3phosphate to 1,3 bis phosphoglycerate
Glycolysis proceeds by the oxidation of glyceraldehde-3-phosphate,to form1,3-bis
phosphoglycerate.

Dihydroxyacetone phosphate also forms 1, 3 - bisphosphoglycerate via glyceraldehydes-3-

phosphate shuttle.The enzyme responsible is Glyceraldehyde 3 phosphate dehydrogenase,
which is NAD+ dependant.

Energetics

1. In first reaction of this stage- NADH produced will be oxidized in electron transport chain to
produce 3 ATP in presence of O,. Since two molecules of triose phosphate are formed per

molecule of glucose oxidtes,
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Significance of lactate formation:
Under anaerobic conditions NADH is re oxidized via lactate formation. This allows glycolysis to
proceed in the absence of oxygen. The process generates enough NAD for another cycle of
glycolysis.
B. Clinical Importance
e Tissues that function under hypoxic conditions will produce lactic acid from glucose
oxidation. Produces local acidosis. If lactate production is more it can produce metabolic
acidosis
» Vigorously contracting skeletal muscle will produce lactic acid.
 Whether O, is present or not, glycolysis in erythrocytes always terminated in to pyruvate

and lactate.

Entry of fructose in to glycolysis:

Liver contains specific enzymes fructokinase. It converts fructose to fructose 1 phosphate in the
presence of ATP. In liver fructosel-phosphate is split to glyceraldehyde and dihydroxy acetone

phosophate by AldolaseB.

Glyceraldehyde enters glycolysis, when it is phosphorylated to glyceraldehyde-3-P by triose

kinase.

Dihydroxy aceton phosphate and glyceraldehyde-3-P may be degraded via glycolysis or may be
condensed to form glucose by aldolase.

Lack of fructose kinase leads to fructosuria. Absence of aldolaseB leads to hereditary fructose
intolerance. If fructose 1, 6 bisphosphatase is absent, causes fructose induced hypoglycemia.
The reason being high concentration of Fructose 1 phosphate and fructose 1, 6 bis phosphate
inhibit Liver phosphorylase by allosteric modulation.

As in case of Galactose, fructose intolerance can also lead to cataract formation.

Galactose:

Milk sugar contains galactose. Galactokinase converts galatose to galactose=t=Psit-reacts=with
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Galactosemia:

Some people cannot metabolize galactose. It is an inherited disorder that the defect may be in
the galactokinase, uridlyl transferase or 4-epimerase.Most common is uridyl transferase. Such
patients have high concentration of Galactose in blood (Galactosemia).In lense, Galactose is
reduced to galactitol by aldose reductase.The product accumulates in lense and leads to

accumulation of water by osmotic pull. This leads to turbidity of lense proteins (Cataract).

If uridyl transferase was absent galctose 1-phosphate accumulates.Liver is depleted of

inorganic phosphate. This ultimately causes failure of liver function and mental retardation.

If 4-epimerase is absent, since the patient can form UDP-galactose from glucose the patient

remains symptom free.
Glycogen metabolism

Introduction

Glycogen is the major storage form of carbohydrate in animals .1t is mainly stored in liver and

muscles and is mobilized as glucose whenever body tissues require.

Degradation of Glycogen (glycogenolysis)
A. Shortening of chains

Golycogen phosphorylase cleaves the a
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B. Removal of Branches

A debranching enzyme also called Glucantransferase which contains two activities,
Glucantransferase and Glucosidase. The transfer activity removes the terminal 3 glucose
residues of one branch and attaches them to a free C, end of the second branch.The glucose in

a-(1,6) linkage at the branch is removed by the action of Glucosidase as free glucose.
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Fig.2.9 Summary of Glycogenolysis

Synthesis of Glygogen (Glycogenesis)

Synthesis of glycogen from Glucose is carried out by the enzyme Glycogen Synthase.The

44



Fig 2.10. Glycogenesis

Glycogen storage diseases

These are a group of genetic diseases that result from a defect in an enzyme required for either
glycogen synthesis or degradation.They result in either formation of glycogen that has an
abnormal structure or the accumulation of excessive amounts of normal glycogen in specific

tissues,

A particular enzyme may be defective in a single tissue such as the liver or the defect may be
more generalized, affecting muscle, kidney, intestine and myocardium. The severity of the
diseases may range from fatal in infancy to mild disorders that are not life threatening some of

the more prevalent glycogen storage diseases are the following.
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requires NADPH as the electron source, therefore, any rapidly proliferating cell needs large

quantities of NADPH.
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Fig 2.11 Oxidative and non —oxidative phases of HMP shunt

Significance of HMP shunt
The net result of the PPP, if not used solely for R5P production, is the oxidation of G6P, a 6
carbon sugar, into a 5 carbon sugar. In turn, 3 moles of 5 carbon sugar are converted, via the
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enzymes of the PPP, back into two moles of 6 carbon sugars and one mole of 3 carbon sugar.
The 6 carbon sugars can be recycled into the pathway in the form of G6P, generating more
NADPH. The 3 carbon sugar generated is glyceraldehyde-3-phsphate which can be shunted to
glycolysis and oxidized to pyruvate. Alternatively, it can be utilized by the gluconeogenic

enzymes to generate more 6 carbon sugars (fructose-6-phosphate or glucose-6-phosphate).

Glutathione is the tripeptide y-glutamylcysteinylglycine. The cysteine thiol plays the role in
reducing oxidized thiols in other proteins. Oxidation of 2 cysteine thiols forms a disulfide bond.
Although this bond plays a very important role in protein structure and function, inappropriately
introduced disulfides can be detrimental. Glutathione can reduce disulfides nonenzymatically.
Oxidative stress also generates peroxides that in turn can be reduced by glutathione to
generate water and an alcohol. It can also reduce hydrogen per-oxide in to two molecules of

water.

Regeneration of reduced glutathione is carried out by the enzyme, glutathione reductase. This
enzyme requires the co-factor NADPH when operating in the direction of glutathione reduction

which is the thermodynamically favored direction of the reaction.

It should be clear that any disruption in the level of NADPH may have a profound effect upon a
cells ability to deal with oxidative stress. No other cell than the erythrocyte is exposed to greater

oxidizing conditions. After all it is the oxygen carrier of the body.

The PPP in erythrocytes is essentially the only pathway for these cells to produce NADPH. Any
defect in the production of NADPH could, therefore, have profound effects on erythrocyte

survival.

Several deficiencies in the level of activity (not function) of glucose-6-phosphate
dehydrogenase have been observed to be associated with resistance to the malarial parasite,
Plasmodium falciparum, among individuals of Mediterranean and African descent. The basis for
this resistance is the weakening of the red cell membrane: (the erythrocyte is the host cell for the

parasite) such that it cannot sustain the parasitic life cycle long enough for productive growth.

Coris Cycle or Lactic Acid Cycle

In an actively contracting muscle, only about 8% of the pyruvate is utilized by the citric acid
cycle and the remaining is, therefore, reduced to lactate. The lactic acid thus generated should
not be allowed to accumulate in the muscle tissues. The muscle cramps, often associated with
strenuous muscular exercise are thought to be due to lactate accumulation. This lactate diffuses

into the blood. During exercise, blood lactate level increases considerably. Lactate then reaches
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liver where it is oxidized to pyruvate. It is then taken up through gluconeogenesis pathway and
becomes glucose, which can enter into blood and then taken to muscle. This cycle is called

cori's cycle, by which the lactate is efficiently reutilized by the body.

Significance of the cycle:
Muscle cannot form glucose by gluconeogenesis process because glucose 6 phosphatase is

absent. Unlike Liver, muscle cannot supply Glucose to other organs inspite of having Glycogen.

Fig 2.12 The Cori cycle.

Gluconeogenesis

Gluconoegenesis is the biosynthesis of new glucose from non carbohydrate substrates.

In the absence of dietary intake of carbohydrate liver glycogen can meet these needs for only
10 to 18 hours

During prolonged fast hepatic glycogen stores are depleted and glucose is formed from
precursors such as lactate, pyruvate, glycerol and keto acids.

Approximately 90% of gluconeogenesis occurs in the liver whereas kidneys provide 10 % of
newly synthesized glucose molecules,

The kidneys thus play a minor role except during prolonged starvation when they become major

glucose producing organs.

Reactions Unique to Gluconeogenesis
Seven of the reactions of glycolysis are reversible and are used in the synthesis of glucose from

lactate or pyruvate. However three of the reactions are irreversible and must be bypassed by

four alternate reactions that energetically favor the synthesis of glucose.
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A. Carboxylation of Pyruvate
In gluconeogenesis, pyruvate is first carboxylated by pyruvate Carboxylase to oxaloacetate

(OAA).where it is converted to Phosphoenolpyruvate (PEP) by the action of PEP carboxykinase,

Note: pyruvate carboxylase is found in the mitochondria of liver and kidneys, but not in muscle
1. Biotin is a coenzyme of pyruvate carboxylase derived from vitamin B6 covalently bound to
the apoenyme through an e-amino group of lysine forming the active enzyme.

2. Allosteric regulation

Pyruvate carboxylase is allosterically activated by acetyl CoA. Elevated levels of acetyl CoA
may signal one of several metabolic states in which the increased synthesis of oxaloacetate is
required. For example, this may occur during starvation where OAA is used for the synthesis of
glucose by gluconeogenesis,

At low levels of acetyl COA, pyruvate carboxylase is largely inactive and pyruvate is primarily

oxidized in the TCA cycle

B. transport of Oxaloacetate to the Cytosol

Oxaloacetate, formed in mitochondria, must enter the cytosol where the other enzymes of
gluconeogenesis are located. However, oxaloacetate is unable to cross the inner mitochondrial
membrane directly. It must first be reduced to malate which can then be transported from the

mitochondria to the cytosol. In the cytosol, Malate is reoxidized to oxaloactate (see figure 2.13)

C. Decarboxylation of Cytosolic Oxaloacetate.
Oxaloacetate is decarboxylated and phosphorylated in the cytosol by PEP-carboxykinase. The

reaction is driven by hydrolysis of GTP

The combined action of pyruvate carboxylase and PEP carboxykinase provides an energetically
favorable pathway from pyruvate to PEP.

PEP then enters the reversed reactions of glycolysis
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Advantages of Gluconeogenesis

1) Gluconeogenesis meets the requirements of glucose in the body when carbohydrates are
not available in sufficient amounts.

2) Regulate Blood glucose level

3) Source of energy for Nervous tissue and Erythrocytes

4) Maintains level of intermediates of TCA cycle

5) Clear the products of metabolism of other tissues(Muscle)
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Homeostasis of Blood Glucose
Homostasis of glucose is due to balance of addition and utilization of glucose. Fasting blood
glucose is maintained between 80-120mg %. After a meal it rises by 40-60mg% and returns to

normal within 2-3hours.
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UNIT THREE

INTEGRATIVE METABOLISM AND BIOENERGETICS

Objectives

To enable the students:

Identify energy rich dietary constituents

Identify cellular sites of energy generation

Understand mechanism of cellular ATP formation and utilization

Understand ways of regulation of cellular energy metabolism

2 T A

Understand the mechanism and effect of poisons on cellular energy generation

Energy Generation and Utilization in the Living System

I-Introduction

Energy is vital to life. Growth, reproduction and tissue repair require energy. Most organisms
obtain energy by oxidation of these fuel molecules Carbohydrates, fats and amino acids.
Cellular oxidation of these molecules release energy, part of which is conserved through the
synthesis of high-energy phosphate bonds and the rest is lost as heat. The high-energy
phosphate bonds are directly utilized for cellular energy requiring processes. ATP (adenosine
triphosphate) is the common high-energy phosphate bond that is formed during oxidative

processes.

Under cellular conditions energy releasing (oxidative) processes are coupled to energy requiring

cellular processes through common energy currency, ATP.
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Glycolysis- partial catabolism
- small amount of energy conserved (ATP, NADH)
- prepares carbohydrates for the next catabolic processes
- sometimes the only life sustaining energy generating process
- RBC (red blood cells-lack mitochondrion)

- exercising muscle (oxygen limitation)

b) Fats-digestion or mobilization of stored fat

Fatty acids + glycerol

Transport by albumin

Oxidation by major pathway - [3 Oxidation
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Section B- Concept of Free Energy

Definition — Free energy is that portion of the energy of a system available to do work as the
system proceeds toward equilibrium under conditions of constant temperature and pressure and
volume

The change in free energy content (AG) depends on two components

AH (change in enthalpy, internal energy heat) and AS (change in entropy)

AG = AH - TAS

Chemical reaction performs work if it can be harnessed in utilizable form of energy. Amount of
work performed depends on the efficiency of the machinery.
Free energy change of a biological reactions is reported as the standard free energy change
(AG")
AG is the value of AG for a reaction at standard conditions for biological reactions (pH 7,
1M, 25°C, 1 atmosphere pressure)
Free energy change is used to predict the direction and equilibrium of chemical reactions
If AG is negative — net loss of energy (exergonic)
- reaction goes spontaneously
If AG is positive - net gain of energy (endergonic)
reaction does not go spontaneously

If AG is zero- reactants are in equilibrium

C - Oxidation-Reduction Reactions

The utilization of chemical energy in living system involves oxidation — reduction reactions. For
example, the energy of chemical bonds of carbohydrates, lipids and proteins is released and
captured in utilization form by processes involving oxidation- reductions.
I- Oxidation - removal of electron(s) from substance

- usually accompanied by a decrease in energy content of oxidized substance

lI-Reduction - addition of electron(s) to a substance

usually accompanied by an increase in energy content of reduced substance

Oxidation reduction reactions are coupled processes
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Example: H, 2e- + 2H" — first half reaction
— oxidation of H»
— release electrons and protons
— requires second half reaction coupled to
— oxidation of H,
% O, + 2e + 2H" H,O —second half reaction

— reduction of O,

— oxidation of H; is coupled to reduction of O,

lll- Reduction Potential (Oxidation-reduction potential, E', )-Concept

Definition - Measure of electron donating tendencies

Electrically measured in reference to a standard substance H, Determined by measuring the

electromotive force generated by a sample half-cell with respect to standard reference half-

cell

Anegative E’, = lower affinity for electrons

A positive E’
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In respiratory chain the electrons from NADH are transferred through a series of carriers
(organic or inorganic) until they are accepted by molecular oxygen (O,) releasing energy at
different levels. The free-energy change of an oxidation — reduction reaction can be calculated

from the difference in reduction potentials of the reactants using the formula:

AG®'= - nFAE,
Where n= 2 (No of electrons transferred)
F= 23.06 faraday constant
AE', =+ 0.82 — (-0.32) = 1.14 V potential difference

For example consider oxidation of NADH by O,

AG® =-2x23.06 kcal VI moltx 1.14 V

= - 52.6 Kcal/mol <

Under cellular condition part of the free-energy of oxidation of reducing equivalents is conserved

heat

3 ATP (about 40% of efficiency)

in the form of high-energy phosphate compound, ATP. This occurs by the help of energy

conserving system in the inner mitochondrial membrane of eukaryotes or plasma membrane of

prokaryotes.

E'o (volts
-0.32 — NAD'/NADH

2e-

+0.82--% O, /H,0

Fig 3.2. Change in free energy as a result of oxidation of NADH
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Aerobic Energy-Generation

In aerobic organisms the complete breakdown of fuel molecules, carbohydrates, fats and
proteins takes place in mitochondria of eukaryotes and cytoplasmic membrane and cytoplasm
of aerobic prokaryotes.

The fuel molecules are metabolized to a common intermediate called aceyl CoA which is further
degraded by a common pathway called Kreb’s cycle.

This metabolic pathway in addition to providing energy provides building blocks required for

growth, reproduction, repair and maintenance of cellular viability.

Mitochondria - it is an organelle where major amount of energy produced. Structurally it is

bounded by two separate membranes (outer mitochondrial membrane and inner mitochondrial

membrane)
Out membrane - smooth and unfolded
- Freely permeable to most ions and polar molecules
(Contain porous channels)
Inner membrane - folded into cristae-increased surface area

- Highly impermeable to most ions and polar molecules
Contain transporters which access polar and ionic molecules in and out
Cristae are characteristic of muscle and other metabolically active cell types
- Protein-rich membrane (about 75%)
Inter membrane space — space between outer and inner membranes
Matrix-the internal compartment containing soluble enzymes and mitochondrial genetic material

Wlatrin

Inner

o TR L e LT T

Fig 3.3 Structure of a mitochondria
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Oxidation of Pyruvate

Pyruvate is common intermediate of many catabolic reactions. It is still energy rich molecule. It
is a cross road molecule which can be converted into different intermediates depending on :-
type of cells-eukaryotes except RBC- acetyl CoA

- aerobic prokaryotes- acetyl CoA

- anaerobic prokaryotes- ethanol or lactate

- in RBC-always lactate
absence or presence of oxygen -lactate, ethanol or acetyl-CoA

- high ratio of NADH/NAD" favors lactate formation in actively exercising muscle (oxygen

limitation)
Alanine
Oxaloacetate Pyruvate Lactate
Acetyl CoA

Oxidation of pyruvate into acetyl CoA-aerobic process (O, terminal electron-acceptor) which
takes place in the mitochondrial matrix of eukaryotic cells Pyruvate is transported into
mitochondrial matrix by special transporter.Inside matrix pyruvate is oxidized into acetylCoA by
pyruvate dehydrogenase complex which is complex of E;, E; and E; enzymes.This enzyme
requires s five coenzymes- TPP, Lipoate, CoA, FAD and NAD+
Where: E: = pyruvate dehydrogenase,
E, = dihydrolipoyl transacetylapgr2-5.8(& 0ea.2(220LmDcDw(3)Tj10.197.800.9864.12m.000

nans - NADH

nieh AL, .
LRI SR S R PO B o =S I N BRI
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Fig 3.4 The citric acid cycle
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Reactions of Kreb’s cycle

1. Condensation of acetyl COA with oxaloacetate by citrate synthase (condensing

enzyme) to form citrate.

AG" = - 0.5 keal! mol
nlau-n :I:u-n'

o' mPramaa{t? |

2y _ —
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3. Oxidative decarboxylation of isocitrate by isocitrate dehydrogenase

There are three types of isocitrate dehydrogenases
NAD+ - specific — only mitochondrial
NADP+ - specific — cytosolic and mitochondrial

Respiratory chain linked oxidation of isocitrate proceeds almost completely through NAD+ -
dependent enzyme

* Cytosolic isocitrate dehydragenase reaction generates NADPH and CO,
anabolic m3qd

AG" =-7.2 keal!mol

oo CO,+ NADH OO

?Hz

i ‘f"ﬂ

Iij- o

GOO s—cm\
a-Kotaglutarato Suooinyl CoA
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A’ (a - ketoglutarate dehydrogenase), B’ (transu
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6. Oxidation of succinate by succinate dehydrogenase

- Stereospecific for transfer of H-atoms of succinate (*)
- Succinate dehydrogenese — is integral part of inner mitochondrial membrane

- Contains Fe — S centers (non-heme iron protein) and FAD as prosthetic groups

Flavoprotein
- Inhibited by malonate which competes for the active site of the enzyme
-O0C-CH,-COO- (Malonate)

- Also inhibited by oxaloacetate resulting in succinate accumulation.

7. Hydration of Fumarate by Fumarase

- Fumarase is stereospecific for L-malate (catalyzes stereospecific trans addition of H and
OH).
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8. Oxidation of L-malate by NAD-linked malate dehydrogenase

This reaction regenerates oxaloacetate, used in the first reaction.

The cycle is aerobic process i.e. regeneration of oxidized coenzymes requires O, as terminal
electron acceptor.
No net consumption or production of cycle intermediates

Oxaloacetate plays catalytic role in catabolism of acetyl CoA
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Provide precursors for — gluconeogenesis (all intermediates)
—amino acid synthesis (non-essial amino acids)
— heme synthesis (succinyl CoA)
— fatty acid synthesis (citrate)
Regulate other pathways — citrate (inhibit phosphofructokinase)
pyruvate carboxylation with formation of oxaloaccetate replenishes the cycle intermediates used

for biosynthesis.

Pyruvate pyruvate carboxylase  Oxaloacetate
CO2 + ATP ADP+P,

Note -different amino acids enter the cycle at different points

- Propionyl CoA (product of odd number fatty acid oxidation) enter the cycle as succinyl CoA

T~ acetyl CoA

———» | Electron transport chain

C - Regulation of Kreb’s Cycle

Primary function of the cycle is to provide energy, thus rate of the cycle is adjusted to meet an
animal cells ATP demand. Increased utilization of ATP increases the rate the cycle because of
availability of oxidized coenzymes necessary for the continuation of the cycle (NAD+, FAD) and

ADP which is needed for oxidative phosphorylation. High levels of ATP and NADH are inhibitory
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indicating high energy status of the cell. ATP inhibits both citrate synthase and isocitrate
dehydrogenase where as both are activated by high levels of ADP. NADH inhibits isocitrate
dehydrogenase and ao-Ketoglutarate dehydrogenase. Complementary mechanisms of

controlling rate of acetyl CoA formation and rate of acetyl CoA degradation is also involved

llI- Electron Transport system and Oxidative Phosphorylation
In aerobic organisms the major amount of ATP is synthesized by phosphorylation of ADP
related to electron transport, a process occurring on the inner mitochondrial membrane of

eukaryotes. It is a system composed of a chain of membrane associated electron carriers.

a- Components:
flavoproteins — FMN and FAD prosthetic groups. Accept H atoms but donate electrons
nonheme iron-sulfur proteins (Fe: S centers). Carry electrons not H — atoms. They are

component of complexes (I, Il and I11)
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Complexes of respiratory chain are designated complex I, II, lll and IV (integral parts of inner
mitochondrial membrane). CoQ and cytochrome C are mobile electron carriers which act as a

link between the complexes.

Complex Components

I (NADH dehydrogenase) FMN, Fe-S centers

Il (Succinate dehydrogenese) FAD, Fe-S centers

Il (Cytochrome reductase) cyt.b, cytc, Fe-S center

IV (Cytochrome oxidase) cyt.a, cyt.as ,copper (Cu**/Cu?)

Table 2. Components of electron transport chain
Complexes I, Ill and IC are proton pumps (trans-member and proteins) linked by CoQ and Cyt.c

(mobile electron carriers)
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Inter-membrane Inner Matrix

Space mitochondrial

Complex |

GPDH Complex I

CoQ

b'Cl
Complex Il

a-as
Complex IV

ATP synthase complex

F, — catalytic subunit

T -
Fo —H+- channel subunit

Fig 3.5. Arrangement of complex in electron transport chain
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Inter-membrane Inner hatrix

Space mitochondrial
membran
| H+
)
GFPDH Complex ||
Coll
I H+
e

- H+

ATP
/_\/ . H+
U\ ADP+ P

Fig 3.6. ATP synthesis coupled to electron transport
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Energy of oxidation lost as heat

Types of Uncouplers:

1. Chemical uncouplers — example 2, 4-dinitrophenol (2, 4-DNP) 2, 4, - DNP accepts proton and
carries it into matrix through IMM (membrane permeable)

2. Physiological uncoupler — thermogenin (protein)

H* -channel in the IMM

Abundant in mitochondria of brown adipose tissue (low level of ATP synthase activity)

Responsible for diet induced thermo-genesis

Brown adipose tissue is absent or reduced in obese individuals

Present in newborns and cold adapted individuals

Thermogenin is opened by fatty acids liberated upon degradation of stored fat by activated

hormone sensitive lipase by norepinephrine released in response to drop in body temperature

due to cold environment.

Opening of thermogenin allows reentry of translated protons through IMM (no proton gradient

formed

No ATP synthesis

Energy of oxidation lost as heat

biological importance - maintain body temperature in newborns

- cold adaptation

f- Respiratory Poisons

Inhibit electron flow through respiratory chain
Inhibit proton translocation

Inhibit proton gradient formation

Inhibit O, consumption

Inhibit ATP synthesis

Reducing equivalents remain reduced

Other aerobic oxidation’s inhibited

(Kreb’s cycle, pyruvate oxidation, fatty acid oxidation)
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Inhibitor Complex inhibited

Rotenone I

Amytal Il

Antimycin A i

Cyanide (CN) v
Carbon monoxide (CO) , (Azide (Ns
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UNIT FOUR
LIPIDS

Lipids comprise very heterogeneous group of compounds which are insoluble in water but
soluble in non-polar organic solvents such us benzene, chloroform, and ether. They are present

in all living organisms. The group includes fats, oils, waxes and related compounds.
General Functions of Lipids

i.  They are efficient energy sources.

ii. Serve as thermal insulators.
iii.  They are structural components of the cell membrane.
iv.  Serve as precursors for hormones (steroid hormones).

v.  They also dissolve the vitamins, which are fat-soluble and assist their digestion.
Classification: - There are two ways of classification i.e.,

U Classification as storage and structural lipids and some other functional lipids.

U Classification based on lipid composition.

I. Simple lipids:- esters of fatty acids with different alcohols.
Fats and oils:- These are esters of fatty acids with glycerol.
Waxes:- Esters of fatty acids with high molecular weight monohydric alcohols

II.  Complex lipids:- Esters of fatty acids and alcohols together with some other head
groups.
A. Phospholipids:- Esters of the above type containing phosphoric acid residue.
a) Glycerophospholipids:- The alcohol is glycerol
b) Sphingophospholipids:- The alcohol is shingosine.

B. Glycolipids:- Lipids containing fatty acid, sphingosine and carbohydrate residues.

Others:- Include sulfolipids, amino lipids and lipoproteins, which are modified forms of

lipids.
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lll. Derived lipids: include the hydrolytic products of the simple and complex lipids. Eg. Fatty

acids, cholesterol etc.

The simplest naturally occurring lipids are triacylglycerols formed by esterification of fatty acids

with glycerol. Biological membranes are made up of phospholipids, glycolipids and proteoglycans.
FATTY ACIDS

Fatty acids are building block of most lipids, made of long chain organic acids having one polar
carboxyl group (head) and a non-polar hydrocarbon chain (tail). The latter makes them water
insoluble. They are not found free in nature but found as esterified forms. Most naturally occurring
fatty acids have got even number of carbons. They may be saturated or unsaturated, with one or
more double bonds. Mostly the double bond occurs at the 9" carbon as we count from the

carboxyl group end.

There are two systems of numbering the carbon atoms in a fatty acid

n 3 2 1
CH3(CH ,),CH = CH CH, CH, CH, COOH
() B a

1. Numbering starts from carboxyl carbon. The last carbon is the "n" carbon

2. The second carbon is the "a"and the third the "B" Carbon. The last carbon atom is omega.
Eg:- CHj3(CH,); CH,CH, (CH,); COOH stearic acid (saturated fatty acid)
Eg:- CH3(CH,); CH=CH (CH,); COOH oleic acid (Unsaturated fatty acid)

Fatty acids can be represented as shown below where the delta indicates the position of the
double bond and the next number shows the number of carbon atoms and the last number
indicates the number of double bonds. In a different way the position of the double bond(s) can

be indicated as shown in the second expression without the delta.

C18:1,A° or  18:1(9)

C18 indicates 18 carbons, 1 indicates the number of double bonds, delta 9(A°) indicates the
position of double bond between 9" and 10" carbon atoms.
- Double bonds in naturally occuring fatty acids are in the cis- configuration and saturated fatty

acids of C12to Cy4
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PUFA (Polyunsaturated fatty acids): They have two or more double bonds .they are called as
essential fatty acids because they are required in the body and cannot be synthesized. So they

need to be include in the diet.

18 Linoleic acid 18:2;9 (12)
18 Linolenic acid 18:2;9 (12, 15)

These two are called essential fatty acids.
20 Arachidonic acid 20: 4; (5, 8, 11, 14)

Arachidonic acid is semi essential fatty acid because it can be synthesized from the above two

essential fatty acids.

Functions:

1. The fluidity of membrane depends on length and degree of unsaturated fatty acids.
Membrane PL contains essential fatty acids. In case of deficiency of EFA, other fatty acids
replace them in the membrane; as a result membrane gets modified structurally and
functionally.

2. They are required for the synthesis of PL, cholesterol ester and lipoproteins

3. Poly unsaturated fatty acids are released from membranes, diverted for the synthesis of

prostaglandins, leukotriens and thromboxanes.

4. They act as fat mobilizing agents in liver and protect liver from accumulating fats (fatty liver).

TRIACYLGLYCEROLS

These are esters of fatty acids with the alcohol glycerol, which are storage forms of lipids (depot
lipids). Triacylglycerols or also called as triacylglycerides, exist as simple or mixed types
depending on the type of fatty acids that form esters with the glycerol. Both saturated and/or
unsaturated fatty acids can form the ester linkage with the backbone alcohol. Eg. Tripalmitate,

Triolein.

0
|-|2t|::—t:1r—'t'::R1

R;¢—0—CH
O H,C—O0—CR;

Fig 4.1. Structure of Triacylglycerol.R;, R2 and Rj; are fatty acids.
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Tristearin is a chief component of beaf lipid
Butter has short chain fatty acids.
Unsaturated fatty acids are sensitive to air and oxidized to give rancid smell.

Triacylglycerols are mainly found in special cells called adipocytes (fat cells), of the

mamary gland, abdomen and under skin of animals.

They produce twice as much energy as that of carbohydrates per gram

STRUCTURE OF LIPIDS

I
'ﬂ CHp-0—C—r
~C— OHC 0-
CH—0—P—0-
o!

phosphatidic acid (phosphatidate)

R; and R; are fatty acids
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\/\/WW\/\ Saturated fatty acid
{e.g., palmitic acid)
Trnsaturated fatty acid
. {eg., oleic acidlk

CGlycerophospholipid
{gerneral structured 1

FPhoaphatiditc_ascid

STl e R

Fig 4.2. Structure of phosphatidate

Phosphatidate is the parent compound for the formation of the different glycerophospholipids. To

the phosphate group different head alcohol may be attached. If choline is attached it is called

phosphatidyl choline (lecithin), if ethanolamine is attached it is called phosphatidyl ethanolamine.

The second largest membrane lipids are sphingolipids, which contain two non-polar and one

polar head groups. Their alcohol is the amino alcohol sphingosine.

Sphingolipids have subclasses viz., sphingomyelins, cerebrosides and gangliosides. Out of these

only sphingomyelin contains phosphorus.

CH;3(CHy) 1, CH=CH-CH - ?H - C|:H20H Sphingosine
OH NH;
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Sphingomyelins contain as head group phosphocholine or hosphoethanolamine. Below is an

example of a sphingomyelin.

CH3(CH3)12 CH=CH —CH - CH-CH,-0O-PO3-CH,CH,;N(CHj3)3
sphingosine OH
CH3(CH>)16CO-NH phosphocholine
Fatty acid

Gangliosides
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HsC._ .C
“CH™ ™M
CHy I 2 cw
H,C—CH
CH, Hs

HO

Fig 4.3. Structure of Cholesterol.

Cholesterol is important in many ways:

= For the synthesis of bile salts that are important in lipid digestion and absorption.
e For the synthesis of steroid hormones that are biologically important like the sex hormones

estrogen and progesterone.

For the synthesis of vitamin Ds
e As a structural material in biological membranes.

e As a component of lipoproteins as transport forms of lipid based energy.

Digestion and Absorption of Lipids
Diet contains triglycerides, cholesterol and its ester, phospholipids, fattyacids etc.Mouth and
gastric juice has got lipase. It can hydrolyse fats without emulsification with bile salts.Milk fat and

butter fat is digested by the enzyme.

Major part of fats are digested by pancreatic lipase. It acts on emulsified lipids only. The products
are monoglyceride and 2 fatty acids. Monoglyceride is further hydrolyzed by another lipase. Thus

3 fatty acids and one glycerol molecule is produced from the digestion of dietary triglyceride.

_H _

1

_Hz + Lipase — ——= | + H'1 ) H:2I H:S

Threese Fatty acids

F

I

T= il e ol

Fig 4.4. Action of lipase on TAG
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The bile salts are reabsorbed and reach by enterohepatic circulation to the liver to be used over
again. Their absorption is maximum in the ileum and jejunum. The free fatty acids and
monoayclglycerols are absorbed through the epithelial cells lining the small intestine and pass to
the lymphatic system where they join the systemic blood via the thoracic duct. The intestinal
mucosa secretes into the lymph, the absorbed lipids as chylomicrons and VIDL. The former have
short life in blood (<Ihr) and make plasma milky after rich meal. The free fatty acids in blood

(long chain) are bound to albumin and transported by blood to the liver.

Metabolism of Fatty Acids and Triacylglycerols
The triacylglycerols play an important role in furnishing energy in animals. They have the highest
energy content over 9kcal/mole. They provide more than half the energy need of some organs

like the brain, liver, heart and resting skeletal muscle.

Mobilization of Fatty Acids from Adipocytes

When the energy supply from diet is limited, the body responds to this deficiency through
hormonal signals transmitted to the adipose tissue by release of glucagon, epinephrine, or

adrenocorticotropic hormone.

The hormones bind to the plasma membranes of adipocyte cells and stimulate synthesis of
cyclicAMP (cAMP). The cAMP activates a protein kinase that phosphorylates and in turn
activates hormone-sensitive triacylglycerol lipases (see the mechanism action of Hormones).
These lipases hydrolyze the triacylglycerols at position 1 or 3 to produce diacylglycerols (DAG)
and fatty acid, which is the rate limiting step in the hydrolysis. The diacylglycerol lipases
hydrolyze the DAG to monoacylglycerols (MAG) and a fatty acid. Finally MAG lipases hydrolyze
MAG to fatty acid and glycerol.

The free fatty acids (FFA) produced by lipolysis move through the plasma membranes of the
adipose cells and endothelial cells of blood capillaries by simple diffusion and bind to albumin in

the blood plasma, which are transported to peripheral tissues. The glycerol produced is taken up

by liver, phosphorylated and oxidized to dihydroxyacetone phosphate, which is isomerised to
glyceraldehydes-3-phosphate, an intermediate of both glycolysis and gluconeogenesis.

Therefore, the glycerol is either converted to glucose (gluconeogenesis) or to pyruvate

(glycolysis).
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D. Transport of Fatty Acids to the Mitochondria

The fatty acids transported to the different tissue cells must first be activated or primed by
reaction with CoenzymeA at the expense of ATP. The reaction is catalyzed by AcylCoA
synthetase or also called thiokinase, found in the cytosol and mitochondria of cells. The
pyrophosphate generated from ATP favors more Acyl CoA formation by further hydrolysis. In
order to undergo B-oxidation, the fatty acids must enter the mitochondria. But they cannot easily

cross it as such by passive diffusion.

There are two fatty acid sources viz., those coming from absorption of FFA and those from
hydrolysis of triacylglycerols from adipose tissue. The transport of acyl derivatives across the
mitochondrial membrane needs three acyltransferases (shuttles).
1. Specific for short chain acyl groups, does not require carnitine
2. Specific for the long chain acyl groups. The shuttles for long chain acyl groups are
carnitine acyltransferase | and Il. Therefore, long chain acyl groups cross the mitochondrial

membrane in combination with carnitine.

Acyl-CoA + Carnitine » Acyl carnitine + CoASH
Enzyme

Fig 4.6. Carnitine transport system.
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The carnitine pools are in the cytosol and mitochondria, abundant in muscle and it is synthesized
from the amino acids lysine and methionine in the liver and kidney. The other name of carnitine is
B-hydroxy-y- trimethyl ammonium butyrate. Carnitine acyl transferase I, found in the surface of
the outer mitochondrial membrane, catalyzes the acyl transferase reaction from acylCoA to the
carnitine. It passes through the outer membrane to the inner membrane of mitochondrion. In the

final stage of the transport, the fatty acyl group is released from the carnitine to the
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Fig 4.7: B-oxidation of fatty acid

The FADH, and NADH +H" join the electron transport chain as high energy electron carriers. The
latter donates its reducing equivalents (hydrogens) to NADH dehydrogenase=io=produee=3AkP

per pair of electrons and the former produces only 2ATPS.
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Complete oxidation of fatty acid can be divided in to two stages.

A. Formation of acetyl CoA.

B. Oxidation of acetyl CoA to CO2, water via TCA cycle.

Stochiometry of the reaction:

Palmitoyl CoA + 7FAD + 7 NAD +7CoA = 8 Acetyl CoA+7FADH, +7 NADHH.
Energetics of palmitate oxidation:

Reduced equivalents enter ETC and produce energy rich phosphate bonds. Acetyl CoA release

energy through TCA cycle.
7 FADH, -~ 7x2 = 14 ATPs
7NADHH -~ 7x3 = 21ATPs
8 Acetyl COA - 8x12= 96 ATPs

Total ATP produced from one molecule of palmitic acid is 131. Two ATPs (Two energy rich

bonds) are utilized, during activation of fatty acid. Therefore total gain of ATPs is 129.

Oxidation of Unsaturated Fatty Acids

The oxidation of unsaturated fatty acids requires two additional enzymes called isomerase and
reductase. Most naturally occurring unsaturated fatty acids are in cis- configuration, which are not
suitable for the action of enoyl-CoA hydratases and hence they must be changed to their trans
isomer by an isomerase. The rest of the enzymes are needed for the oxidation in addition to

these two for the oxidation are the same.

Oxidation of Fatty Acids with Odd Number of Carbons

Ruminant animals can oxidize them by B- oxidation producing acetylCoAs until a three carbon

propionylCoA residue is left. The acetylCoAs produced are funneled to the Krebs cycle but the

propionylCoA produced is converted to succinylCoA by three enzymatic steps. SuccinoyCoA is

an intermediate in the Kreb’s cycle and it can be metabolized.
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The fates of acetyl-CoA formed by b-oxidation of fatty acids are:
1. Oxidation to CO
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The HMGCoA formed in the hepatocytes mitochondria by the action of the enzyme HMGCoA

lyase is changed to acetoacetate.

The acetoacetate, when its concentration is very high in blood is spontaneously decarboxylated

to acetone.

Acteoacetate can be converted to B-hydroxy butyrate by a dehydrogenase enzyme. It is a

reversible reaction. See the figure

The odor of acetone may be detected in the breath of a person who has a high level of
acetoacetate, like diabetic patients. During starvation and severe diabetes mellitus peripheral
tissues fully depend on ketone bodies. Even tissues like the heart and brain depend mainly on

ketone bodies during such conditions to meet their energy demand.
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Fig 4.8. Synthesis of ketone bodies.
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In Diabetes, there is lack of insulin, which brings about lipolysis and decreased utilization of

glucose.

Lipoysis increases free fatty acids in blood, which are oxidized to meet energy requirements. This

causes increased production of acetyl CoA, NADH, ATP which in turn inhibits TCA cycle.

Acetyl CoA requires oxalo acetate to enter TCA cycle .Since oxaloacetate is not forming from

glucose, acetyl CoA can't enter the cycle. It is diverted to ketone bodies synthesis.

Similarly in starvation, due to hypoglycemia, there is less insulin, lipolysis increases and
ketogenesis increases .Oxaloacetate is also diverted to gluconeogenesis, which further depletes

TCA cycle .So acetyl CoA can only be converted to ketone bodies.

The Biosynthesis of Fatty Acids
Apart from diet fatty acids can be synthesized in the body.

Denovo synthesis of fatty acids take place in cytosol of liver, lactating mammary gland, adipose
tissue and renal cortex.
Main site for TG, fatty acid synthesis is adipose tissue.

*  Acetyl CoA is converted to Malonyl CoA by acetyl CoA carboxylase.

*  Malonyl CoA and acetyl CoA are attached to acyl carrier protein (ACP).

*  Malonyl ACP acetyl ACP get condensed to ketoacyl ACP, by condensing enzyme.

*  Ketoacyl ACP gets reduced to hydroxyl acyl ACPby a reductase. It requires NADPHH.

* |t loses one molecule of water, forms 2-enoyl acyl ACP. Enzyme is dehydratase.

* |t undergoes reduction and forms Butyryl ACP.NADPHH and reductase are needed for the

reaction.

The formation of malonyl CoA is the committed step in fatty acid synthesis

For the synthesis, all the enzymes are required in the form of fatty acid Synthase complex.
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e HMG CoA is reduced to Mevalonate by a reductase.

e Mevalonate undergoes three times Phosphorylation, in the presence of 3 ATPs and various
kinases.The product is 3- phosphor-5 pyrophospho mevalonate.

« Dephosphorylation, decarboxylation converts it to Isopentenyl pyrophosphate.

e Itisisomerised to dimethyl allyl pyrophosphate by isomeras.

< Isopentenyl pyrophosphate and dimethyl allyl pyrophosphate form Geranyl PP(10C).

e Geranyl PP and one more molecule of Isopentenyl PP —. Farnesy