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1
Lecture 1

STRUCTURE AND FUNCTIONS OF PROTEINS

Proteins (Greek: ″proteios″ – pre-eminent or first) are complex high 
molecular weight nitrogen-rich organic substances found in the cells of the 
living beings. 

1. Amino acids

Proteins are the polymers of amino acids. A typical amino acid has a 
primary amino group, a carboxyl group, a hydrogen atom and a side-chain 
(R group) attached to a central α-carbon atom (Cα). Proline is the exception 
to the rule in that it has a secondary amino group.

CH

R

COOHNH2

All proteins are constructed from the 20 standard amino acids 
(proteinogenic amino acids) (Fig.1). All of the 20 standard amino acids, 
except for glycine, have four different groups arranged tetrahedrally around 
the Cα atom and thus can exist in either the D- or L-configuration. These 
two enantiomers are nonsuperimposable mirror images that can only be 
distinguished on the basis of their different rotation of plane-polarized 
light. Only the L-isomer is found in proteins. 

The standard set of 20 amino acids have different side chains or R-
groups and display different physicochemical properties (polarity, acidity, 
basicity, aromaticity, bulkiness, conformational inflexibility, ability to form 
hydrogen bonds, ability to cross-link and chemical reactivity). 

Classification of the 20 standard amino acids based on the polarity 
of R-groups
1. Non-polar or hydrophobic amino acids (Ala, Val, Leu, Ile, Met, Phe, 

Trp, Pro).
2. Polar or hydrophilic uncharged amino acids (Gly, Ser, Tyr, Gln, Asn,

Cys, Thr).
3. Acidic, negatively charged amino acids (Asp, Glu).
4. Basic, positively charged amino acids (Lys, His, Arg).
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Fig. 1. The structure of the twenty amino acids found in proteins.

Besides the 20 standard amino acids present in the protein structure, 
there are some additional amino acids which are never found as 
constituents of proteins but which are biologically important (non-
proteinogenic amino acids). 

Among the important non-proteinogenic amino acids, which play 
metabolic roles, are L-ornithine, L-citrulline, β-alanine, creatine and 
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γ-aminobutyrate. L-ornithine and L-citrulline occur in free state in the 
animal tissues and are metabolic intermediates in the urea cycle. β-alanine, 
an isomer of alanine, occurs free in nature and also as a constituent of an 
vitamin pantothenic acid, coenzymeA, carnosine and anserine. The 
quaternary amine creatine, a derivative of glycine, plays an important role 
in the energy storage process in vertebrates where it is phosphorylated and 
converted to creatine phosphate. Lastly, γ-aminobutyrate (GABA) is found 
in free form in the brain.

2. Acids, bases, pH, buffers and ionization of amino acids

The measure of the proton concentration in the solution is called pH. 
An acid is a proton donor; a base is a proton acceptor. Ionization of an acid 
yields its conjugate base, and the two are termed a conjugate acid-base pair, 
for example, acetic acid (CH3COOH) and acetate (CH3COO-). The pK of 
an acid is the pH at which it is half dissociated. 

An acid-base conjugate pair can act as a buffer, resisting changes in pH. 
From a titration curve of an acid the inflexion point indicates the pK value. 
The buffering capacity of the acid-base pair is the pK±1pH unit. In 
biological fluids the phosphate and carbonate ions act as buffers. Amino 
acids, proteins, nucleic acids and lipids also have some buffering capacity. 
In the laboratory other compounds, such as TRIS, are used to buffer 
solutions at the appropriate pH.

The α-amino and α-carboxyl groups on amino acids act as acid-base 
groups, donating or accepting a proton as the pH is altered. At low pH, both 
groups are fully protonated, but as the pH is increased first the carboxyl 
group and then the amino group loses a hydrogen ion. 

For the standard 20 amino acids, the pK is in the range 1.8-2.9 for the 
α-carboxyl group and 8.8-10.8 for the α-amino group. Those amino acids 
with an ionizable side-chain (Asp, Glu, Arg, Lys, His, Cys, Tyr) have an 
additional acid-base group with a distinctive pK. 

The amino acids rarely exist in a neutral form with free carboxylic 
(-COOH) and free amino (-NH2) groups. In strongly acidic pH (low pH), 
the amino acid is positively charged (cation) while in strongly alkaline pH 
(high pH), it is negatively charged (anion). 

Each amino acid has a characteristic pH at which it carries both positive 
and negative charges and exists as dipolar ion. Isoelectric point (symbol 
pI) is the pH at which the number of positive charges equals the number of 
negative charges such that the molecule has no net charge. Thus, the 
molecule is electrically neutral.
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3. Proteins

When two amino acids are joined together via a peptide bond they form 
a dipeptide. Long, unbranched chains of amino acids can be linked 
together by peptide bonds to form peptide (up to 10 amino acid residues), 
oligopeptides (from 10 to 20 amino acid residues) and polypeptides (from 
20 to 50 amino acid residues). 

Proteins are large macromolecules (polymers), consisting of one or 
more long chains of amino acid residues (greater than 50 amino acid 
residues) linked together by covalent peptide bonds.

3.1. Functions of proteins

Proteins perform a great variety of specialized and essential functions 
in the living cells. 

1. Structural functions – certain proteins perform brick and mortar 
roles and are primarily responsible for structure and strength of body 
(collagen, elastin and keratin).

2. Dynamic functions – proteins acting as enzymes, hormones, blood 
clotting factors, immunoglobulins, membrane receptors, storage proteins, 
besides their function in genetic control, muscle contraction, respiration. 

Biological functions of peptides:
1. Hormones (oxytocin, andiuretic hormone, bradykinin, gastrin).
2. Neuropeptides of brain (enkephalin, endorphin).
3. Alkaloids (ergotamine).
4. Antibiotics (gramicidin, actinomycin).
5. Toxins and antitoxins. 
6. Regulatory peptides (releasing factors, carnosine, anserine).

3.2. Classification of proteins

Proteins are classified in several ways.
Classification of proteins based on the functions

1. Enzymes or catalytic proteins (ribonuclease, trypsin, DNA- and RNA-
polymerases).

2. Contractile proteins (actin, myosin).
3. Structural proteins (collagen, silk fibroin, keratin of hair and nails).
4. Storage proteins (casein, albumin).
5. Antibiotics.
6. Toxins (botulinum toxin, diphtherial toxins).
7. Transport proteins (hemoglobin, myoglobin, cytochrome с, membrane 

ATPase, serum albumin).
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8. Regulatory proteins (histones, initiation factors).
9. Receptor proteins (rhodopsin, choline receptor).
10.Hormones (insulin, growth hormone).
11.Genetic proteins (nucleoproteins).
12.Defense proteins (immunoglobulins, complement, interferon).

Classification of proteins based on the chemical nature
1. Simple proteins: proteins composed of only amino acid residues.
2. Complex proteins: proteins containing a non-protein moiety known as 

prosthetic group besides the amino acids (e.g., nucleoproteins, 
glycoproteins, lipoproteins, chromoproteins, metalloproteins).

Classification of proteins based on the shape
1. Globular proteins are spherical or oval in shape, soluble in water or 

other solvents and digestible (e.g., albumins, globulins, insulin, 
enzymes).

2. Fibrous proteins are fiber like in shape, insoluble in water and resistant 
to digestion (e.g., collagen, elastin, keratin, myosin, fibrin).

Classification of proteins based on the solubility
1. Albumins are soluble in water and dilute salt solutions and coagulated 

by heat.
2. Globulins are soluble in neutral and dilute salt solutions. 
3. Histones are strongly basic proteins, soluble in water and dilute acids 

but insoluble in dilute ammonium hydroxide. 
4. Protamines are strongly basic and resemble histones but smaller in size 

and soluble in 70% alcohol and ammonia solution but insoluble in water 
(riched in amino acid arginine).

5. Scleroproteins are insoluble in water and salt solutions (riched in 
glycine, alanine, proline).

3.3. Properties of proteins

1. Solubility. Proteins form colloidal solutions instead of true solutions 
in water. This is due to huge size of protein molecules. 

2. Molecular weight. The proteins vary in their molecular weights, 
which, in turn, is dependent on the number of amino acid residues. Each 
amino acid on an average contributes to a molecular weight of about 110. 
Majority of proteins polypeptides may be composed of 40 to 4.000 amino 
acids with a molecular weight ranging from 4.000 to 440.000. 

A few proteins with their molecular weights are listed below: insulin –
6.000; growth hormone – 21.000; pepsin – 35.000; albumin (serum) –
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65.000; hemoglobin – 68.000; γ-globulin (serum) – 160.000; fibrinogen –
330.000; thyroglobulin – 660.000; pyruvate dehydrogenase – 4.000.000.

3. Isoelectric pH. Isoelectric pH (pI) as a property of amino acids has 
been described. The nature of the amino acids (particularly their ionizable 
groups) determines the pI of a protein. The acidic amino acids (Asp, Glu) 
and basic amino acids (His, Lys, Arg) strongly influence the pI. At 
isoelectric pH, the proteins exist as dipolar ions. They are electrically 
neutral (do not migrate in the electric field) with minimum solubility, 
maximum precipitability and least buffering capacity. 

4. Precipitation of proteins. Proteins exist in colloidal solution due to 
hydration of polar groups (-COO-, -NH3

+, -OH). Proteins can be 
precipitated by dehydration or neutralization of polar groups. 

3.4. Denaturation

Disorganization of native protein structure is known as denaturation. 
Denaturation results in the destruction of bonds maintaining secondary, 
tertiary and quaternary structure of proteins. This involves a change in 
biological, chemical, and physical properties of protein molecules. 

Denaturating agents 
1. Physical agents – UV radiation, heat, violent shaking, X-rays. 
2. Chemical agents – strong acids or bases, organic solvents 

(chloroform, alcohol), salts of heavy metals (Pb, Hg), urea. 
Characteristics of denaturation 
1. The native three-dimensional structure of protein is lost.  
2. The primary structure of a protein with peptide linkages remains 

intact i.e., peptide bonds are not cleaved in denaturation. 
3. The protein loses its biological activity. 
4. Denatured protein becomes insoluble in the solvent in which it was 

originally soluble. 
5 The viscosity of denatured protein (solution) increases while its 

surface tension decreases. 
6. Denaturation is associated with increase in ionizable and sulfhydryl 

groups of protein. This is due to disruption of hydrogen and disulfide 
bonds. 

7. Denatured proteins are more accessible as substrates for digestion. 
This is due to increased exposure of peptide bonds to enzymes. Cooking 
causes protein denaturation and, therefore, cooked dietary protein is more 
easily digested.

8. Denaturation is usually irreversible. But careful denaturation is 
sometimes reversible (known as renaturation). For example, hemoglobin 
undergoes denaturation in the presence of urea. By removal of urea, 
hemoglobin is renatured. 
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4. Protein structure

4.1. Peptide bond

The peptide bond is a covalent bond between the α-carboxyl group
(COOH) of one amino acid and the α-amino group (NH2) of another. 

The peptide bond is rigid and planar. It exhibits partial double bond 
character between the carbon and nitrogen due to the closeness of the 
carbonyl carbon-oxygen double bond allowing the resonance structures to 
exist (Fig.2) and is nearly always in the trans-configuration.

Fig. 2. Resonance structures of the peptide bond.

Both -C=O and -NH groups of peptide bonds are polar and are involved 
in hydrogen bond formation (in secondary structure).

The peptide bond is about 0.133 nm long – shorter than a typical single 
bond but longer than a double bond.

The backbone conformation of a polypeptide is specified by the rotation 
angles about the Cα-N bond (phi, φ) and Cα-C bond (psi, ψ) of each of its 
amino acid residues. The sterically allowed values of φ and ψ are visualized 
in a Ramachandran plot. 

These bonds are rather strong and can be broken by enzymatic, acidic, 
and basic hydrolysis only.

4.2. Primary structure

The primary structure of a protein refers to the linear sequence of 
amino acids in the polypeptide chain linked together by peptide bonds.

Also included under primary structure is the location of any other 
covalent bonds. These are primarily disulfide bonds between cysteine 
residues that are adjacent in space but not in the linear amino acid 
sequence. These covalent cross-links between separate polypeptide chains 
or between different parts of the same chain are formed by the oxidation of 
the SH-groups on cysteine residues that are juxtaposed in space. The 
resulting disulfide is called a cystine residue. Disulfide bonds are often 
present in extracellular proteins, but are rarely found in intracellular 
proteins. Some proteins, such as collagen, have covalent cross-links formed 
between the side-chains of lysine residues.
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The amino acid composition in the primary structure determines 
physical and chemical properties of a protein and is largely responsible for 
its function. The sequence of amino acids in the protein is determined by 
the sequence of nucleotides in the gene (DNA) encoding it. 

A vast majority of genetic diseases are due to abnormalities in the 
amino acid sequences in the primary structure of protein. For example, the 
structure of adult hemoglobin (HbA) contains two α- and two β-globin 
chains. In case of sickle-cell anemia, the hemoglobin (HbS) has two 
normal α-globin chains and two abnormal (mutant) β-globin chains. This is 
due to a difference in a single amino acid. In HbS, polar glutamate at sixth 
position of β-chain is replaced by non-polar valine. This results in a sticky 
patch on the outer surface of β-chains and causes a marked decrease in the 
solubility of HbS. Erythrocytes that contains large complexes of HbS 
molecules can assume a sickle shape. These cells undergo hemolysis, and 
an anemia results. Sickle-cell anemia provides resistance to malaria in 
tropical areas of the world (particularly in Africa).

Many proteins exist as polymorphisms (genetically determined 
variations in primary structure due to mutations in the genetic code). 
Within the same individual, the primary structure of these proteins varies 
with the stage of development and is present in fetal and adult isoforms, 
such as fetal and adult hemoglobin. The primary structure of some proteins, 
such as creatine kinase, can also vary between tissues (tissue-specific 
isoenzymes) or between intracellular locations in the same tissue. 

4.3. Secondary structure

Secondary structure of a protein refers to the regular folding of regions 
of the polypeptide chain. The two most common types of secondary 
structure are the α-helix (Fig.3a) and the β-pleated sheet (Fig.3b). These 
types of secondary structures are held together by hydrogen bonds.

(a)                                              (b)

Fig. 3. Types of secondary structure. (a) α-helix; (b) β-pleated sheet.
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The α-helix is a cylindrical, rod-like helical arrangement of the amino 
acids in the polypeptide chain, which is maintained by hydrogen bonds 
parallel to the helix axis (Fig.3a). The carbonyl oxygen of each peptide 
bond is hydrogen bonded to the hydrogen on the amino group of the fourth 
amino acid away. The hydrogen bonds are individually weak but 
collectively, they are strong enough to stabilize the helix. All the peptide 
bonds except the first and last in a polypeptide chain participate in 
hydrogen bonding. α-Helix is a stable conformation formed spontaneously 
with the lowest energy.

In the α-helix the amino acids arrange themselves in a regular 
conformation. There are 3.6 amino acids per turn of the helix covering a 
distance of 0.54 nm, and each amino acid residue represents an advance of 
0.15 nm along the axis of the helix. The side-chains of the amino acids are 
all positioned along the outside of the cylindrical helix.

Certain amino acids are more often found in α-helices than others. In 
particular, Pro is rarely found in α-helical regions, as it cannot form the 
correct pattern of hydrogen bonds due to the lack of a hydrogen atom on its 
nitrogen atom. For this reason, Pro is direction of the polypeptide chain and 
terminates the helix. Large number of acidic (Asp, Glu) or basic (Lys, Arg, 
His) amino acids also interfere with α-helix structure.

The β-pleated sheet is the second type of secondary structure (hence 
″β″ after ″α″) was discovered. β-Pleated sheets (or simply β-sheets) are 
composed of two or more segments of fully extended peptide chains. In the 
β-pleated sheet hydrogen bonds form between the peptide bonds either in 
different polypeptide chain perpendicularly to the axis (Fig.3b). The 
planarity of the peptide bond forces the polypeptide to be pleated with the 
side-chains of the amino acids protruding above and below the sheet. 

Neighbouring polypeptide chains in β-pleated sheets can be either 
parallel or antiparallel depending on whether they run in the same direction 
(i.e., from N- to C-terminus) or in opposite directions, respectively. 

The polypeptide chain within a β-pleated sheet is fully extended, such 
that there is a distance of 0.35 nm from on α-C atom to the next. β-Pleated 
sheets are always slightly curved and, if several polypeptides are involved, 
the sheet can close up to from a β-barrel. Multiple β-pleated sheets provide 
strength and rigidity in many structural proteins, such as silk fibroin, which 
consists almost entirely of stacks of antiparallel β-pleated sheets.

In order to fold tightly into the compact shape of a globular protein, the 
polypeptide chain often reverses direction, making a hairpin or β-turn. In 
these β-turns the carbonyl oxygen of one amino acid is hydrogen bonded to 
the hydrogen on the amino group of the fourth amino acid along. 

β-Turns are often found connecting the ends of antiparallel β-pleated 
sheets. Region of the polypeptide chain that are not in a regular secondary 
structure are said to have a coil or loop conformation. About half the 
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polypeptide chain of a typical globular protein will be in such a 
conformation.

4.4. Tertiary structure

Tertiary structure of a protein is the three-dimensional shape of a 
polypeptide chain. This level of a protein structure refers to the spatial 
arrangement of all the amino acids in the polypeptide chain that are far 
apart in the linear sequence as well as those residues that are adjacent. It is 
the sequence of amino acids that specifies this final three-dimensional 
conformation of a protein. The tertiary structure has polypeptide chain with 
one or more secondary structures. For example, the single polypeptide 
chain of myoglobin (Fig.5) has eight α-helices. 

In the tertiary structure proteins are in the native state and are 
functionally active i.e., they are capable of performing functions. 

The three-dimensional form of tertiary structure is maintained by a 
range of multiple noncovalent interactions (electrostatic or ionic and 
hydrophobic forces, hydrogen bonds) and covalent interactions (disulfide 
bonds), in addition to the peptide bonds between individual amino acids. 
These interactions are formed between the side-chains of amino acid
residues (Fig.4).

Fig. 4. Types of multiple interactions maintaining the tertiary structure.

In water-soluble globular proteins such as myoglobin, the main driving 
force behind the folding of the polypeptide chain is the energetic 
requirement to bury the nonpolar amino acids in the hydrophobic interior 
away from the surrounding aqueous, hydrophilic medium. The polypeptide 
chain folds spontaneously so that the majority of its hydrophobic side-
chains are buried in the interior, and the majority of its polar, charged side-
chains are on the surface. 

(https://challieze.wordpress.com)

https://challieze.wordpress.com
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In fibrous proteins such as collagen, much or most of the polypeptide 
chain is organized approximately parallel to a single axis. Fibrous proteins 
are often mechanically strong, insoluble and usually play a structural role 
in nature.

4.5. Quaternary structure

Quaternary structure is the protein structure that is formed by the 
joining together of two or more polypeptide chains in a multi-subunit 
complex.

Such proteins e.g., hemoglobin (Fig.6) are termed as oligomers or 
multimers. The individual polypeptide chains are known as protomers or 
subunits. A dimer consists of two subunits while a tetramer has four. 

Quaternary structure refers to the spatial arrangement of the protein 
subunits with respect to one another. These subunits are held together to 
form the larger protein by bonds that exist between the side groups of 
different chains. As with tertiary structure, the linkages involved in holding 
these separate chains together can be hydrophobic interactions, hydrogen 
bonds, electrostatic forces, or at times covalent links.

Oligomeric proteins play a significant role in the regulation of 
metabolism and cellular function. 

Structural and functional advantages driving quaternary structure
1. Stability: reduction of surface to volume ratio. 
2. Genetic economy and efficiency. 
3. Bringing catalytic sites together. 
4. Cooperativity.

4.6. Hemoglobin and myoglobin

Hemoglobin and myoglobin are the two oxygen-binding proteins 
present in large multicellular organisms. Hemoglobin transports oxygen in 
the blood and is located in the red blood cells; myoglobin stores the oxygen 
in the muscles.

Myoglobin was the first protein to have its three-dimensional 
structure (Fig.5), solved by X-ray crystallography. It is a globular protein 
made up of a single polypeptide chain of 153 amino acid residues. The 
heme is located within a hydrophobic cleft of the folded polypeptide chain.

Hemoglobin has quaternary structure as it is made up of four 
polypeptide chains  two α-chains and two β-chains (α2β2), each with a 
heme (Fig.6). Despite little similarity in their primary sequences, the 
individual polypeptides of hemoglobin have a three-dimensional structure 
almost identical to the polypeptide chain of myoglobin.
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The heme prosthetic group consists of a protoporphyrin IX ring and a 
central Fe2+ atom, which forms four bonds with the porphyrin ring. In 
addition, on one side of the porphyrin ring the Fe2+ forms a fifth bond with 
the proximal histidine (His F8; residue eight amino acids along the F-helix 
of hemoglobin). The sixth bond from the Fe2+ is to a molecule of O2. Close 
to where the O2 binds is another histidine residue, the distal histidine (His 
E7), which prevents CO binding most efficiently.

Fig. 5. Myoglobin.    Fig. 6. Hemoglobin.

The quaternary structure of hemoglobin confers striking additional 
properties, absent from monomeric myoglobin, which adapts it to its 
unique biologic roles. Hemoglobin is an allosteric protein. The binding of 
O2 is cooperative; the binding of O2 to one subunit increases the ease of 
binding of further O2 molecules to the other subunits. Termed cooperative 
binding, this phenomenon permits hemoglobin to maximize both the 
quantity of O2 loaded at the pO2 of the lungs and the quantity of O2

released at the pO2 of the peripheral tissues.
The oxygen dissociation curve for hemoglobin is sigmoidal whereas that 

for myoglobin is hyperbolic (Fig.7).

(Rodwell V.W. Harper’s illustrated Biochemistry, 30 ed., McGraw-Hill, 2015)

Fig. 7. Oxygen dissociation curves of myoglobin and hemoglobin in whole blood.

heme 
group
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Arterial oxygen tension is about 100 mm Hg; mixed venous oxygen 
tension is about 40 mm Hg; capillary (active muscle) oxygen tension is 
about 20 mm Hg; and the minimum oxygen tension required for 
cytochrome oxidase is about 5 mm Hg. Association of chains into a 
tetrameric structure (hemoglobin) results in much greater oxygen delivery 
than would be possible with single chains of myoglobin. But myoglobin 
has a greater affinity for O2 than does hemoglobin. Myoglobin loads O2

readily at the pO2 of the lung capillary bed (100 mm Hg). However, since 
myoglobin releases only a small fraction of its bound O2 at the pO2 values 
typically encountered in active muscle (20 mm Hg) or other tissues (40 mm 
Hg), it represents an ineffective vehicle for delivery of O2. When strenuous 
exercise lowers the pO2 of muscle tissue to about 5 mm Hg, myoglobin 
releases O2 for mitochondrial synthesis of ATP, permitting continued 
muscular activity. Thus, myoglobin unsuitable as an O2 transport protein 
but well suited for O2 storage. 

4.7. Protein folding

Proteins spontaneously fold into their native conformation, with the 
primary structure of the protein dictating its three-dimensional structure. 
Protein folding is driven primarily by hydrophobic forces and proceeds 
through an ordered set of pathways. Accessory proteins, including protein
disulfide isomerases, peptidylprolyl cis-trans isomerases, isomerases, and 
molecular chaperones, assist proteins to fold correctly in the cell.

Chaperones and chaperonins

The three dimensional conformation of proteins is important for their 
biological functions. Some of the proteins can spontaneously fold into 
correct functionally active (native) conformation. In the unfolded state, the 
apolar regions of the peptide chain tend to aggregate with other proteins or 
with each other to form insoluble products. In addition, unfolded proteins 
are susceptible to proteinases. 

However, a vast majority of proteins can attain correct conformation, 
only through the assistance of certain proteins referred to as chaperones
(Fig.8). Chaperones are formed increasingly during temperature stress and 
are therefore known as heat-shock proteins (hsp60 and hsp70).

They facilitate and favour the interactions on the polypeptide surfaces 
to finally give the specific conformation of a protein. Chaperones can 
reversibly bind to hydrophobic regions of unfolded proteins and folding 
intermediates. They can stabilize intermediates, prevent formation of 
incorrect intermediates, and also prevent undesirable interactions with other 
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proteins (aggregation). All these activities of chaperones help the protein to 
attain compact and biologically active conformation.

Chaperones of the hsp70 type are common, as are type hsp60
chaperonins (Fig.8). This is a large oligomeric assembly which forms a 
structure into which the folded proteins are inserted. Chaperonins are 
required at a later part of the protein folding process and often work in 
association with chaperones.

While small proteins can often reach their native conformation without 
any help (1), larger molecules require hsp70 proteins for protection against 
aggregation (2), which bind as monomers and can dissociate again (3). By 
contrast, type hsp60 chaperonins form large, barrel-shaped complexes with 
14 subunits in which proteins can fold independently while shielded from 
their environment (4) (Fig.8).

(Koolman J. Color atlas of biochemistry, 3d ed., Thieme, 2012)

Fig. 8. Chaperones and chaperonins.
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2
Lecture 2

PROTEIN PURIFICATION

1. Principles of protein purification

1. The aim of protein purification is to isolate one particular protein or a 
few proteins from a complex mixture in the starting material. A 
combination of fractionation techniques is used that exploits the solubility, 
size, charge or/and specific binding affinity of protein of interest.

2. Because proteins have different distributions in biological materials, 
it is important to make the right choice of starting material from which to 
purify the particular protein. This will usually be a source that is relatively 
rich in the protein of interest and which is readily available.

3. The protein has to be extracted in solution prior to its purification. 
Thus, tissues and cells must be disrupted by homogenization or osmotic 
lysis and then subjected to differential centrifugation to isolate the 
subcellular fraction in which the protein of interest is present. For 
membrane-bound proteins, the membrane structure has to be solubilized 
with a detergent to liberate the protein.

4. Certain precautions have to be taken in order to prevent proteins 
being denatured or inactivated during purification by physical or biological 
factors. These include buffering the pH of the solutions, undertaking the 
procedures at a low temperature and including protease inhibitors to 
prevent unwanted proteolysis.

5. In order to monitor the progress of the purification of a protein it is 
necessary to have an assay for it. Depending on the protein, the assay may 
involve measuring the enzyme activity or ligand-binding properties, or may 
quantify the protein present using antibodies directed against it.

6. The solubility of most proteins is lowered at high ammonium sulfate 
concentrations. As the salt concentration is increased, a point is reached 
where the protein comes out of solution and precipitates. The concentration 
of ammonium sulfate may be sufficiently different from other proteins in 
the mixture to effect a separation.

7. Proteins can be separated from low molecular weight compounds by 
dialysis through a semipermeable membrane, which has pores that allow 
small molecules to pass through but not proteins.

8. Proteins with large differences in molecular mass can be separated by 
rate zonal centrifugation.
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2. Selection of a protein source

Before attempting to purify a protein, the first thing to consider is the 
source of starting material. Proteins differ in their cellular and tissue 
distribution, and thus if a protein is known to be abundant in one particular 
tissue it makes sense to start the purification from this source. Also, some 
sources are more readily available than others and this should be taken into 
account too. Nowadays, with the use of recombinant DNA techniques, even 
scarce proteins can be expressed in bacteria or eukaryotic cells and 
relatively large amounts of the protein subsequently obtained.

3. Extraction of the protein in solution

Once a suitable protein source has been identified, the next step is to 
obtain the protein in solution. 

For proteins in biological fluids (e.g., blood serum), this is already the 
case, but for the majority of proteins the tissues and cells need to be 
disrupted by homogenization. Tissue homogenization involves 
encouraging the cells to lyse, or break apart to release their contents. Cells 
are broken open in a blender or homogenizer, by sonication, or by 
subjecting them to high pressures.

Another simple way of breaking open cells that do not have a rigid cell 
wall to release the cytosolic contents is osmotic lysis. When animal cells 
are placed in a hypotonic solution (such as water or a buffered solution 
without added sucrose), the water in the surrounding solution diffuses into 
the more concentrated cytosol, causing the cell to swell and burst.

Differential centrifugation is then employed to remove contaminating 
subcellular organelles. Centrifugation separates macromolecules on the 
basis of their characteristic densities. Particles tend to ″fall″ through a 
solution if the density of the solution is less than the density of the particle. 

Those proteins that are bound to membranes require a further 
solubilization step. The appropriate membrane is treated with a detergent 
(e.g., Triton X-100) to disrupt the lipid bilayer and to release the integral 
membrane proteins into solution.

4. Precipitation with ammonium sulfate

Ammonium sulfate precipitation is a method used to purify proteins by 
altering their solubility. 

The concentration of ammonium sulfate required for this salting out 
effect varies from protein to protein, and thus this procedure can be used to 
fractionate a mixture of proteins. For example, 0.8 M ammonium sulfate 
precipitates out the clotting protein fibrinogen from blood serum, whereas 
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2.4 M ammonium sulfate is required to precipitate albumin. Salting out is 
also sometimes used at later stages in a purification procedure to 
concentrate a dilute solution of the protein since the protein precipitates and 
can then be redissolved in a smaller volume of buffer.

5. Dialysis

Dialysis is the separation of molecules on the basis of differences in 
their ability to pass through a membrane. This method is based on the fact 
that due to their size, protein molecules are unable to pass through the 
pores of a semipermeable membrane such as cellophane (cellophane),
while low-molecular weight compounds up to approximately 10 kDa
distribute themselves evenly between inside and outside of dialysis bag
(Fig.1a). As most proteins have molecular masses greater than 10 kDa, this 
technique is not suitable for fractionating proteins, but is often used to 
remove small molecules such as salts from a protein solution. 

At equilibrium the concentration of small molecules inside a dialysis 
bag will be equal to that outside (Fig.1b), and so several changes of the 
surrounding solution are often required to lower the concentration of the 
small molecule in the protein solution sufficiently.

(a)                                (b)

Fig. 1. Separation of molecules on the basis of size by dialysis: (a) starting point; (b) at 
equilibrium.

6. Fractionation techniques

The basic aim in protein purification is to isolate one particular protein 
of interest from other contaminating proteins so that its structure and/or 
other properties can be studied. Once a suitable cellular source of the 
protein has been identified, the protein is liberated into solution and then 
separated from contaminating material by sequential use of a series of 
different fractionation techniques or separations. These separations exploit 
one or more of the following basic properties of the protein: its solubility, 
its size, its charge or its specific binding affinity. 

Start dialysis End dialysis
(equilibrium)
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Separations may be chromatographic techniques such as gel filtration,
ion exchange, or affinity chromatography, or electrophoretic techniques 
such as isoelectric focusing. Other electrophoretic procedures, mainly 
sodium dodecyl sulfate electrophoresis, polyacrylamide gel electrophoresis 
(PAGE) but also native PAGE, are used to monitor the extent of 
purification and to determine the molecular mass and subunit composition 
of the purified protein.

6.1. Chromatography of proteins

6.1.1. Gel filtration chromatography

Gel filtration chromatography (or size exclusion chromatography) 
separates proteins on the basis of their molecular size and shape. Separation 
is achieved using a column matrix made of a cross-linked insoluble 
polymer such as the carbohydrate dextran (Sephadex) with porous beads 
(diameter 0.1 mm).

The protein mixture in a small volume is applied to the top of a column.
Small molecules can enter the pores in the beads whereas larger or more 
elongated molecules cannot. The smaller molecules therefore have a larger 
volume of liquid accessible to them: both the liquid surrounding the porous 
beads and that inside the beads. If contrast, the larger molecules have only 
the liquid surrounding the beads accessible to them, and thus move through 
the column faster, emerging out of the bottom (eluting) first. The smaller 
molecules move more slowly through the column and elute later (Fig.2).

Fig. 2. Gel filtration chromatography.
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Beads of differing pore sizes are available, allowing proteins of different 
sizes to be effectively separated. Gel filtration chromatography is often 
used to de-salt a protein sample, for example, for remove the ammonium 
sulfate after ammonium sulfate precipitation, since the salt enters the 
porous beads and is eluted late, whereas the protein does not enter the 
beads and is eluted early. 

6.1.2. Ion exchange chromatography

Ion exchange chromatography is a process that allows the separation of 
molecules according to the nature and degree of their overall (net) charge.

Column materials used contain charged groups covalently linked to the 
surface of an insoluble matrix. 

Columns containing positively charged diethylaminoethyl (DEAE) 
groups (such as DEAE-cellulose or DEAE-Sephadex) are used for 
separation of negatively charged proteins (anionic proteins). This is called 
anion exchange chromatography. 

O CH2 CH2 N+
CH2CH3

CH2CH3H
Columns containing negatively charged carboxy methyl (CM) groups 

(such as CM-cellulose or CM-Sephadex) are used for separation of 
positively charged proteins (cationic proteins). This is called cation 
exchange chromatography.

Cellulose – [СН2–СОО-] Na+

Gel filtration chromatography can also 
be used to estimate the molecular mass of 
a protein. There is a linear relationship 
between the relative elution volume of a 
protein (Ve/Vo where Ve is the elution 
volume of a given protein and Vo is the 
void volume of the column that is the 
volume of the solvent space surrounding 
the beads) and the logarithm of its 
molecular mass.

Thus, a 'standard' curve of V/Vo

against log10molecular mass can be 
estimated for the column using proteins of 
known mass. The elution volume of any 
sample protein then allows its molecular 
mass to be estimated by reference to its 
position on the standard curve (Fig.3).

Log10molecular mass

Fig. 3. Plot of relative elution 
volume versus the logarithm of 
molecular mass for known proteins, 
indicating how the molecular mass 
of an unknown can be read off when 
its relative elution volume is known.

Cellulose - ОН– or Cl–

Ve

Vo
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If a protein has a net positive charge at pH 7, it will bind to a column 
containing negatively charged groups, whereas a protein with a net 
negative charge will not bind and elute (Fig.4). 

Fig. 4. Ion exchange chromatography.

The cationic proteins bound to such a column can then be eluted by 
washing the column with increasing concentration of a NaCl solution at the 
appropriate pH. The Na+ ions compete with the positively charged proteins
for the negatively charged groups on the column and unbound proteins 
elute.

As an alternative to elution with a gradient of NaCl, proteins can be 
eluted from anion exchange columns by decreasing the pH of the buffer, 

(Lavanya G. / Biomed Sci and Res., Vol 3 (3), 2011)
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and from cation exchange columns by increasing the pH of the buffer, thus 
altering the ionization state of the amino acid side-chains and hence the net 
charge on the protein.

6.1.3. Affinity chromatography

Affinity chromatography is a method of separation based on the high 
affinity, noncovalent binding of a protein to another molecule (ligand)
(Fig.5). 

Fig. 5. Affinity chromatography.

(Lavanya G. / Biomed Sci and Res., Vol 3 (3), 2011)
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The ligand is covalently attached to an inert, insoluble and porous 
matrix such as an agarose polymer. The protein mixture is then passed 
down through the matrix. The protein of interest will bind to the ligand. All 
other unbound proteins are washed out of the matrix. 

Adding an excess of free ligand that will compete for the bound protein 
dissociates the protein from the matrix. The protein passes out of the 
column complexed with free ligand (Fig.5). Extensive dialysis often then 
has to be used to remove the small ligand from the larger protein. 

Because this technique exploits the specific, often unique, binding 
properties of the protein, it is often possible to separate the protein from a 
mixture of hundreds of other proteins in a single chromatographic step.

Commonly employed combinations of immobilized ligand and protein 
to be purified used in affinity chromatographic systems include an inhibitor 
to purify an enzyme, an antibody to purify its antigen, a hormone (e.g.,
insulin) to purify its receptor.

6.2. Electrophoresis of proteins

Electrophoresis is the technique for the separation of proteins based on 
the migration of charged proteins in an electric field. Normally, the speed 
of proteins movement depends on three factors  size, shape, and electrical 
charge.

6.2.1. Native polyacrylamide gel electrophoresis

Native polyacrylamide gel electrophoresis (PAGE) separates proteins on 
the basis of their net negative charge and size in an electric field. 
Small/more negatively charged proteins applied to a porous polyacrylamide 
gel migrate further through the gel than larger/less negatively charged 
proteins.

6.2.2. Sodium dodecyl sulfate polyacrylamide gel electrophoresis

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) separates proteins according to their electrophoretic mobility while 
in the denatured state. Protein sample is treated with a reducing agent to 
break disulfide bonds and then with the anionic detergent sodium dodecyl 
sulfate (SDS), which denatures the proteins and covers them with an 
overall negative charge. 

The sample is then fractionated by electrophoresis through a 
polyacrylamide gel. As all the proteins now have an identical negative 
charge to mass ratio, they are separated according to their molecular 
weight. The smallest proteins move farthest. 
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SDS-PAGE can be used to determine the degree of purity of a protein 
sample, the molecular mass of a protein and the number of polypeptide 
subunits in a protein.

6.2.3. Isoelectric focusing

Isoelectric focusing separates proteins according to their isoelectric 
point (pI) i.e., the pH at which the molecule has no charge. 

In an electric field proteins migrate towards their pI in a pH gradient in 
a gel. They separate on the basis of their relative content of positively and 
negatively charged residues (Fig.6).

(http://www.moleculardetective.org)

Fig. 6. Isoelectric focusing.

http://www.moleculardetective.org
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3 Lecture 3

INTRODUCTION TO ENZYMES

1. Historical resume

The history of enzymes may be regarded as commencing with the work 
of Dubrunfaut (1830) who prepared malt extract from germinating barley 
seeds. This extract possessed the power of converting starch into sugar.
Later in 1833 Payen and Persoz prepared an enzyme, the diastase (now 
known as amylase), from malt extract by precipitation from alcohol. The 
same year, Horace de Saussure prepared a substance from germinating 
wheat which acted like diastase, i.e., converted starch into sugar. Within 
the next few years, Theodor Schwann succeeded in extracting pepsin, 
which digests meat (protein), from gastric juice and he later identified 
trypsin, a peptidase in digestive fluids. Hence, the notion of diastases (the 
early name for enzymes) was soon extended to animals. By 1837 the 
famous chemist Jönes Jacob Berzelius recognized with remarkable 
foresight the catalytic nature of these biological diastases. Later Pasteur 
(1857) demonstrated that alcoholic fermentation was brought about by the 
action of living yeast cells. It thus became apparent that such catalytic 
actions could be induced by the action of living cells (as in alcoholic 
fermentation) or by nonliving substances (as diastase and emulsin). 
Obviously, such catalysts or ferments were regarded as forming two 
classes: organized ferments (like yeasts and certain bacteria) which were 
living cells and unorganized ferments (like diastase and emulsin) which 
acted independently of living cells. 

In fact, the term ′enzyme′ was later proposed for the unorganized 
ferments by Kuhne. On the contrary, Eduard Buchner and his brother 
Hans Buchner (1897) showed that, besides the living yeast cells, even 
their extract (which Eduard named as zymase) could bring about alcoholic 
fermentation. In fact, the Buchners discovered cell-free fermentation when 
they attempted to preserve their yeast extracts with sugar, the preservative 
of jellies and jams. The words – ferment and enzyme – thus became 
synonym and the latter is now frequently used in the literature. The use of 
the term ′ferment′ (″fermentare″ – to agitate) is, however, misleading as it 
also denotes the fermenting microorganisms. James B. Sumner (1926), at 
Cornell University, for the first time isolated and purified an enzyme, the 
urease, in crystalline form from jack bean (Canavalia ensiformis), thus 
confirming the proteinaceous nature of the enzymes. Since then, some 250 
enzymes have been obtained in pure crystalline form such as: (a) Trypsin
from beef pancreas by John H. Northrop and Kunitz (1936); (b) Catalase
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from beef liver by Sumner and Dounce (1937); (c) RNAase from beef 
pancreas by Kunitz (1940); (d) Pepsin from swine stomach by John H. 
Northrop (1946); (e) DNAase from beef pancreas by Kunitz (1950).

2. Enzymes as biocatalysts

Enzymes are protein catalysts i.e., substances of biological origin that 
increase the rate of a chemical reaction without being changed themselves 
in the process.

However, there are also catalytically active ribonucleic acids, the 
"ribozymes".

Similarities between enzymes and chemical catalysts:
1. Do not alter the nature and quantity of the end products.
2. Do not alter the chemical equilibrium point of a reversible reaction but 

only the speed of the reaction is changed. 
3. Catalyze the forward and reverse reactions proportionately. 
4. Increase the rate of a chemical reaction without being used up in the 

reaction and can be recovered chemically unchanged at the end of the 
reaction.

5. Do not accelerate reaction that is not thermodynamically favorable.

Differences between enzymes and chemical catalysts:
1. Enzymes are almost all proteins and, like proteins, they undergo 

denaturation.
2. Enzyme catalyzed reactions usually take place under relatively mild 

conditions (37°C, physiological pH, atmospheric pressure).
3. Enzymes are highly efficient (103 to 1017 faster than the corresponding 

uncatalyzed reactions).
4. Activity of enzyme is maximum and regulated on genetic level, and by 

low molecular weight compounds – effectors (inhibitors and activators).
5. Enzymes are very specific, interacting with one or a few specific 

substrates and catalyzing only one type of chemical reaction. 

3. Specificities of enzymes

3.1. Substrate specificity of enzymes

The properties and spatial arrangement of the amino acid residues 
forming the active site of an enzyme will determine which molecules can 
bind and be substrates for that enzyme. Substrate specificity is often 
determined by changes in relatively few amino acids in the active site. 
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There are 4 types of substrate specificity:
1. Absolute substrate specificity – enzymes are capable of acting on only 

one substrate. For example, urease acts only on urea.
2. Relative substrate specificity – one enzyme acts on more than one 

substrate, having one type of bond. For example, lipase hydrolyzes 
lipids, acting on ester bond.

3. Relative group substrate specificity – one enzyme acts on more than 
one substrate, having one type of bond, but appointed atomic groups, 
forming this bond are required. For example, proteolytic enzymes 
(pepsin, trypsin, chymotrypsin) hydrolyze peptide bonds of proteins but 
this bond should be formed from different amino acids.

4. Optical substrate specificity – enzyme reacts with only one of the two 
optical isomers. For example, L-oxidase acts only on L-amino acids and 
D-oxidase – on D-amino acids.

3.2. Reaction specificity of enzymes

Same substrate can undergo different types of reactions, each catalyzed 
by a separate enzyme. 

4. Enzyme nomenclature and classification

With the continuous increase in our knowledge of enzymology, various 
systems have evolved to name the enzymes, using one or the other criterion 
as the basis. However, many of the enzymes were known before these 
systems of naming enzymes were adopted. The names of such enzymes 
were not changed under the new systems. In this category belong: 
chymotrypsin, diastase, pepsin, rennin, trypsin, etc.

1. Substrate acted upon by the enzyme. The substance upon which an 
enzyme acts is called the substrate. Duclaux (1883) named the enzymes by 
adding the suffix -ase in the name of the substrate catalyzed. For example, 
enzymes acting upon proteins as proteinases, upon lipids as lipases, upon 
nucleic acids as nucleases and so on. A few of the names were even more 
specific like maltase (acting upon maltose), sucrase (upon sucrose), urease 
(upon urea), tyrosinase (upon tyrosine), etc.

Oxidase

Decarboxylase
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2. Type of reaction catalyzed. The enzymes are highly specific as to 
the reaction they catalyze. Hence, this has necessitated their naming by 
adding the suffix -ase in the name of the reaction; for example, hydrolases 
(catalyzing hydrolysis), isomerases (isomerization), oxidases (oxidation), 
dehydrogenases (dehydrogenation), transaminases (transamination),
transaldolases (transaldolation), transketolases (transketolation),
phosphorylases (phosphorylation), etc.

3. Substrate acted upon and type of reaction catalyzed. The names of 
some enzymes give clue of both the substrate utilized and the type of 
reaction catalyzed. For example, the enzyme succinate dehydrogenase 
catalyzes the dehydrogenation of the substrate succinate. Similarly, NADH
dehydrogenase indicates an enzyme catalyzing a dehydrogenation reaction 
involving NADH.

4. Nonprotein part of the complex enzyme-proteins + the word 
"linked" and type of reaction catalyzed. The names of some enzymes 
give clue of both the nonprotein part of the complex-enzyme proteins 
linked and the type of reaction catalyzed. For example, NAD-linked 
dehydrogenase is the enzyme catalyzing the dehydrogenation and depends 
on NAD as a nonprotein part.

To rationalize enzyme names, a system of enzyme nomenclature has 
been internationally agreed. This system places all enzymes into one of six 
major classes based on the type of reaction catalyzed:

1. Oxidoreductases: Enzymes catalyze the oxidation-reduction 
reactions between two substrates.

2. Transferases: Enzymes catalyze the transfer of functional groups 
between two substrates.

3. Hydrolases: Enzymes catalyze the hydrolysis of their substrates by 
adding of water.

4. Lyases: Enzymes catalyze the removal of groups from substrates by 
mechanisms other than hydrolysis, leaving double bonds.

5. Isomerases: Enzymes catalyze the intramolecular isomerization 
reactions.

6. Ligases: Enzymes catalyze the linking together of two compounds, 
utilizing the energy of ATP or a similar compound, forming C-O, C-
S, C-N and C-C bonds.

Each enzyme is then uniquely identified with a four-digit classification 
number. Thus, trypsin has the Enzyme Commission (EC) number 3.4.21.4, 
where the first number (3) denotes that it is a hydrolase, the second number 
(4) that it is a protease that hydrolyzes peptide bonds, the third number (21) 
that it is a serine protease with a critical serine residue at the active site, and 
the fourth number (4) indicates that it was the fourth enzyme to be assigned 
to this class. For comparison, chymotrypsin has the EC number 3.4.21.1, 
and elastase 3.4.21.36.
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5. Structural and functional organization of enzymes

Based on their chemical composition, the enzymes have been classified 
into following categories: simple enzyme-proteins and complex enzyme-
proteins. Simple enzyme-proteins consisting of protein only (e.g., pepsin, 
trypsin, urease, amylase). Complex enzyme-proteins containing a non-
protein moiety known as cofactor, besides the protein part termed an 
apoenzyme (e.g., catalase, tyrosinase). A complete catalytically active 
enzyme (apoenzyme) together with its cofactor is called a holoenzyme.

Cofactors of the complex enzyme-proteins are divided on prosthetic 
group and coenzyme depending on how tightly they are associated with the 
apoenzyme. Cofactor that is very tightly covalently attached to the protein 
part of the complex enzyme is called a prosthetic group. Prosthetic groups
may be either one or more inorganic ions, such as Zn2+ or Fe2+, or a 
complex organic molecule such as FMN. Coenzymes are cofactors which
loosely (non-covalently) bound to apoenzyme (e.g., NAD+). Many 
coenzymes are derived from vitamin precursors, which are often essential 
components of the organism's diet, thus giving rise to deficiency diseases 
when in inadequate supply.

Enzymes are big in size compared to substrates which are relatively 
smaller. A small portion of the huge enzyme molecule directly involved in 
the substrate binding and catalysis is called an active site.

The active site of an enzyme is the region that binds the substrate and 
converts it into product. Having bound the substrate molecule, and formed 
an enzyme-substrate complex, catalytically active residues within the active 
site of the enzyme act on the substrate molecule to transform it first into the 
transition state complex and then into product, which is released into 
solution. The enzyme is now free to bind another molecule of substrate and 
begin its catalytic cycle again.

Active site of the simple protein-enzymes is a three-dimensional entity 
formed by functional groups of amino acid residues that can lie far apart in 
the primary structure. Active site of the complex protein-enzymes is the
active site of the simple protein-enzymes + cofactor. 

Features of the active site:
1. It is a three-dimensional entity formed by functional groups of side-

chains of amino acid residues, which can lie far apart in the linear 
polypeptide chain. 

2. It is a relatively small part of the whole enzyme molecule and is often a 
cleft or crevice on the surface of the enzyme that forms a predominantly 
nonpolar environment which enhances the binding of the substrate.
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3. The substrate(s) is/are bound in the active site by multiple weak forces 
(electrostatic bonds, hydrogen bonds, and hydrophobic interactions) and 
in some cases by reversible covalent bonds. 

4. Substrate specificity applies to the nature of the substrates that are 
involved. The properties and spatial arrangement of the amino acid 
residues forming the active site of an enzyme will determine which 
molecules can bind and be substrates for that enzyme.

There are functional groups of amino acid residues, forming active sites:
-NH2 – Lys               -ОН – Ser

-СООН – Glu, Asp       -SH – Cys

Parts of active site:
1. substrate binding site – for substrate fixation;
2. catalytic site – for catalysis of the specific reaction.

Some of the enzymes possess additional site other than the active site, 
known as allosteric site (Greek: "allos" – other; "steros" – space), besides 
the active site. Such enzymes are known as allosteric enzymes. The 
allosteric sites are unique places on the enzyme molecule. Certain 
substances referred to as effectors (activators or inhibitors) bind at the 
allosteric site and cause a change in the overall three-dimensional shape of 
the enzyme that leads to a change in the enzyme activity. 

6. Units of enzyme activity

Enzyme activity may be expressed in a number of ways. The 
commonest is by the initial rate (V0) of the reaction being catalyzed (e.g.,
µmol of substrate transformed per minute; µmol/min-1). 

There are also two standard units of enzyme activity, the enzyme unit 
(U) and the katal (kat). An enzyme unit is that amount of enzyme, which 
will catalyze the transformation of 1 µmol of substrate per minute at 25°C 
under optimal conditions for that enzyme. The katal is the accepted SI unit 
of enzyme activity and denotes the conversion of 1mole of substrate per 
second (mol/sec). It is possible to convert between these different units of 
activity using 1µmol/min = 1 U = 16.67 nanokat. 

The term activity (or total activity) refers to the total units of enzyme in 
the sample, whereas the specific activity is the number of enzyme units per 
milligram of protein (units/mg-1). The specific activity is a measure of the 
purity of an enzyme; during the purification of the enzyme its specific 
activity increases and becomes maximal and constant when the enzyme is 
pure.



Introduction to enzymes.

33

7. Isoenzymes

Isoenzymes (isozymes) are different forms of an enzyme, which 
catalyze the same reaction, but which exhibit different chemical, physical 
or kinetic properties (structure, isoelectric point, pH optimum, substrate 
affinity or effect of inhibitors). Different isoenzyme forms of a given 
enzyme are usually derived from different genes and often occur in 
different tissues of the body. Examples of enzymes, which have different 
isoenzyme forms, are lactate dehydrogenase (LDH) and creatine kinase 
(CK) or creatine phosphokinase (CPK).

Lactate dehydrogenase catalyzes the reversible conversion of pyruvate 
into lactate in the presence of the coenzyme NADH. Enzyme is a tetramer 
of two different types of 4 subunits, called H ("heart") and M ("muscle")
which have small differences in amino acid sequence. The two subunits can 
combine randomly with each other, forming five isoenzymes that have the 
compositions H4, H3M, H2M2, HM3 and M4.

Isoenzymes of lactate dehydrogenase:
1. H4 (LDH1) is found in heart and RBC.
2. H3M (LDH2) is found in heart and RBC.
3. H2M2 (LDH3) is found in lungs, brain and kidney.
4. HM3 (LDH4) is found in liver and skeletal muscle.
5. M4 (LDH5) is found in skeletal muscle and liver.
Thus, the isoenzyme pattern is characteristic of a particular tissue, a 

factor which is of immense diagnostic importance in medicine. Myocardial 
infarction, infectious hepatitis and muscle diseases involve cell death of the 
affected tissue, with release of the cell contents into the blood. As LDH is a 
soluble, cytosolic protein it is readily released in these conditions. Under 
normal circumstances there is little LDH in the blood. Therefore, the 
pattern of LDH isoenzymes in the blood is indicative of the tissue that
released the isoenzymes and so can be used to diagnose a condition, such 
as a myocardial infarction, and to monitor the progress of treatment.

Creatine kinase catalyzes the reversible conversion of creatine into 
creatine phosphate. Creatine kinase is dimer of 2 subunits, called В
("brain") and М ("muscle") forming 3 isoenzymes that have the 
compositions BB, MB, and MM.

Isoenzymes of creatine kinase:
1. BB (CК1) is found in brain, prostate, stomach, lungs, placenta, 

thyroid gland.
2. MB (CK2) is found in cardiac muscle (25-46% of total CK) and in 

skeletal muscle (5%).
3. MM (CК3) is found in skeletal muscle and cardiac muscle.
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8. Mechanism and stages of enzyme catalysis

Stages of enzyme catalysis
                              I                   II       III

E + S → ES → EZ → EP → E + P

I stage. E + S → ES – formation of enzyme-substrate complex.

At present, there are two models, which explain how substrates 
may bind in the active site of an enzyme:

1. In the lock-and-key model, first presented by Emil Fisher in 1894, 
the substrate is completely complementary in shape to the active site
(Fig.1) to fit together like a key (S) to a lock (E). Thus, the active site of an 
enzyme is a rigid and pre-shaped where only a specific substrate can bind.

Fig. 1. Lock-and-key model.

2. In the induced-fit model suggested by Daniel Koshland in 1958, the 
interaction of the substrate with the enzyme induces a conformation change 
in the active site. The active site continues to change until the substrate is 
completely bound to the active site of the enzyme, at which point the final 
shape is determined (Fig.2). Unlike the lock-and-key model, the induced fit 
model shows that the active site of the enzyme is not rigid and pre-shaped.

Fig. 2. Induced-fit model.

Reasons of the rate acceleration on the I stage:
1. Substrate binding induces changes that bring reactive groups into 

proximity with one another at the active site of an enzyme. The particular 
proper orientation of the substrate sorbed at the active site, which favors 
interaction with the site’s catalytic segment.

2. This increases the effective concentration of the substrate. 

(http://www.zinoproject.com)

(http://www.zinoproject.com)

http://www.zinoproject.com
http://www.zinoproject.com
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II stage. ES → EZ → EP – formation of intermediate state.

The energy changes that take place during the course of a particular 
biochemical reaction are shown in Fig. 3. In all reactions there is an energy 
barrier that has to be overcome in order for the reaction to proceed. This is 
the energy needed to transform the substrate molecules into the transition 
state – an unstable chemical form partway between the substrates and the 
products. The transition state has the highest free energy of any component 
in the reaction pathway. The Gibbs free energy of activation (ΔG#) is 
equal to the difference in free energy between the transition state and the 
substrate (Fig.3). An enzyme works by stabilizing the transition state of a 
chemical reaction and decreasing ΔG# (Fig.3).

Fig. 3. Energy diagram, comparing the unanalyzed and catalyzed reactions.

Enzymes decrease the activation energy in two ways:
1. The induced structural changes upon formation of the enzyme-

substrate complex introduce strain in the substrate bonds, which allow it to 
attain the transition state more easily («rack» hypothesis); 

2. The reduction of activation energy increases the number of reactant 
molecules with enough energy to reach the activation energy and form the 
product.

The enzyme does not alter the energy levels of the substrates or the
products. Thus, an enzyme increases the rate at which the reaction occurs, 
but has no effect on the overall change in energy of the reaction.

The change in Gibbs free energy (ΔG) dictates whether a reaction will 
be energetically favorable or not. Fig. 3 shows an example where the 
overall energy change of the reaction makes it energetically favorable (i.e.,
the products are at a lower energy level than the substrates and ΔG is 

Reaction progress
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negative). It should be noted that ΔG is unrelated to ΔG#. The ΔG of a 
reaction is independent of the path of the reaction, and it provides no 
information about the rate of a reaction since the rate of the reaction is 
governed by ΔG#. A negative ΔG indicates that the reaction is 
thermodynamically favorable in the direction indicated (i.e., that it is likely 
to occur without an input of energy), whereas a positive ΔG indicates that 
the reaction is not thermodynamically favorable and requires an input off 
energy to proceed in the direction indicated. In biochemical systems, this 
input of energy is often achieved by coupling the energetically unfavorable 
reaction with a more energetically favorable one (coupled reactions).

III stage. EP → E + P – product is released.

9. Enzyme kinetics

Factors affecting reaction velocity

9.1. Substrate concentration

The normal pattern of dependence of enzyme rate on substrate 
concentration ([S]) is that at low substrate concentrations increasing of [S] 
will lead to increasing of the velocity (V) proportionately and the equation 
for rate is 1-st order (a) with respect to substrate (Fig.4). 

However, after certain concentration ([S] is high), any increase will 
have no effect on the rate of reaction, the equation for rate is 0-order (c)
(Fig.4). The enzymes will effectively become saturated at higher substrate 
concentrations, and will be working at their maximum possible rate. The 
overall enzyme rate is now dependent on the rate at which the product can 
dissociate from the enzyme, and adding further substrate will not affect 
this. 

The shape of the resulting graph when V is plotted against [S] is called a 
hyperbolic curve (Fig.4).

Fig. 4. A plot of enzyme velocity (V) against substrate concentration ([S]).
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9.1.1. Michaelis-Menten model

The Michaelis-Menten model uses the following concept of enzyme 
catalysis:

k1 k3

                            E  +  S  ES    E  +  P
k2

The enzyme (E) combines with its substrate (S) to form an enzyme-
substrate complex (ES). The ES complex can dissociate again to form E + 
S, or can proceed chemically to form E and the product P. The rate 
constants k1, k2 and k3 describe the rates associated with each step of the 
catalytic process. It is assumed that there is no significant rate for the 
backward reaction of enzyme and product (E+P) being converted to ES 
complex. [ES] remains approximately constant until nearly all the substrate 
is used; hence the rate of synthesis of ES complex equals its rate of 
consumption over most of the course of the reaction; that is [ES] maintains 
a steady state. 

From the observation of the properties of many enzymes it was known 
that the velocity (V) at low substrate concentrations is directly proportional 
to [S], while at high substrate concentrations the V tends towards a 
maximum value that is the rate becomes independent of [S] (Fig.4). This 
maximum velocity is called Vmax. The V is measured experimentally before 
more than approximately 10% of the substrate has been converted to 
product in order to minimize such complicating factors as the effects of 
reversible reactions, inhibition of the enzyme by product, and progressive 
inactivation of the enzyme. 

Michaelis and Menten derived an equation to describe these 
observations, the Michaelis-Menten equation:

v
v

K

max [S]

s [S]






where Ks is dissociation constant of the ES complex.
This equation describes a hyperbolic curve of the type shown for the 

experimental data (for the part «a» in Fig. 4).
Brig and Haldane modify Michaelis-Menten equation for curve using

the Michaelis constant (Km):

[S]
Km+1

vv max

Km is a measure of the ES complex stability, being equal to the sum of 
the rates of breakdown of ES over its rate of formation:
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For many enzymes k2 is much greater than k3. Under these 
circumstances Km becomes a measure of the enzyme affinity for its 
substrate since its value depends on the relative values of k1 and k2 for ES 
formation and dissociation, respectively. A high Km indicates weak 
substrate binding (k2 predominant over k1); a low Km indicates strong 
substrate binding (k1 predominant over k2). 

Km can be determined experimentally by the fact that its value is 
equivalent to the substrate concentration at which the velocity is equal to 
half of Vmax (Fig.4).

9.1.2. Lineweaver-Burk plot

Because Vmax is achieved at infinite concentration, it is impossible to 
estimate Vmax (and hence Km) from a hyperbolic plot. However, Vmax and 
Km can be determined experimentally by measuring V at different substrate 
concentrations. Then a double reciprocal or Lineweaver-Burk plot of 1/V 
against 1/[S] is made (Fig.5).

This plot is a derivation of the 
Michaelis-Menten equation:

1

v

Km

v vmax [S] max
 



1

which gives a straight line, with the 
intercept on the y-axis equal to 1/Vmax 

and the intercept on the x-axis equal to 
-1/Km (Fig.5). The slope of the line is 

equal to Km/Vmax. The Lineweaver-Burk plot is also a useful way of 
determining how an inhibitor binds to an enzyme.

Although the Michaelis-Menten model provides a very good model of 
the experimental data for many enzymes, a few enzymes do not conform to 
Michaelis-Menten kinetic. These enzymes are called allosteric enzymes.

A plot of V against [S] for allosteric 
enzyme gives a sigmoidal curve rather 
than the hyperbolic plots for enzymes. 
The curve has a steep section in the 
middle of the substrate concentration 
range, reflecting the rapid increase in 
enzyme velocity, which occurs over a 
narrow range of substrate concentrations.

Fig. 5. Lineweaver-Burk plot

v

[s]
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9.2. Enzyme concentration

In situations where the substrate 
concentration is saturating i.e., all the 
enzyme molecules are bound to substrate,
increasing of enzyme concentration [E] will 
lead to increasing of the velocity (V) 
proportionately. This gives a straight line 
graph when V is plotted against [E].

9.3. Temperature

The rate of an enzyme-catalyzed reaction 
increases as the temperature is raised. A 
10°C rise in temperature will increase the 
activity of most enzymes by 50 to 100%. 
This because rising in temperature increases 
the thermal energy of the substrate 
molecules. This increases the proportion of 
substrate molecules with sufficient energy to 
overcome the Gibbs free energy of 
activation, and hence increases the rate of 
the reaction. 

Variations in reaction temperature as small as 1 or 2 degrees may 
introduce changes of 10 to 20% in the results. Thus, the reaction rate 
increases first with temperature to a maximum level and then abruptly 
declines with further increase of temperature. This because, increasing the 
thermal energy of the molecules which make up the protein structure of the 
enzyme itself will cause the destruction of the weak interactions which hold 
the three-dimensional structure of the enzyme. This will lead to the 
denaturation of the enzyme, but even small changes in the native shape of 
the enzyme can alter the structure of the active site and lead to a decrease in 
catalytic activity. 

A graph of V plotted against temperature (T) shows a curve with a 
well-defined T optimum at which the reaction rate is a maximum. 

Most enzymes in the human body have T optimum of around 37°C but 
there are also organisms, which have enzymes adapted to working at 
considerably higher or lower temperatures.

v

[Е]

v

t37

Vmax

V = K×[E]
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9.4. pH

Enzymes are affected by changes in pH. 
Small deviations in pH (high or low pH) 
from the optimum pH  the most 
favorable pH value where the enzyme is 
most active  lead to decreased activity 
due to changes in the ionization of 
groups at the active site of the enzyme. 
Larger deviations in pH lead to the 
denaturation of the enzyme protein 

itself, due to interference with the many weak noncovalent bonds 
maintaining its three-dimensional structure. 

A graph of V plotted against pH will usually give a bell shaped curve.
Many blood enzymes have pH optimum of around 7.4 (since this is the 

natural pH of the blood), but there is great diversity in the pH optimum of 
enzymes, due to the different environments in which they are adapted to 
work. For example, the digestive enzyme pepsin works at a low pH 
(around 2.0) and is found in the stomach, while trypsin works at a high pH 
(around 8.0) and is found in the small intestine.

v

pH7.4

Vmax
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4
Lecture 4

         REGULATION OF ENZYME ACTIVITY

General mechanisms that affect enzyme activity:
1. Regulation of the enzyme levels.
2. Factors that affect the rate of enzyme-catalyzed reactions (рН, 

temperature, pressure), concentration of substrate and enzymes, 
availability of effectors (activators or inhibitors).

3. Regulation of the catalytic efficiency of the enzyme.

1. Regulation of the enzyme levels

The amount of enzyme present is regulated at the level of its synthesis 
and degradation rates.

There are two types of enzymes in a cell:
1. Constitutive enzymes (′house-keeping′ enzymes) – one produced 

constantly, irrespective of environmental conditions or demand, the 
levels of which are not controlled and remain fairly constant (e.g.,
lactate dehydrogenase, transaminases, acid and alkaline phosphatases, 
creatine phosphokinase). 

2. Adaptive enzymes – their concentrations increase or decrease as per 
body needs and are well-regulated (inducible and repressible enzymes). 

 Inducible enzyme one whose rate of production can be stimulated or 
accelerated by substrate of that enzyme. The inducible enzyme is used 
for the catabolism (process of degradation) in the cell. 

 Repressible enzyme one whose rate of production is decreased as the 
concentration of certain substances, often a final product is increased. 
The repressible enzyme is used for the anabolism (process of synthesis) 
in the cell.

2. Effects of activators and inhibitors

2.1. Activators of enzymes

Activator is any molecule that acts directly on an enzyme to increase its 
activity.

Features of activators:
1. Form the active site of enzyme (Co2+, Mg2+, Zn2+, Fe2+, Cu2+).
2. Facilitate formation of enzyme substrate complex (Mg2+, Мn2+).
3. Stabilize native structure of enzyme.
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4. Protect functional groups of the active site of enzyme from damage; for 
example, prevent the oxidation of -SH groups of the active site
(glutathione, cysteine).

5. Affect subunits of enzyme molecules (cAMP regulate enzyme protein 
kinase).
Activators are usually cations (Mg2+, Zn2+, Fe2+, Cu2+), more rarely are 

anions (Cl- activate pepsin, amylase).

2.2. Inhibitors of enzymes

Inhibitor is any molecule that acts directly on an enzyme to decrease its 
activity.

Classification of inhibitors

Enzyme inhibitors

         Nonspecific inhibitors                          Specific inhibitors
   (cause enzyme denaturation 
         salts of heavy metals,                    Irreversible          Reversible

    acids, bases)
                                                                  Competitive       Noncompetitive

2.2.1. Irreversible inhibitors

Irreversible inhibitors are inhibitors that bind irreversibly to active site 
of enzyme often form a covalent bond to an amino acid residue in the 
active site and permanently inactivate the enzyme. Susceptible amino acid 
residues include serine and cysteine residues which have reactive -OH and 
-SH groups, respectively.

Examples of irreversible inhibitors:
1. Inhibitors called respiratory poisons such as HCN, KCN, CO, NaN3

that strongly change valency of Fe and Cu in metall-containing enzymes of 
respiratory chain (e.g., cytochrome oxidase), preventing the electron 
transfer to О2.

2. Alkylating reagents such as iodoacetate, mercury and arsenic that 
bind with -SH groups of cysteine in the active site of enzyme. 

3. Organophosphorus compounds such as diisopropylphosphofluoridate 
(DIPF) (a component of nerve gases) that bind with -ОН groups of serine 
in the active site of enzyme acetylcholine esterase, preventing the 
transmission of nerve impulses.
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4. Antibiotic penicillin that binds with -ОН groups of serine in the 
active site of enzyme glycopeptide transpeptidase that forms the cross-links 
in the bacterial cell wall.

2.2.2. Reversible inhibitors

Reversible inhibitors are inhibitors that interact with an enzyme via
noncovalent associations. Reversible inhibitors can be overcome by 
removing the inhibitor from the enzyme, for example, by increasing the 
substrate concentration (competitive inhibition) or by dialysis 
(noncompetitive inhibition).

Reversible competitive inhibitors

Competitive inhibitor has close structural similarities to the substrate 
for the enzyme therefore competes with substrate molecules to bind to the 
active site. 

The enzyme can bind either a substrate or an inhibitor molecule, but not 
both at the same time (Fig.1a). The competitive inhibitor binds reversibly 
to the active site. At high substrate concentrations the action of a 
competitive inhibitor is overcome because a sufficiently high substrate 
concentration will successfully compete out the in molecule in binding to 
the active site. Thus, there is no change in the Vmax the enzyme but the 
apparent affinity of the enzyme for its substrate decreases in the presence 
of the competitive inhibitor, and hence Km increases (Fig.1b).

(a)  + I → EI  → E + P
E
                 + S→ ES → E + P 

Fig. 1. Competitive inhibition: (a) enzyme can bind either substrate or competitive 
inhibitor but not both; (b) Michaelis-Menten and Lineweaver-Burk plots showing the 
effect of a competitive inhibitor on Km and Vmax.

(b)

Vmax = VmaхI
KmI > Km

1
V

1/Vmax=1/VmaxI

1/[S]

+I

–1/Кm –1/KmI[S]

+I

V

Vmax

Vmax

2

Km KmI
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Competitive inhibition can be recognized by using a Lineweaver-Burk 
plot. V is measured at different substrate concentrations in the presence of a 
fixed concentration of inhibitor. A competitive inhibitor increases the slope 
of the line on the Lineweaver-Burk plot, and alters the intercept on the 
x-axis (since Km is increased), but leaves the intercept on the y-axis 
unchanged (since Vmax remains constant).

A good example of competitive inhibition is provided by succinate 
dehydrogenase. This enzyme uses succinate as its substrate and is 
competitively inhibited by malonate which differs from succinate in having 
one rather than two methylene groups (Fig.2). Thus, malonate is 
competitive inhibitor.

COO-

CH2

COO-

Succinate
dehydrogenase

No reaction

COO-

CH2

COO-

CH2

+ FAD

Succinate
dehydrogenase

Succinate

COO-

CH

COO-

CH

+ FADH2

Fumarate
Malonate

Fig. 2. Inhibition of succinate dehydrogenase by malonate.

Many drugs work by mimicking the structure of the native substrates of 
a target enzyme and hence act as competitive inhibitors of the enzyme.
Structural analogs of the native substrates (metabolites) are called
antimetabolites. They are widely employed in medicine. For example,
sulfanilamides (trade name is sulfonamides).

Bacteria can synthesize folic acid which is essential for their growth 
and reproduction from PABA (natural substrate). Sulfonamides, being 
similar to structure of PABA, competitively inhibit the enzyme 
(dihydropteroatesynthase) responsible for the production of folic acid,
displacing PABA from the active site. Thus, folic acid is not synthesized, 
and bacteria are not reproduced. For this reason, sulfonamides are used as 
antibacterial drugs. 

Sulfanilamide
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Reversible noncompetitive inhibitors

Reversible noncompetitive inhibitor is inhibitor that binds reversibly 
at a site other than the active site (i.e., at the allosteric site) and causes a 
change in the overall three-dimensional shape of the enzyme that leads to a 
decrease in catalytic activity. 

Since the inhibitor binds at a different site to the substrate, the enzyme 
can bind the inhibitor, the substrate or both the inhibitor and substrate 
together (Fig.3a). The effects of a noncompetitive inhibitor cannot be 
overcome by increasing the substrate concentration, so there is a decrease 
in Vmax (Fig.3b). In noncompetitive inhibition the affinity of the enzyme 
for the substrate is unchanged and so Km remains the same (Fig.3b). An 
example of noncompetitive inhibition is the action of pepstatin on the 
enzyme renin.

Noncompetitive inhibition can be recognized on a Lineweaver-Burk 
plot, since it increases the slope of the experimental line, and alters the 
intercept on the y-axis (since Vmax is decreased), but leaves the intercept on 
the x-axis unchanged (since Km remains constant).

slowly
(a) E + S + I → ESI E + P + I

(b)

Fig. 3. Noncompetitive inhibition: (a) enzyme can bind either substrate or
noncompetitive inhibitor or both; (b) Michaelis-Menten and Lineweaver-Burk plots
showing the effect of a noncompetitive inhibitor on Km  and Vmax.

3. Regulation of the catalytic efficiency of the enzyme

3.1. Feedback regulation

In biological systems the rates of many enzymes are altered by the 
presence of other molecules such as activators and inhibitors (collectively 
known as effectors). 

VmaхI < Vmax
KmI = Km
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A common theme in the control of metabolic pathways is when an 
enzyme catalyzing the first step (E1) in the pathway is inhibited by an end-
product (Z) of the metabolic pathway in which it is involved. This is called 
feedback inhibition or negative feedback regulation and often takes 
place at the committed step in the pathway (conversion of A to B). 
Increased levels of Z will result in E1 decreased synthesis. The committed 
step is the first step to produce an intermediate, which is unique to the 
pathway in question, and therefore normally commits the metabolite to 
further metabolism along that pathway. Control of the enzyme which 
carries out the committed step of a metabolic pathway conserves the 
metabolic energy supply of the organism, and prevents the build up of large 
quantities of unwanted metabolic intermediates further along the pathway.

A B C D Z
E1 E2 E3 E4 En

E1 inhibited by product Z

As many metabolic pathways are branched, feedback inhibition must 
allow the synthesis of one product of a branched pathway to proceed even 
when another is present in excess. Here a process of sequential feedback 
inhibition may operate where the end-product of one branch of a pathway 
will inhibit the first enzyme after the branchpoint (the conversion of C to D 
or C to E). When this branchpoint intermediate builds up, it in turn inhibits 
the first committed step of the whole pathway (conversion of A to B). 
Since the end-product of a metabolic pathway involving multiple enzyme 
reactions is unlikely to resemble the starting compound structurally, the 
end-product will bind to the enzyme at the control point at a site other than 
the active site. Such enzymes are always allosteric enzymes.

High concentration of an earlier reactant not involved in the continual 
chemical reactions of the pathway helps to catalyze final reactions down 
the pathway. The reactant which serves as the feed-forward activator is 

A B C

D Y

ZE1 E2

E3

E3

E4

E4

En

En

E

E1 inhibited by C
E3 inhibited by product Z

E3 inhibited by product Y
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intrinsically linked to the final product it helps to catalyze. Activation of an 
enzyme (En) by a precursor of the substrate (A) of that enzyme is termed 
feed-forward activation.

Е1 Е2 Е3 Еn

А → В → С → → Z

3.2. Allosteric regulation

Allosteric regulation (action at "another site") relating to the alteration 
of the enzyme activity by means of a conformational change of enzyme 
induced by a binding of effectors (activators and inhibitors) to the allosteric 
sites. Such enzymes are known as allosteric enzymes.

Allosteric enzymes are often multisubunit proteins, with more than 
one site (active site and allosteric site) on each polypeptide chain (subunit). 

The binding of a substrate molecule to one active site of the allosteric 
enzymes affects the binding of substrate molecules to other active sites in 
the enzyme; the different active sites are said to behave cooperatively in 
binding and acting on substrate molecules. In allosteric enzymes, the 
binding of substrate at one active site induces a conformational change in 
the protein that is conveyed to the other active sites, altering their affinity 
for substrate molecules. This is referred to as cooperative effect.

A plot of enzyme velocity (V) against substrate concentration ([S]) for 
allosteric enzyme gives a sigmoidal curve (Fig.4) rather than the 
hyperbolic plots predicted by the Michaelis-Menten equation. In this case, 
a small increase in the concentration of the substrate leads to a significant 
increase in the reaction rate. This allows allosteric enzymes to be 
particularly sensitive to small changes in substrate concentration within the 
physiological range. 

Fig. 4. A plot of enzyme velocity (V) against substrate concentration ([S]).

V

[S]

Hyperbolic
curve
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Allosteric enzymes are controlled by effector molecules that bind to the 
enzyme at allosteric site (either on the same subunit or on a different 
subunit), there by causing a change in the conformation of the active site 
which alters the rate of enzyme activity. An allosteric activator increases 
the rate of enzyme activity, while an allosteric inhibitor decreases the 
activity of the enzyme.

When the substrate itself serves as an effector, the effect is said to be 
homotropic. Most often, an allosteric substrate functions as a positive 
effector (activator). The effector may be different from the substrate, in 
which case the effect is said to be heterotropic.

Models for allosteric behavior

1. Concerted or symmetry model (Monod, Wyman, Changeux).
2. Simple sequential model (Koshland, Nemethy, Filmer).

Concerted or symmetry model: allosteric enzyme can exist in still two 
conformations, active and inactive. All subunits are in the active form or all 
are inactive. Binding of substrate to one of the subunits increases the 
probability that both switch from the T to the R form. Allosteric inhibitor 
shifts the R → T conformational equilibrium toward T, whereas an 
allosteric activator shifts it toward R. The result is that an allosteric 
activator increases the binding of substrate to the enzyme, whereas an 
allosteric inhibitor decreases substrate binding.

Quaternary structure: ТТ, RR. 

S+TT  RR

Simple sequential model: allosteric enzyme can exist in only two 
conformational changes individually. Consider an allosteric enzyme 
consisting of two identical subunits, each containing an active site. The T 
(tense) form has low affinity and the R (relaxed) form has high affinity for 
substrate. Binding of substrate to one of the subunits induces a T → R 
transition in that subunit but not in the other. The affinity of the other 
subunit for substrate is increased because the subunit interface has been 
altered by the binding of the first substrate molecule.

Quaternary structure: TT, RR, TR

S + TT  TR  RR(+)
S + RR  TR  TT(-)



Regulation of enzyme activity.

49

3.3. Reversible covalent modification

Reversible covalent modification is the making and breaking of a 
covalent bond between a non-protein group and an enzyme molecule.

Although a range of non-protein groups may be reversibly attached to 
enzymes, which affect their activity, the most common reversible 
modification is the addition and removal of phosphate group through the 
processes of phosphorylation and dephosphorylation, respectively.

Phosphorylation is catalyzed by protein kinases, using ATP as the 
phosphate donor, and dephosphorylation is catalyzed by protein 
phosphatases (Fig.5). The addition and removal of the phosphate group 
causes changes in the tertiary structure of the enzyme that alter its catalytic 
activity. 

One class of protein kinases transfers the phosphate specifically on to 
the -OH group of Ser or Thr residues on the target enzyme (cAMP-
dependent protein kinase), while a second class transfers the phosphate on 
to the -OH group of Tyr residues (tyrosine kinases). Protein phosphatases
catalyze the hydrolysis of phosphate groups from proteins to regenerate the 
unmodified -OH group of the amino acid and release Pi (Fig.5).

Fig. 5. The reversible phosphorylation and dephosphorylation of an enzyme.

A phosphorylated enzyme may be either more or less active than its 
dephosphorylated form. Thus, phosphorylation/dephosphorylation may be 
used as a rapid, reversible switch to turn a metabolic pathway on or off 
according to the needs of the cell. For example, glycogen phosphorylase, 
an enzyme involved in glycogen breakdown, is active in its phosphorylated 
form, and glycogen synthase, involved in glycogen synthesis, is active in its 
dephosphorylated form.

3.4. Proteolytic activation

Proteolytic activation is the activation of an enzyme by peptide 
cleavage. 
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Some enzymes are initially synthesized in a longer, inactive form. These 
inactive precursors are subsequently activated by irreversible cleavage of 
one or a few peptide bonds i.e., by proteolysis.

The inactive form of enzyme is called a zymogen (or a proenzyme). 
The pancreatic proteases trypsin, chymotrypsin and elastase are all 

derived from zymogen precursors (trypsinogen, chymotrypsinogen and 
proelastase, respectively) by proteolytic activation. Premature activation of 
these zymogens leads to the condition of acute pancreatitis. The blood 
clotting cascade also involves a series of zymogen activations that brings 
about a large amplification of the original signal.

3.5. Formation of multienzyme systems

Complex enzyme systems are not independent molecules but occur as 
aggregates involving several different enzymes.

Fatty acid synthase (palmitate synthase complex) is one such example. 
Each component of this complex enzyme is so arranged as to provide an 
efficient coupling of the individual reactions catalyzed by these enzymes. 
The product of the first enzyme becomes the substrate of the second and so 
on.

The organization of different enzymes of a metabolic pathway into a 
single multienzyme functional unit has distinct advantages for cellular 
function:

1. The complex enzyme systems offer great efficiency that is free from 
interference of other cellular reactions.

2. Since the entire process of the metabolic pathway is confined to the 
complex, there are no permeability barriers for the various intermediates.

3. The multienzyme polypeptide complex is coded by a single gene.
Thus, there is a good coordination in the synthesis of all enzymes of the 

complex.
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      PROTEINS AND ENZYMES IN DISEASE

1. Plasma proteins

Plasma contains a variety of proteins with different functions. There are 
many characterized proteins whose function remains to be determined. The 
biochemistry laboratory routinely measures total protein and albumin 
concentrations, usually in a serum specimen, and reports the globulin 
fraction as the difference between the first two results. Other proteins (e.g.,
immunoglobulins) are measured as classes, and immunochemical methods 
are available for measuring specific proteins and hormones. Enzymes are 
measured both by determining their activity and by immunochemical 
methods.

Total protein

Changes in total protein concentration are common. An increase in total 
protein concentration in a serum specimen is usually due to an increase in 
the globulin fraction and may indicate the presence of a paraprotein.

A decreased total protein usually means that the albumin concentration 
is low.

Albumin

Albumin is the major plasma protein and is synthesized and secreted by 
the liver. It accounts for about 50% of the total hepatic protein production. 
Albumin has a biological half-life in plasma of about 20 days and a 
significant decrease in albumin concentration in plasma
(hypoalbuminemia) is slow to occur if there is reduced synthesis. 

Albumin makes the biggest contribution to the plasma oncotic 
pressure. If the albumin concentration falls very low, edema is the result 
(Fig.1).

There are main reasons for the occurrence of a low plasma albumin 
concentration:

1. Decreased synthesis. This may be due to malnutrition or 
malabsorption. Decreased synthesis is also a feature of advanced chronic 
liver disease.

2. Abnormal distribution or dilution. Hypoalbuminemia can be induced 
by overhydration or if there is increased capillary permeability as occurs in 
septicaemia.
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3. Abnormal excretion or degradation. The causes include the nephrotic 
syndrome, protein losing enteropathies, burns, hemorrhage and catabolic 
states.

Normal

(Gaw A. Clinical biochemistry, 2 ed., Churchill Livingstone, 1999)

Fig. 1. Pathogenesis of edema in hypoalbuminemia.

Although serum albumin measurements have been used to monitor a 
patient’s response to long-term nutritional support, they are unreliable and 
insensitive.

Specific proteins

Measurement of a number of specific proteins gives useful information 
in the diagnosis and management of disease (Table 1).

Characteristic changes in the concentration of certain plasma proteins 
are seen following surgery or trauma, or during infection or tumor growth. 
The proteins involved are called acute phase reactants. These acute phase 
proteins may be used to monitor progress of the condition or its treatment.

Table 1. Specific protein, which are measured in serum.

Protein Function Reason for assay
α1-antitrypsin deficiency                               Protease inhibitor                            Reduced in α1-antitrypsin
β2-microglobulin on all 
cell membranes                        

A subunit of the HLA 
antigen         

Raised in renal tubular 
dysfunction

Ceruloplasmin Oxidizing enzyme Reduced in Wilson’s disease
C-reactive protein (CRP)               Involved in immune 

response
Increased in acute illness, 
especially infection

Low albumin
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Ferritin Binds iron in tissues                       Gives an indication of body 
iron stores

Haptoglobin    Binds hemoglobin Reduced in hemolytic
conditions

Thyroid-binding globulin 
(TBG)   

Thyroid hormone 
binding              

Investigation of thyroid 
disease

Sex hormone binding 
globulin (SHBG)    

Binds testosterone and 
estradiol   

Investigation of raised 
testosterone

Transferrin Iron transport Assessing response to 
nutritional support

2. Medical enzymology

Enzyme diagnostics is the research of enzymes in biological medium 
of an organism with the diagnostic purpose.

There are 4 groups of enzymes:

1. Enzymes widely distributed in various organs and tissues. These 
are enzymes of the basic metabolic processes without which cell life is 
impossible (metabolism of proteins, fats, carbohydrates). Estimation of 
raised enzyme levels in blood due to cellular membrane damage is not used 
for the diagnosis of diseases.

2. Tissue-specific enzymes are originally cell constituents, or are made 
within cells to be secreted into the gastrointestinal tract. They appear in the 
blood incidentally and their measurement is of value in diagnosis. Damage 
to the tissues of origin, or proliferation of the cells from which these 
enzymes arise, will lead to an increase in the activity of these enzymes in 
plasma (Fig.2, Table 2). It should be noted that increases in serum enzyme 
activity are only roughly proportional to the extent of tissue damage.

Enzymes that have been shown to have a diagnostic value are:
1. Acid phosphatase: a tumour marker in prostatic carcinoma.
2. Alanine aminotransferase (ALT): an indicator of hepatocellular damage.
3. Alkaline phosphatase: increases in cholestatic liver disease and is a 

marker of osteoblast activity in bone disease.
4. Amylase: an indicator of cell damage in acute pancreatitis.
5. Aspartate aminotransferase (AST): an indicator of hepatocellular damage, 

or as a marker of muscle damage, such as a myocardial infarction (MI).
6. Creatine kinase: a marker of muscle damage and acute MI.
7. γ-Glutamyl transpeptidase: a sensitive marker of liver cell damage.
8. Lactate dehydrogenase (LDH): a marker of muscle damage.
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9. Cholinesterase: normally involved in the process of neuromuscular 
conduction, incidentally hydrolyses succinylcholine, a muscle-relaxing 
drug used in anesthesia. Patients with abnormal cholinesterase may fail 
to hydrolyze the drug normally and as a result suffer prolonged paralysis 
after anesthesia. This is called scoline apnoea. Cholinesterase
measurements are also useful in the diagnosis of poisoning with pesticides, 
which are cholinesterase inhibitors.

(Gaw A. Clinical biochemistry, 2 ed., Churchill Livingstone, 1999)

Fig. 2. Plasma level of intracellular enzymes.

Table 2. Mechanisms of increased plasma enzyme activity.

Increased plasma enzyme activity
1. Increased enzyme synthesis Alkaline phosphatase (rickets)
2. Increase in membrane

permeability 
Creatine kinase (muscular dystrophy),
alanine transaminase, aspartate transaminase
(viral hepatitis)

3. Necrosis of the cells Aspartate transaminase, aldolase, creatine kinase
4. Decreased enzyme excretion Alkaline phosphatase

Decreased plasma enzyme activity
1. Reduction of number of cells 

secreting enzyme
Cholinesterase (cirrhosis of liver),
Pepsinogen (gastroectomy)

2. Decreased enzyme synthesis Ceruloplasmin (Wilson's disease)
3. Increased enzyme secretion Ceruloplasmin (nephrosis)
4. Inhibition of enzyme activity Trypsin (under influence of antitrypsin)



Proteins and enzymes in disease.

55

3. Isoenzymes. Some enzymes are present in the plasma in two or more 
molecular forms. These variants are known as isoenzymes, and although they 
have different structures they perform the same catalytic function. Different 
isoenzymes may arise from different tissues and their specific detection may 
give clues to the site of pathology (Table 3).

Alkaline phosphatase isoenzymes may distinguish between bone and liver 
disease, especially in patients in whom metastases of bone or liver are 
suspected. A specific isoenzyme of creatine kinase (CK MB) is useful in the 
early detection of myocardial infarction. Heart muscle contains proportionally 
more of this isoenzyme than skeletal muscle, and raised levels of CK MB 
indicate that a myocardial infarction has occurred.

Table 3. Applications of tissue-specific enzymes (isoenzymes) in the diagnosis.

Enzyme (isoenzyme) Organ damaged from which enzymes arise
LDH 1, 2 Cardiac muscle
LDH 3 Lungs

LDH 4, 5 Liver, muscle
Amylase Pancreas

Alanine transaminase (ALT) Liver
Aspartate transaminase (AST) Cardiac muscle

Acid phosphatase Prostate
Alkaline phosphatase Bone

4. Enzymes located in organelles of the cells (oxidative-reductive 
enzymes in mitochondria, acid hydrolases in lysosomes). The enzymes 
when elevated in serum are markers of deep cellular damage.

Enzymopathology

Hereditary enzymopathies are diseases related to inherited defects in 
enzymes. 

Alterations due to this may be of two types:
1. Associated with the formation of a substrate excess or its precursors 

in a reaction. For example, the accumulation and excretion of galactose due 
to the deficiency of the enzyme converting galactose to fructose 
galactosemia;

2. Associated with the inadequate formation of products of altered 
chemical reaction. This type is accompanied by clinical manifestations. In 
this step, usually already too late to apply therapeutically effective 
measures.
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Enzyme therapy is application of enzymes and regulators of their 
activity as medicines.

Medicine Characteristic Indications The purpose of 
applications

Pepsin Proteolytic enzyme 
of stomach

Insufficiency of 
gastric digestion
(gastritis)

Replacement therapy 

Trypsin Proteolytic enzyme 
of pancreas

a) Festering 
wound; b) 
inflammatory 
disorders of 
respiratory tract

Splitting of necrotic 
tissues and clots of 
blood

Aprotinin 
(trasylol)

Inhibitor of trypsin
and related 
proteolytic enzymes

Pancreatitis Prevention of 
pancreas 
autodigestion by the 
trypsin, which is 
already activated in 
the gland ducts at 
pancreatitis

Fibrinolysin Proteinase that 
dissolves the fibrin of 
blood clots

Thrombosis of 
vessels

Resorption of formed 
thromboses

Iprazide Inhibitor of 
monoamine oxidases, 
that inhibit 
catecholamines

States of 
depression

Stimulates the mental 
sphere. Eliminates 
states of depression

Hyaluro-
nidase

Glycosidase, an 
enzyme that 
catalyzes the 
breakdown of 
hyaluronic acid in the 
body

Scars after 
burns and 
operations, 
commissures 

Breaking down the 
redundant connective 
tissue

Penicilline, 
cycloserine

Inhibitors of the 
enzymes that form 
the components of 
the bacterial cell wall

Bacterial 
infections

Bacteriostatic and 
bactericidal action
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6
Lecture 6

BIOLOGICAL MEMBRANES

Membrane is the thin layer that forms the outer boundary of a living 
cell (the plasma membrane) or of internal distinct subcellular compartments 
(e.g., nucleus, mitochondria, lysosomes, etc.).

Functions of membranes:
1. Act as selectively permeable barriers. 
2. Carry out energy transduction.
3. Facilitate cell motion.
4. Modulate signal transduction (receptors).
5. Mediate cell-cell interactions.
All membranes contain two basic components: lipids and proteins. 

Some membranes also contain carbohydrates. 
The composition of lipid, protein and carbohydrate varies from one 

membrane to another. For example, the inner mitochondrial membrane has 
a larger amount of protein than lipid due to the presence of numerous 
protein complexes involved in oxidative phosphorylation and electron 
transfer, whereas the myelin sheath membrane of nerve cells, which serves 
to electrically insulate the cell, has a larger proportion of lipid.

1. Membrane lipids

Lipids are the class of organic compounds that are insoluble in water but 
soluble in organic solvents such as chloroform and methanol. Within 
membranes there are three major types of lipid: the glycerophospholipids, 
the sphingolipids and the sterols.

1.1. Glycerophospholipids

The glycerophospholipids consist of three components: a 
phosphorylated headgroup, a three-carbon glycerol backbone and two 
hydrocarbon fatty acid chains (Fig.1). The simplest glycerophospholipid is 
phosphatidate (diacylglycerol-3-phosphate) which has only a phosphate 
group esterified to carbon-3 of the glycerol. Although phosphatidate itself 
is present in small amounts in membranes, the major glycerophospholipids 
are derived from it. In these other lipids the phosphate is further esterified 
to the hydroxyl group of one of several alcohols (choline, ethanolamine, 
glycerol, inositol or serine). 

The major glycerophospholipids found in membranes include 
phosphatidylcholine, phosphatidylethanolamine, phosphatidylglycerol, 
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phosphatidylinositol and phosphatidylserine (Fig.1).
Diphosphatidylglycerol (or cardiolipin) is found predominantly in the inner 
mitochondrial membrane.
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Fig. 1. Structures of some glycerophospholipids. R1 and R2 represent hydrocarbon 
chains of fatty acids.

1.2. Sphingolipids

The major sphingolipids found in membranes include sphingomyelins 
and glycosphingolipids (glycolipids).

Sphingomyelins, the commonest sphingolipids, have a sphingosine 
backbone (Fig.2a) in place of the glycerol in glycerophospholipids. Like 
the glycerophospholipids, they also have a phosphorylated headgroup 
(either choline or ethanolamine) and two hydrocarbon chains (Fig.2a). The 
sphingomyelins are particularly abundant in the myelin sheath that 
surrounds nerve cells. 

The glycosphingolipids, such as the cerebrosides and gangliosides, are 
also derived from sphingosine, but in place of the phosphorylated 
headgroup they have one or more sugar residues. The galactocerebrosides 
have a single galactose residue (Fig.2a) and are found predominantly in the 
neuronal cell membranes of the brain. The gangliosides have several sugar 
residues including at least one sialic acid residue such as 
N-acetylneuraminic acid and are a major constituent of most mammalian 
plasma membranes, being particularly abundant in brain cells.

1.3. Sterols

The sterol cholesterol (Fig.2b) is a major constituent of animal plasma 
membranes but is absent from prokaryotes. The fused ring system of 
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cholesterol means that it is more rigid than other membrane lipids. As well 
as being an important component of membranes, cholesterol is the 
metabolic precursor of the steroids and vitamin D. Plants contain little
cholesterol but have instead a number of other sterols, mainly stigmasterol 
and β-sitosterol which differ from cholesterol only in their aliphatic side 
chains.

Fig. 2. Structures of (a) the sphingolipids sphingmyelin and galactocerebroside; 
(b) cholesterol. R1 represents the hydrocarbon chain of fatty acids.

1.4. Fatty acid chains

The two fatty acid chains of glycerophospholipids and the single fatty 
acid chain and the hydrocarbon chain of the sphingosine in sphingolipids 
consist of long chains of carbon atoms. Usually these chains have an even 
number of carbon atoms (e.g., palmitate, C16; stearate, C18) and are 
unbranched. The chains can either be fully saturated with hydrogen atoms 
or unsaturated and have one or more double bonds that are usually in the 
cis configuration (e.g., oleate C18:l which has 18 carbon atoms and one 
double bond; arachidonic acid C20:4 which has 20 carbon atoms and four 
double bonds). The two fatty acid chains on a glycerophospholipid are 
usually not identical (e.g., l-stearoyl-2-oleoyl-3-phosphatidylcholine).

l-stearoyl-2-oleoyl-3-phosphatidylcholine

HH
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1.5. Lipid bilayer

Membrane lipids are amphipathic molecules as they consist of 
hydrophobic (′water-hating′) fatty acid chains and a hydrophilic (′water-
loving′) polar headgroup.

Lipids Hydrophobic part Hydrophilic part
Glycerophospholipids two hydrocarbon fatty acid

chains
glycerol backbone and 
phosphorylated alcohols 
(choline, ethanolamine,
inositol or serine).

Sphingomyelins hydrocarbon fatty acid chain
and sphingosine backbone

phosphorylated choline

Glycosphingolipids hydrocarbon fatty acid chain
and sphingosine backbone

carbohydrate

Cholesterol fused ring system -ОН group on С-3

In aqueous solution, amphipathic molecules will orientate themselves in 
such a way as to prevent the hydrophobic region coming into contact with 
the water molecules. In the case of those fatty acid salts which contain only 
one fatty acid chain (such as sodium palmitate, a constituent of soap), the 
molecules form a spherical micellar structure (diameter usually <20 nm) in 
which the hydrophobic fatty acid chains are hidden inside the micelle and 
the hydrophilic headgroups interact with the surrounding water molecules 
(Fig.3a).

Because the two fatty acid chains of phospholipids are too bulky to fit 
into the interior of a micelle, the favored structure for most phospholipids 
in aqueous solution is a two-dimensional bimolecular sheet or lipid bilayer
(Fig.3b).

Fig. 3. Structure of (a) micelle and (b) lipid bilayer.

Such lipid bilayers, in which the phospholipid molecules are orientated 
with their hydrophobic chains in the interior of the structure and their 
hydrophilic headgroups on the surfaces, can be relatively large structures of 
up to about 1 mm in area. The two layers of lipids in the bilayer are 
referred to as the inner and outer leaflets. In biological membranes, the 

(a) (b)
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individual lipid species are asymmetrically distributed between the two 
leaflets. For example, in the plasma membrane of erythrocytes, 
sphingomyelin and phosphatidylcholine are preferentially located in the 
outer leaflet, whereas phosphatidylethanolamine and phosphatidylserine are 
mainly in the inner leaflet.

1.6. Membrane fluidity

Because there are no covalent bonds between the lipids in the bilayer, 
the membrane is not a static structure but has fluidity. The lipids are
generally free to move within the plane of the inner or outer leaflet of the 
bilayer by either rotational or lateral movement (Fig.4). However, they 
cannot readily flip from one leaflet of the bilayer to the other, so called 
transverse movement, due to the unfavorable energetics involved in 
moving a hydrophilic headgroup through the hydrophobic interior of the 
bilayer. 

Fig. 4. Movement of lipids in membranes.

Membrane fluidity is regulated by degree of saturation of fatty acids in 
phospholipids and cholesterol content. Increasing the length of the fatty 
acid chains or decreasing the number of unsaturated double bonds in the 
fatty acid chains and increasing the amount of cholesterol leads to a 
decrease in the fluidity of the membrane.

2. Membrane proteins

Membrane proteins are classified as either integral (intrinsic) or 
peripheral (extrinsic) depending on how tightly they are associated with the 
membrane.

2.1. Integral membrane proteins

Integral membrane proteins are asymmetrically distributed across the 
lipid bilayer (Fig.5 a,b,c). They are tightly attached to the membrane 

(https://www.mechanobio.info)

https://www.mechanobio.info
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through interactions with the hydrophobic environment that exists in the 
interior of a bilayer and can be extracted only by using detergents that 
disrupt the membrane structure. 

Like lipids, integral proteins are amphipathic, having both hydrophobic 
and hydrophilic regions. Most of them have one or more regions of the 
polypeptide chain that span the lipid bilayer and interact noncovalently 
with the hydrophobic fatty acid chains. However, some are anchored in the 
membrane by a covalently attached fatty acid or hydrocarbon chain. 

2.2. Peripheral membrane proteins

Peripheral membrane proteins can be found either on the outer or the 
inner surface of the lipid bilayer (Fig.5 d,e,f) and are loosely attached to 
membrane by reversible ionic interactions and hydrogen bonds with either 
the phospholipid headgroups and/or other proteins in the membrane. 

They can be readily removed by washing the membranes with a solution 
of high ionic strength (e.g., 1M NaCl) or high PH. These procedures leave 
the lipid bilayer intact. No part of a peripheral protein interacts with the 
hydrophobic core of the bilayer. 

Once removed from the membrane, peripheral proteins behave as water-
soluble globular proteins and can be purified as such.

Fig. 5. a, b, and c are integral membrane proteins; d, e and f are peripheral membrane 
proteins. (Kevin Ahern's Biochemistry, 7 ed., W. H. Freeman and Company, 2012)

Functions of membrane proteins:
1. Membrane proteins can provide structural support, often when 

attached to parts of the cell’s scaffolding or "cytoskeleton".
2. Binding sites on some proteins can serve to identify the cell to other 

cells, such as those of the immune system.
3. Receptor proteins, protruding out from the plasma membrane, can be 

the point of contact for signals sent to the cell via traveling 
molecules, such as hormones.
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4. Proteins involved in the transport of substances across the membrane 
(H+/ATP synthase, Na+/K+ATPase).

5. Some proteins are enzymes (adenylate cyclase, γ-glutamyl 
transferase).

6. Some proteins are mediators that aid in signal transduction (e.g.,
G proteins).

3. Membrane carbohydrates

The extracellular surface of the plasma membrane is often covered by 
coat of carbohydrates. The sugar residues of this carbohydrate coat can be 
attached either to certain lipids such as the glycosphingolipids, or to the 
polypeptide chains of peripheral or integral membrane proteins. These 
glycolipids and glycoproteins are abundant in the plasma membrane of 
eukaryotic cells but are virtually absent from most intracellular membranes, 
particularly the inner mitochondrial membrane and the chloroplast 
lamellae. 

In glycoproteins the sugar residues can be attached to the polypeptide 
chain either through the hydroxyl group in the side chain of Ser or Thr 
residues as O-linked oligosaccharides, or through the amide group in the 
side-chain of Asn as N-linked oligosaccharides. In the case of the N-linked 
sugars, in order to be modified the Asn must lie in the tripeptide consensus 
sequence Asn-Xaa-Ser or Asn-Xaa-Thr, where Xaa is any amino acid 
except Pro. O-linked oligosaccharides usually consist of only a few 
(approximately four) sugar residues, whereas N-linked oligosaccharides 
can be quite large structures with a dozen or more different sugars attached 
to the Asn side-chain. 

Functions of membrane carbohydrates:
1. Form a protective coat on the outer surface of the cells. 
2. Involve in intercellular recognition (receptors).
3. Maintain the asymmetry of the membrane.

4. Fluid mosaic model of membrane structure

The fluid mosaic model of the eukaryotic cell membrane was first 
proposed by Jonathan Singer and Garth Nicolson in 1972 for the overall 
structure of biological membranes and is consistent with most experimental 
observations. 

This model states that the components of a membrane such as globular 
integral membrane proteins form a mobile mosaic in the fluid-like 
environment created by oriented lipids. The proteins can be considered as 
'icebergs' floating in a two-dimensional lipid 'sea' (Fig.6). 
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Fig. 6. The fluid mosaic model.

It was proposed that the bilayer organization of the lipids would act both 
as a solvent for the proteins and as a permeability barrier; lipids may 
interact with certain membrane proteins, and these interactions would be 
essential for the normal functioning of the protein; membrane proteins 
would be free to move laterally in the plane of the bilayer unless restricted 
in some way, but would not be able to flip from one side of the bilayer to 
the other.

5. Membrane permeability

Lipid bilayer is permeable to small apolar molecules such as gases (e.g.,
O2, CO2, NH3, N2), benzene, and uncharged polar molecules such as water, 
urea, ethanol, but is impermeable to large uncharged polar molecules such 
as glucose, charged polar molecules such as amino acids, ATP, glucose-6-
phosphate and ions (e.g., Na+, K+, Cl-, Ca2+). 

The first group of molecules can pass through the membrane unaided 
and without an input of energy, whereas the latter group require the 
presence of integral membrane transport proteins and, in some cases, an 
input of energy to travel through the impermeable membrane barrier. Thus, 
the plasma membrane and the membranes of internal organelles are 
selectively permeable barriers, maintaining a distinct internal environment.

(https://biology.tutorvista.com)

https://biology.tutorvista.com
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6. Transmembrane transport

There are two major ways that molecules can be moved across a 
membrane and the distinction has to do with whether or not cell energy is 
used: passive and active transport.

6.1. Passive transport

Passive transport is the movement of molecules across cell membrane 
from the region of their higher concentration to the region of their lower 
concentration i.e., down the concentration gradient. Therefore it does not 
require input of metabolic energy from the cell.

There are two types of passive transport: simple diffusion and facilitated 
diffusion.

6.1.1. Simple diffusion

Simple diffusion is the process by which molecules move across the 
biological membrane along concentration gradient. Molecule in aqueous 
solution on one side of the membrane dissolves into the lipid bilayer, 
passes it, and then dissolves into the aqueous solution on the opposite side. 
This process is not saturable. Simple diffusion occurs without the aid of an 
integral membrane protein, so there is no specificity. 

Only relatively small uncharged or hydrophobic molecules such as 
water, gases, urea and glycerol pass through the membrane by simple 
diffusion. 
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6.1.2. Facilitated diffusion

Unlike simple diffusion, the facilitated (or 
carrier-mediated) diffusion is the movement 
of molecules across the cell membrane with 
the aid of special transport proteins that are 
embedded in the plasma membrane, often 
called uniporters (Fig.7). 
Uniporters are specific for one particular 
molecule or a group of structurally similar 
molecules. They are capable of being 
saturated, and are influenced by temperature, 
pH and inhibitor molecules in a similar 
manner to enzymes. 
When molecule binds to the uniporter on one 
side of the membrane the protein undergoes 
a conformational change, transports the 
molecule across the membrane and then 
releases it on the other side. Molecules 

crossed the membranes in this way include hydrophilic molecules such as 
glucose, other sugars and amino acids. 

An example of facilitated diffusion is the uptake of glucose into the 
cells by the glucose transporters (GLUTs). 

6.2. Active transport

Active transport is the movement of molecules across cell membrane 
from the region of their lower concentration to the region of their higher 
concentration i.e., against the concentration gradient. Therefore it requires 
input of metabolic energy from the cell.

There are two types of active transport: primary active transport and
secondary active transport.

6.2.1. Primary active transport

Primary active transport, also called ATP-driven transport, directly uses 
energy required for the movement of the molecule across the membrane 
against its concentration derived from the coupled hydrolysis of ATP. 

Substances that are transported across the cell membrane by primary 
active transport include metal ions, such as Na+, K+, Mg2+, Ca2+ and H+. 
These charged particles require ion pumps or ion channels to cross 
membranes and distribute through the body.

Fig. 7. Facilitated diffusion 
of a molecule across a 
biological membrane.
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Mechanism of Na+ and K+ transport 

All cells maintain a high intracellular concentration of K+ and a low 
extracellular concentration of Na+. 

The movement of Na+ and K+ ions is 
carried out by the Na+/K+ATPase (or 
sodium-potassium pump). Na+/K+ATPase
is integral membrane protein consisting of 
2 α- and 2 β-subunits (Fig.8).
Upon hydrolysis of one molecule of ATP 
to ADP and Pi (Pi transiently binds to
aspartyl residue in the α-subunit of
Na+/K+ATPase), the protein undergoes a 
conformational change and 3 Na+ ions are
pumped out of the cell across the plasma 
membrane and 2 K+ ions are pumped in the 
opposite direction into the cell. Both ions 

are being moved up against their concentration gradients across the 
membrane; hence the requirement for an input of energy. 

The detail mechanism of Na+ and K+ transport is in Fig. 9.

Fig. 9. Mechanism of Na+ and K+ transport.

Fig. 8. The Na+/K+ATPase
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6.2.2. Secondary active transport

In secondary active transport, also known as ion-driven transport, 
energy is used for the movement of molecules across the membrane relies 
upon the electrochemical potential difference created by pumping ions 
in/out of the cell in result of primary active transport.  

Secondary active transport is also commonly referred to a cotransport. 
In cotransport movement of a molecule through the membrane is coupled 
to the spontaneous movement of another molecule (Fig.10). The movement 
of the many amino acids and sugars to be transported across the membrane 
against their concentration is coupled to the movement of an ion down its 
concentration gradient, usually either Na+ or H+. 

Two variations of secondary active transport exist: symport and 
antiport. 

Symport is a cell membrane transport mechanism when two 
compounds (e.g., Na+ and glucose) are moved simultaneously across a cell 
membrane in the same direction (Fig.10a). The transport protein involved 
in the process is called a symporter (e.g., Na+/glucose transporter). 

Antiport is when two compounds (e.g., Cl- and HCO3-) move at once 
through the membrane in opposite directions (Fig.10b). The protein 
involved in the process is called an antiporter (e.g., erythrocyte anion 
transporter).

(a)                                     (b)

Fig. 10. Cotransport: (a) symport process involving a symporter; (b) antiport process 
involving an antiporter.
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7
Lecture 7

INTRODUCTION TO METABOLISM.
BIOCHEMISTRY OF NUTRITION AND DIGESTION

1. Metabolism

Metabolism is entire spectrum of chemical enzymatic reactions that 
convert nutrients into energy and the chemically complex products of cells, 
occurring in the living system.

Organized sequences of chemical reactions with a high rate of through 
put, through the existence of specific enzymes known as metabolic 
pathways.

The chemical compounds involved in metabolism are known as 
metabolites. 

Map of metabolism is the set of metabolic pathways of all substances 
related to each other by common metabolites.

These pathways, which serve for synthesis, degradation, and 
interconversion of important metabolites, and also for energy conservation, 
are referred to as the intermediary metabolism.

Intermediary metabolism serves two functions: 
1. Supplies the energy needed for the synthesis of macromolecules or 

other energy-requiring processes.
2. Furnishes energy-requiring processes with the necessary starting 

materials  amino acids for protein synthesis, fatty acids for lipid synthesis, 
nucleoside triphosphates for nucleic acid synthesis, and sugars for 
polysaccharide synthesis.

The rates at which different biological processes require energy and 
materials vary widely. To compensate for these fluctuating needs, the rates 
of the reaction sequences in intermediary metabolism must be adjustable 
over broad ranges so that energy and intermediates will always be available 
to meet a given need. Quite miraculously, these rates are adjusted so that 
the concentrations of key metabolites are remarkably stable. This constancy 
of key intermediates is achieved by maintaining a rate of synthesis for each 
intermediate that is equivalent to its rate of utilization. The term steady 
state is used to describe this nonequilibrium situation.

2. Organisms differ in sources of energy, reducing power, 
and starting materials for biosynthesis

To maintain the steady state and to permit growth and reproduction as 
well, all living cells require energy (obtained from ATP) and starting 
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materials for biosynthesis. They also require reducing power (obtained 
from NADPH), since most biosynthesis involves converting compounds to 
a more reduced state. Although the needs of different organisms for these 
three components are quite similar, the way in which organisms satisfy 
their needs can be quite different. Indeed, the most fundamental metabolic 
distinction between organisms relates to the ways in which they satisfy 
their basic metabolic needs (Table 1).

Table 1. Metabolic classification of organisms.

Type of 
organism

Source of 
ATP

Source of 
NADPH

Source of 
carbon

Examples

Chemoauto-
troph

Oxidation of 
inorganic 

compounds

Oxidation of 
inorganic 

compounds

CO2 Hydrogen, sulfur, iron, 
and denitrifying bacteria

Photoauto-
troph

Sunlight H2O CO2 Higher plants, blue-green 
algae photosynthetic 

bacteriaPhotohetero-
troph

Sunlight Oxidation of 
organic 

compounds

Organic 
compounds

Nonsulfur purple bacteria

Heterotroph Oxidation of 
organic 

compounds

Oxidation of 
organic 

compounds

Organic 
compounds

All higher animals, most 
microorganisms, nonpho-

tosynthetic plant cells

Autotrophs exploit the inorganic environment without depending on 
compounds produced by other organisms. Thus, all of their carbon 
compounds are synthesized from the only widely available inorganic 
compounds of carbon – carbonates or carbon dioxide. 

Different kinds of chemoautotrophs can obtain: reducing power by 
oxidation of a wide variety of inorganic materials such as hydrogen or 
reduced compounds of sulfur or nitrogen (each species is usually quite 
specific as to the electron donors that it can utilize). The same reduced 
compounds supply electrons for regeneration of ATP by oxidative
phosphorylation. 

Photoautotrophs obtain ATP by oxidative phosphorylation during the 
cycling of a photochemically excited electron back to groundstate 
chlorophyll. They are also able to use these excited electrons for the 
reduction of NADP while obtaining electrons from water to replace them in 
the chlorophyll system. Photoautotrophs have thereby achieved in 
dependence of all sources of energy except for the sun and all sources of 
electrons except for water. For this reason, photoautotrophic fixation of 
carbon dioxide is the predominant base of the food chain in the biosphere.

Common heterotrophs depend on preformed organ compounds for all 
three primary needs. Although some carbon dioxide is fixed in 
heterotrophic metabolism, notably in the synthesis of amino acids, the 
heterotrophic cell thrives at the expense of compounds formed by other 
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cells, and is not capable of the net conversion (fixation) of carbon dioxide 
into organic compounds.

Some bacteria, referred to as photoheterotrophs, are able to regenerate 
ATP photochemically, but they cannot supply electrons to NADP+ as a 
result of photochemical reactions. Such organisms are like other 
heterotrophs in that they are dependent on preformed organic compounds. 
But because of their photochemical apparatus, the photoheterotrophs are 
able to use available organic food more efficiently than common 
heterotrophs.

Although all heterotrophs are dependent on preformed organic 
compounds, they differ markedly in the numbers and types of compounds 
they require. Some species can make all required compounds when 
supplied with a single carbon source; others have lost some or many 
biosynthetic capabilities. Mammals must obtain about half of their amino 
acids from external sources and are also unable to make several metabolic 
cofactors, as evidenced by their well-known nutritional requirements for 
vitamins. Some bacteria and some parasites have even more extensive 
nutritional requirements. 

3. Pathways show functional coupling

Metabolic chemistry is sometimes taught by reference to large charts 
that have been designed to display all the major biochemical pathways. 
Such charts, however, include a bewildering array of interconnections; the 
functional relationships between different pathways tend to be obscured by 
the complexity of presentation. 

The overall operational aspects of metabolism are easier to grasp when 
they are presented in simpler block diagrams that omit details and focus on 
functional relationships. Such a diagram for a typical heterotrophic aerobic 
cell is shown in Fig. 1, where the metabolism of the cell is symbolized by 
two functional blocks:

3.1. Catabolism, or degradative metabolism

Catabolism is the enzymatic degradative processes concerned with the 
breakdown of complex large organic nutrient molecules to smaller simpler 
compounds (e.g., CO2, H2O, NH3) with a concomitant release of chemical 
free energy, much of which is conserved in the form of energy-carrying 
molecule adenosine triphosphate (ATP).

Catabolism supplies the energy (ATP) and reducing power (NADPH) 
needed for activities that occur in the anabolism. 
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Stages of catabolism:

1. Degradation of polymers to monomers:
 starch, glycogen  glucose;
 proteins  amino acids;
 triacylglycerols  glycerol + free fatty acids.

2. Specific pathways of catabolism of monomers with formation of 
simple intermediates – pyruvate and acetylCoA.

 oxidation of glucose to pyruvate, 2 АТP;
 oxidative deamination of amino acids to ketoacids (pyruvate), 

acetylCoA and NH3, 2-3 АТP;
 -oxidation of fatty acids to acetylCoA, 5 ATP.

3. Common pathways of catabolism with formation of end products: 
 oxidative decarboxylation of pyruvate to acetylCoA and СО2, 

3 ATP;
 oxidation of acetylCoA via Krebs cycle (or citric acid cycle) to 

СО2, Н2О, 12 АТP.

Foods are oxidized to carbon dioxide. Most of the electrons liberated in 
this oxidation are transferred to O2, with concomitant production of ATP
(oxidative phosphorylation). Other electrons are used in the regeneration of 
NADPH, the most frequently used reducing agent for biosynthesis. The 
major pathways in this block are the glycolytic sequence and the citric acid 
cycle. These same sequences, with the pentose phosphate pathway, also 
supply carbon skeletons for the cell's biosynthetic processes.

3.2. Anabolism, or biosynthesis 

Anabolism is the enzymatic biosynthetic reactions involving the 
formation of complex organic molecules from simple precursors and 
require an input of chemical free energy which is furnished by the 
breakdown of ATP to ADP and phosphate.

The starting materials produced by catabolism are converted into cell 
components, with NADPH serving as a reducing agent and with ATP as 
energy transducing compound. 

Stages of anabolism:

1. Third stage of catabolism (amphibolic) – formation of pyruvate and 
acetylCoA from intermediates of the citric acid cycle.

2. Specific pathways of anabolism – synthesis of monomers from 
pyruvate and acetylCoA:

 synthesis of glucose from pyruvate (gluconeogenesis);
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 synthesis of amino acids from pyruvate;
 synthesis of fatty acids from acetylCoA.

3. Conversion of monomers to polymers – glucose to carbohydrates, 
fatty acids and glycerol to lipids, amino acids to proteins.

The starting materials produced by glycolysis and the citric acid cycle
are converted into hundreds of cell components, with NADPH serving as a 
reducing agent when necessary, and with ATP as the universal coupling 
agent or energy transducing compound. This conversion is rapidly followed 
by the synthesis of macromolecules and growth.

The starting materials consumed in biosynthetic sequences must be 
continuously replaced by catabolic processes. The energy sources and 
reducing sources, ATP and NADPH, are used in very different ways. When 
they contribute to biosynthesis, these coupling agents are converted to 
NADP+ and ADP or AMP. They must be regenerated, reduced, or 
rephosphorylated at the expense of substrate oxidation in the catabolic 
block of reactions. 

As Fig. 1 indicates, ATP and NADPH are the fundamental coupling 
agents in metabolism – the compounds that have primary roles in coupling 
between the major functional blocks. Other coupling agents are essential 
but less broad in scope. For example, NADH and FADH2 participate within 
the catabolic block in the transfer of electrons from substrate to oxygen in 
oxidative phosphorylation, but they are not significantly involved in 
coupling between major functional blocks.

The block diagram of Fig. 1 does not represent the total metabolism of 
organisms other than aerobic heterotrophs. The photochemical production 
of ATP in photoheterotrophs would require the addition of a photochemical 
block, with ATP production in the catabolic block being deleted.

For a photoautotroph, two blocks would be needed in addition to those 
shown in Fig. 1: 

1. Block for the photochemical processes that regenerate ATP from 
ADP or AMP and reduce NADP+ to NADPH, while consuming water and 
producing a stoichiometric amount of oxygen 

2. Block that shows the use of ATP and NADPH in the reduction of 
carbon dioxide to various products. These photosynthetic products provide 
the input to the catabolic block, which in this case serves only one function
– the production of the starting materials for synthesis.

The anabolic and catabolic pathways are not reversible and must be 
controlled by different regulatory signals independently!
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(Garrett R.H. Biochemistry, 4ed. Broocs/Cole Cengage Learning, 2010)

Fig. 1. A schematic block diagram of the metabolism of a typical aerobic heterotroph.

4. Biochemistry of nutrition

A balanced human diet needs to contain proteins, carbohydrates, fats, 
minerals (including water), and vitamins.

Dietary carbohydrates are the chief source of energy. They contribute 
to 50-55% of total caloric requirement of the body (Fig.2). In a well 
balanced diet, at least 40% of the caloric needs of the body should be met 
from carbohydrates. Carbohydrates are abundant in several naturally 
occurring foods. These include table sugar (99%), cereals (60-80%), bread 
(50-60%), roots and tubers (20-40%). The complex carbohydrates that are 
not digested by the human enzymes are collectively referred to as dietary 
fiber (e.g., cellulose, pectin). For a long time, fiber was regarded as 
nutritional waste. And now nutritionists attach a lot of importance to the 
role of fiber in human health. 

Triacylglycerols (lipids and oils) are the concentrated dietary source of 
fuel, contributing 15-50% of the body energy requirements. Dietary lipids 
supply triacylglycerols that normally constitute about 90% of dietary lipids 
and provide essential fatty acids and fat soluble vitamins (A, D, E and K). 
The unsaturated fatty acids which the body cannot synthesize and, 
therefore, must be consumed in the diet are referred to as essential fatty 
acids (EFA). Two essential fatty acids are the polyunsaturated omega-3 
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(linolenic acid) and omega-6 fatty acids (linoleic acid). Modern diets often 
contain an overabundance of the omega-6 fatty acids and a deficiency in 
omega-3 fatty acids. Arachidonic acid can be synthesized from linoleic acid 
in some animal species, including man. However, the conversion efficiency 
of linoleic acid to arachidonic acid is not clearly known in man. And for 
this reason, some nutritionists recommend that it is better to include some 
amount of arachidonic acid also in the diet. The essential fatty acids, more 
frequently called polyunsaturated fatty acids (PUFA), are predominantly 
present in vegetable oils and fish oils. Nutritionists recommend that at least 
30% of the dietary fat should contain PUFA. The recommended fat intake 
is around 20-30% of the daily calorie requirement, containing about 50% of 
PUFA.

Proteins have been traditionally regarded as "body-building foods". 
However, 15-20% of the total body energy is derived from proteins. The 
nutritional importance of proteins is based on the content of essential amino 
acids. There are ten essential amino acids – arginine, valine, histidine, 
isoleucine, leucine, lysine, methionine, phenylalanine, tryptophan and 
threonine. Of these two-namely arginine and histidine – are semi-essential. 
Cysteine and tyrosine can, respectively, spare the requirement of 
methionine and phenylalanine. The protein content of foods is variable, 
cereals have 6-12%; pulses 18-22%; meat 18-25%, egg 10-14%; milk 3-4% 
and leafy vegetables 1-2%. In general, the animal proteins are superior than 
vegetable proteins as the dietary source.

(Koolman J. Color atlas of biochemistry, 3d ed., Thieme, 2012)

Fig. 2. Energy requirement.



Lecture 7

76

Failures of nutrition 

1. High fat intake.
2. Deficiency of polyunsaturated fatty acids. 
3. Deficiency of (animal) proteins.
4. Deficiency of majority of vitamins.
5. Deficiency of macro- and microminerals – Са, Fе, I, F, Se.
6. Deficiency of dietary fibers.

Nutraceuticals are natural ingredients of food, such as vitamins or 
their precursors (e.g., -carotins), polyunsaturated fatty acids of omega-3 
family, some mono- and disaccharides, dietary fibers (e.g., cellulose, 
pectins), etc.

Nutraceuticals with reported medical value:

 Antioxidants: resveratrol from red grape products; flavonoids inside 
citrus, tea, wine, and dark chocolate foods; anthocyanins found in berries.

 Reducing hypercholesterolemia: soluble dietary fiber products, 
such as psyllium seed husk.

 Cancer prevention: broccoli (sulforaphane) fiddleheads (Matteuccia 
Struthiopteus).

 Improved arterial health: soy or clover (isoflavonoids).
 Lowered risk of cardiovascular disease: alpha-linolenic acid from 

flax or Chia seeds.

5. Introduction in digestion and absorption

Most foodstuffs are ingested in forms that are unavailable to the 
organism, since they cannot be absorbed from the digestive tract until they 
have been broken down into smaller molecules. This disintegration of the 
naturally occurring foodstuffs into assimilable forms constitutes the process 
of digestion.

The chemical changes incident to digestion are accomplished with the 
aid of hydrolase enzymes of the digestive tract that catalyze the hydrolysis 
of native proteins to amino acids, of starches to monosaccharides, and of 
triacylglycerols to monoacylglycerols, glycerol, and fatty acids. In the 
course of these digestive reactions, the minerals and vitamins of the 
foodstuffs are also made more assimilable.

Digestion involves splitting of food molecules by hydrolysis into 
smaller molecules that can be absorbed through the epithelium of the 
gastrointestinal tract.
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Carbohydrates such as starch and glycogen are attacked initially by 
salivary amylase followed by pancreatic amylase in the intestine. The 
resulting maltose plus oligosaccharides together with other disaccharides 
from the diet are attacked by specific intestinal hydrolases to form
monosaccharides, chiefly glucose, fructose and galactose.

Protein digestion is initiated by the endopeptidase pepsin in the acid 
medium of the stomach and continued by other endopeptidases in the 
pancreatic secretion (e.g., trypsin, chymotrypsin, and elastase) together
with the exopeptidase carboxypeptidase, which splits off successive amino 
acids from the carboxyl terminal. Protein digestion is completed by 
intestinal secretions including the exopeptidase, aminopeptidase, plus
dipeptidases with various specificities, which result in formation of free 
amino acids.

Triacylglycerol hydrolysis is initiated by the lingual and gastric 
lipases in the stomach, after which the contents are emulsified with bile 
salts in the duodenum and finally attacked by pancreatic lipase.

The products of digestion are absorbed in the intestine, i.e.,
monosaccharides, amino acids, some dipeptides, together with glycerol, 
free fatty acids, and 2-monoacylglycerols from triacylglycerol digestion. 
The water-soluble monosaccharides, amino acids, glycerol, and short- and 
medium-chain fatty acids are transported to the liver in the hepatic portal 
vein. Long-chain fatty acids and monoacylglycerols are resynthesized to 
triacylglycerol in the intestinal epithelium to form chylomicrons. These are 
secreted into the circulation via the thoracic duct.

Digestive disorders include those due to deficiency of enzymes such as 
lactase and sucrase. Others are due to malabsorption e.g., defects in the 
Na+-glucose cotransporter (SGLT1) leading to glucose and galactose 
malabsorption. Still others may be due to immunologic responses to the 
absorption of unhydrolyzed polypeptides, such as in nontropical sprue.
Gallstones are caused because cholesterol, owing to its low solubility, is 
precipitated in bile, leading to crystallization and stone formation (Table 2).

Table 2. Summary of digestive processes.

Source of 
secretion and 
stimulus for 

secretion

Enzyme Method of 
activation and 

optimal 
conditions for 

activity

Substrate End product

Salivary 
glands:
secrete saliva 
in reflex 
response to 
presence of 

Salivary 
amylase

Chloride ion 
necessary pH 6.6-
6.8

Starch, 
glycogen

Maltose plus 
1:6 glycosides 
(oligosac-
charides) plus 
maltotriose
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food in oral 
cavity
Lingual 
glands

Lingual lipase pH range 2.0-7.5;
optimal 3.0-6.0

Primary 
ester link at 
sn-3 of 
triacyl-
glycerols

Fatty acids plus
1,2-diacylgly-
cerols

Pepsin A 
(fundus)
Pepsin B 
(pylorus)

Pepsinogen 
converted to 
active pepsin by 
HCI. pH 1.0-2.0

Protein Peptides

Gastric lipase As for lingual 
lipase

As for 
lingual 
lipase

As for lingual 
lipase

Stomach 
glands

Rennin Calcium 
necessary for 
activity pH 4.0

Casein of 
milk

Coagulates milk

Trypsin Trypsinogen 
converted to 
active trypsin by 
enteropeptidase 
of intestine at pH
5.2-6.0. 
Autocatalytic at 
pH 7

Protein, 
peptides

Polypeptides, 
dipeptides

Chymotrypsin Secreted as 
chymotrypsino-
gen and converted 
to active form by 
trypsin. pH 8.0

Protein, 
peptides

Same as trypsin, 
more 
coagulating 
power for milk

Elastase Secreted as pro-
elastase and 
converted to 
active form by 
trypsin

Protein, 
peptides

Polypeptides, 
dipeptides

Carboxy-
peptidase

Secreted as 
procar-
boxypeptidase, 
activated by 
trypsin

Polypepti-
des at the 
free 
carboxyl 
end of the 
chain

Small peptides, 
free amino acid

Pancreatic 
amylase

pH 7.1 Starch, 
glycogen

Maltose plus 
1:6 glycosides 
(oligosaccha-
rides) plus 
maltotriose

Pancreas 

Lipase Combined 
activation by bile 
salts, 
phospholipids, 

Primary 
ester 
linkages of 
triacylgly-

Fatty acids,  2-
mo-
noacylglycerols, 
glycerol
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colipase. pH 8.0 cerol
Bile salt-
activated 
lipase (the 
same enzyme 
is present in 
milk)

Activated by bile 
salts

Triacylglyce
rol esters
(e.g., 
cholesteryl 
ester, 
vitamin 
esters; lyso-
phospho-
lipids)

Free fatty acids,
vitamins, 
cholesterol

Ribonuclease Ribonucleic 
acid

Nucleotides

Deoxyribo-
nuclease

Deoxyribo-
nucleic 
acids

Nucleotides

Cholesteryl 
ester 
hydrolase

Activated by bile 
salts

Cholesteryl 
esters

Free cholesterol 
plus fatty acids

Phospholi-
pase A2

Secreted as pro-
enzyme, activated 
by trypsin and 
Ca2+

Phospho-
lipids

Fatty acids, 
lysophospho-
lipides

Liver and
gallbladder

(Bile salts and 
alkalin)

Fats – also 
neutralize 
acid chyme

Fatty acid bile
salt complexes 
and finely 
emulsified 
neutral fat bile 
salt micelles 
and liposomes

Aminopep-
tidase

Polypep-
tides at the 
free amino 
end of the 
chain

Small peptides, 
free amino 
acids

Dipeptidases Dipeptides Amino acids
Sucrase pH 5.0-7.0 Sucrose Fructose, 

glucose
Maltase pH 5.8-6.2 Maltose Glucose
Lactase pH 5.4-6.0 Lactose Glucose, 

galactose
Trehalase Trehalose Glucose
Phosphatase pH 8.6 Organic 

phosphates
Free phosphate

Isomaltase or
1:6 glucosi-
dase

1:6 
glucosides

Glucose

Polynucleo-
tidase

Nucleic acid Nucleotides

Small 
intestine:
secretions of 
Brunner's 
glands of the 
duodenum 
and glands of 
Lieberkuhn

Nucleosidases 
(nucleoside 

Purine or 
pyrimidine 

Purine or 
pyrimidine 
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phosphory-
lases)

nucleosides bases, pentose 
phosphate

The digestion and absorption of nutrients is a complicated process 
which is regulated by the autonomic nervous system. This occurs in 
association with peptide hormones of gastrointestinal tract (GIT). 

The specialized cells lining the GIT are responsible for the production 
of GIT hormones. Hence GIT may be considered as the largest mass of 
cells that secrete hormones. A large number of GIT hormones have been 
identified (Table 3). 

Table 3. Regulation of digestion by the hormones of the gastrointestinal tract.

Hormone Source of 
secretion

Stimulus of 
secretion

Effect

Gastrin, 
histamine

Gastric 
mucosa

Proteins 
(derived from 
food) or by HCl

Stimulate secretion of gastric HCl 
and pepsin by fundic cells of 
stomach

Enterogas-
trone

Duodenal 
mucosa

Fat (derived 
from food) 

Inhibits gastric HCl and pepsin 
secretion possibly by blocking the 
activity of gastrin

Secretin Mucosa of 
the upper 
small 
intestine
(duodenum)

Presence of HCl 
in the acid 
chyme from the 
stomach

Hormonally stimulates the flow of 
pancreatic juice rich in bicarbonate, 
water, and the flow of bile by the 
pancreas

Cholecysto-
kinin
(pancreo-
zymin)

--//-- Products of 
protein and 
lipid digestion, 
namely 
peptides, amino 
acids, mono or 
diacylglycerols, 
fatty acids and 
glycerol

Stimulates the contraction of the gall 
bladder and secretion of bile into the 
intestine by the liver, and the release 
of pancreatic juice, which is rich in 
digestive enzymes and HCO3

- by the 
pancreas 

Himodenin --//-- Stimulates synthesis and secretion of 
chymotrypsinogen by the pancreas

Enterocrinin --//-- Stimulates secretion of the digestive 
glands of the small intestine 

Villikinin --//-- Stimulates movements of the 
intestinal villi and intestinal 
absorption of digested food 
materials
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6. The products of digestion

The nature of the diet sets the basic pattern of metabolism in the tissues. 
Mammals such as humans need to process the absorbed products of 
digestion of dietary carbohydrate, lipid, and protein. These are mainly 
glucose, fatty acids and glycerol, and amino acids, respectively. 

The products of digestion provide the tissues with the building blocks 
for the biosynthesis of complex molecules and also with the fuel to power 
the living processes.

Nearly all products of digestion of carbohydrate, fat, and protein are 
metabolized to a common metabolite, acetylCoA, before final oxidation to 
CO2 in the citric acid cycle (Fig.3).

Fig. 3. The pathways for the catabolism of dietary carbohydrate, protein, and fat. All 
the pathways lead to the production of acetylCoA, which is oxidized in the citric acid 
cycle, yielding ATP in the process of oxidative phosphorylation.

AcetylCoA is also used as the building block for the biosynthesis of 
long-chain fatty acids, cholesterol, and other steroids from carbohydrate 
and of cholesterol and ketone bodies from fatty acids. Glucose provides 
carbon skeletons for the glycerol moiety of fat and of several nonessential 
amino acids.

All water-soluble products of digestion are transported directly to the 
liver via the hepatic portal vein for processing. This often involves 
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oxidation or synthesis of molecules, some of which are exported to the rest 
of the body e.g., plasma proteins. 

The liver has a direct role in regulating the concentration of many blood 
constituents, including glucose and amino acids, since its primary function 
is to serve the extrahepatic tissues.

In addition to the nucleus, there are three primary subcellular metabolic 
compartments. The cytosol contains the pathways of glycolysis, 
glycogenesis, glycogenolysis, the pentose phosphate pathway, and 
lipogenesis. The mitochondrion contains the principal enzymes of 
oxidation including those of the citric acid cycle, β-oxidation of fatty acids, 
and the respiratory chain. 

Amino acid metabolism takes place, not only in the cytosol and 
mitochondria but also in the endoplasmic reticulum, where at the ribosomal 
site, amino acids are converted into proteins. The membranes of the 
endoplasmic reticulum also contain the enzymes for many other processes 
including glycerolipid formation and drug metabolism.

Metabolic pathways are regulated by rapid mechanisms affecting the 
activity of existing enzymes e.g., allosteric and covalent modification. The 
latter is often initiated by the action of hormones. Hormones also regulate 
by longer term mechanisms, by promotion or inhibition of the synthesis of 
enzyme protein through changes in gene expression.
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8
Lecture 8

BIOENERGETICS

Bioenergetics, or biochemical thermodynamics, is the study of the 
energy changes accompanying biochemical reactions. It provides the 
underlying principles to explain why some reactions may occur while 
others do not. Nonbiologic systems may utilize heat energy to perform 
work, but biologic systems are essentially isothermic and use chemical 
energy to power the living processes.

Suitable fuel is required to provide the energy that enables the animal to 
carry out its normal processes. How the organism obtains this energy from 
its food is basic to the understanding of normal nutrition and metabolism. 
Death from starvation occurs when available energy reserves are depleted, 
and certain forms of malnutrition are associated with energy imbalance 
(marasmus). The rate of energy release, measured by the metabolic rate, is 
controlled by the thyroid hormones, whose malfunction is a cause of 
disease. Storage of surplus energy results in obesity, one of the most 
common diseases of occidental society.

1. Free energy is the useful energy in a system

Change in free energy (ΔG) is that portion of the total energy change 
in a system that is available for doing work; i.e., it is the useful energy, also 
known in chemical systems as the chemical potential.

The first law of thermodynamics states that the total energy of a 
system, including its surroundings, remains constant. This is also the 
law of conservation of energy. 

It implies that within the total system, energy is neither lost nor gained 
during any change. However, within that total system, energy may be 
transferred from one part to another or may be transformed into another 
form of energy. For example, chemical energy may be transformed into 
heat, electrical energy, radiant energy, or mechanical energy in living 
systems.

The second law of thermodynamics states that the total entropy (ΔS) 
of a system must increase if a process is to occur spontaneously. 
Entropy represents the extent of disorder or randomness of the system and 
becomes maximum in a system as it approaches true equilibrium. 

Under conditions of constant temperature and pressure, the relationship 
between the free energy change (ΔG) of a reacting system and the change 
in entropy is given by the following equation which combines the 2 laws of 
thermodynamics:
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ΔG = ΔH – TΔS,

where ΔH is the change in enthalpy (heat) and T is the absolute 
temperature.

Changes in the free energy (ΔG) are valuable in predicting the 
feasibility of chemical reactions.

The following reaction: А → В ΔG = GB – GA   

1) GB <GA   ΔG (-)
If ΔG is negative in sign, the reaction proceeds spontaneously with 

loss of free energy; i.e., it is exergonic. If, in addition, ΔG is of great 
magnitude, the reaction goes virtually to completion and is essentially 
irreversible.

2) GB > GA   ΔG (+)
If ΔG is positive, the reaction proceeds only if free energy can be 

gained; i.e., it is endergonic. If, in addition, the magnitude of ΔG is great, 
the system is stable with little or no tendency for a reaction to occur. 

3) GB = GA   ΔG = 0
If ΔG is zero, the system is at equilibrium and no net change takes 

place.
When the reactants are present in concentrations of 1.0 mol/l, ΔG0 is 

the standard free energy change. 
The standard free energy change can be calculated from the equilibrium

constant Keq:

ΔG° = -2.303×RT×log Keq,

where R is the gas constant and T is the absolute temperature. 
It is important to note that ΔG may be larger or smaller than ΔG0

depending on the concentrations of the various reactants.
In a biochemical reaction system, it must be appreciated that an enzyme 

only speeds up the attainment of equilibrium; it never alters the final 
concentrations of the reactants at equilibrium.

2. Endergonic processes proceed by coupling to exergonic processes

The endergonic processes obtain energy by chemical linkage, or 
coupling, to oxidative reactions. In its simplest form, this type of coupling 
may be represented as shown in Fig. 1.
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(Murray R. K. Biochemistry., 28 ed., McGraw-Hill, 2009)

Fig. 1. Coupling of an exergonic to an endergonic reaction.

The conversion of metabolite A to metabolite B occurs with release of 
free energy. It is coupled to another reaction, in which free energy is 
required to convert metabolite C to metabolite D. 

As some of the energy liberated in the degradative reaction is 
transferred to the synthetic reaction in a form other than heat, the normal 
chemical terms exothermic and endothermic cannot be applied to these 
reactions. Rather, the terms exergonic and endergonic are used to 
indicate that a process is accompanied by loss or gain, respectively, of 
free energy, regardless of the form of energy involved. In practice, an 
endergonic process cannot exist independently but must be a component of 
a coupled exergonic/endergonic system where the overall net change is 
exergonic.

The exergonic reactions are termed catabolism (the breakdown or 
oxidation of fuel molecules), whereas the synthetic reactions that build up 
substances are termed anabolism. The total of all of the catabolic and 
anabolic processes is metabolism.

If the reaction shown in Fig. 1 is to go from left to right, then the 
overall process must be accompanied by loss of free energy as heat. One 
possible mechanism of coupling could be envisaged if a common 
obligatory intermediate (I) took part in both reactions, i.e.,

A + C →  I → B + D

Some exergonic and endergonic reactions in biologic systems are 
coupled in this way. It should be appreciated that this type of system has a 
built-in mechanism for biologic control of the rate at which oxidative 
processes are allowed to occur, since the existence of a common obligatory 
intermediate allows the rate of utilization of the product of the synthetic 
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path (D) to determine by mass action the rate at which A is oxidized. 
Indeed, these relationships supply a basis for the concept of 

respiratory control, the process that prevents an organism from burning 
out of control. An extension of the coupling concept is provided by 
dehydrogenation reactions, which are coupled to hydrogenations by an 
intermediate carrier (Fig.2).

AH2

A

Carrier

Carrier-H2

BH2

B

Fig. 2. Coupling of dehydrogenation and hydrogenation reactions by an intermediate 
carrier.

An alternative method of coupling an exergonic to an endergonic 
process is to synthesize a compound of high-energy potential in the 
exergonic reaction and to incorporate this new compound into the 
endergonic reaction, thus affecting transference of free energy from the 
exergonic to the endergonic pathway (Fig.3).

Fig. 3. Transfer of free energy from an exergonic to an endergonic reaction via a high-
energy intermediate compound. (Murray R. K. Biochemistry., 28 ed., McGraw-Hill, 2009)

In Fig. 3, ~E is a compound of high potential energy and E is the 
corresponding compound of low potential energy. The biologic advantage 
of this mechanism is that E, unlike I in the previous system, need not be 
structurally related to A, B, C, or D. This would allow E to serve as a 
transducer of energy from a wide range of exergonic reactions to an equally 
wide range of endergonic reactions or processes.

In the living cell, the principal high-energy intermediate or carrier 
compound (designated ~E) is adenosine triphosphate (ATP) (Fig.4).
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3. High-energy compounds

High-energy (or energy rich) compounds are substances when 
hydrolyzed liberate more energy than that of ATP (-30.5 kJ/mol).

There are 2 groups of high-energy compounds: 

1). High-energy phosphates:
1. Anhydrides (e.g., 1,3-Bisphosphoglycerate, ATP, CTP, GTP);
2. Enolphosphates (e.g., Phosphoenolpyruvate);
3. Phosphoguanidines (e.g., Creatine phosphate). 

2). Energy-riched thiol esters involving coenzyme A (e.g.,
acetylCoA), acyl carrier protein (ACP), S-adenosylmethionine (S-AM),
UDP-glucose, 5-phosphoribosyl-1-pyrophosphate.

4. ATP plays a central role in energy capture and transfer

In order to maintain living processes, all organisms must obtain 
supplies of free energy from their environment. 

Autotrophic organisms couple their metabolism to some simple 
exergonic process in their surroundings:

1. green plants utilize the energy of sunlight;
2. some autotrophic bacteria utilize the reaction Fe2+ → Fe3+. 
On the other hand, heterotrophic organisms obtain free energy by 

coupling their metabolism to the breakdown of complex organic molecules 
in their environment. In all of these processes, ATP plays a central role in 
the transference of free energy from the exergonic to the endergonic 
processes (Fig.3). 

As can be seen from Fig. 4, ATP is a specialized nucleotide containing 
adenine, ribose and 3 phosphate groups. In its reactions in the cell it 
functions as the Mg2+ complex (Fig.5).
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Fig. 4. Adenosine triphosphate (ATP). Fig. 5. The magnesium complex of ATP.
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The importance of phosphates in intermediary metabolism became 
evident with the discovery of the chemical details of glycolysis and of the 
role of ATP, ADP, and inorganic phosphate (Pi) in this process (ATP was 
considered a means of transferring phosphate radicals in the process of 
phosphorylation).

The role of ATP in biochemical energetics was indicated in 
experiments demonstrating that ATP and creatine phosphate were broken 
down during muscular contraction and that their resynthesis depended on 
supplying energy from oxidative processes in the muscle. It was not until 
Lipmann introduced the concept of "high-energy phosphates" and the 
"high-energy phosphate bond" that the role of these compounds in 
bioenergetics was clearly appreciated.

To indicate the presence of the high-energy phosphate group, Lipmann 
introduced the symbol ~P, indicating high-energy phosphate bond. The 
symbol indicates that the group attached to the bond, on transfer to an 
appropriate acceptor, results in transfer of the larger quantity of free 
energy. For this reason, some to "high-energy bond" prefers the term group 
transfer potential. 

Thus, ATP contains 2 high-energy phosphate bonds (anhydride 
linkages) and ADP contains one, whereas the phosphate in AMP is of the 
low-energy type, since it is a normal ester link.

The standard free energy of hydrolysis of a number of biochemically 
important phosphates is shown in Table 1.

Table 1. Standard free energy of hydrolysis of some organophosphates.

Δ G0

Compound
KJ/mol Kcal/mol

High-energy phosphates
Phosphoenolpyruvate
Carbamoyl phosphate
1,3-Bisphosphoglycerate
Creatine phosphate

-61.9 
-51.4 
-49.3
-43.1 

-14.8  
-12.3 
-11.8
-10.3

ATP →   ADP + Pi
=

-30.5 -7.3 

Low-energy phosphates
ADP   →   AMP + Pi
Pyrophosphate
Glucose-1-phosphate 
Glucose-6-phosphate

-27.6 
-27.6 
-20.9 
-13.8 

-6.6
-7.4
-5.0 
-3.3 
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An estimate of the comparative tendency of each of the phosphate 
groups to transfer to a suitable acceptor may be obtained from the ΔG0 of 
hydrolysis (measured at 37°C). 

It may be seen from the table that the value for the hydrolysis of the 
terminal phosphate of ATP of -30.5 kJ/mol divides the list into 2 groups: 

1. Low-energy phosphates, exemplified by the ester phosphates found 
in the intermediates of glycolysis, has ΔG0 values smaller than that of ATP, 

2. High-energy phosphates, the ΔG0 value is higher than that of ATP. 
The intermediate position of ATP allows it to play an important role in 

energy transfer. 
As a result of its position midway down the list of standard free 

energies of hydrolysis (Table 1), ATP is able to act as a donor of high-
energy phosphate to those compounds below it in the table. Likewise, 
provided the necessary enzymatic machinery is available, ADP can accept 
high-energy phosphate to form ATP from those compounds above ATP in 
the table. In effect, an ATP/ADP cycle connects those processes which 
generate ~P to those processes that utilize ~P. 

Cycle АТP/АDP

Hexokinase
Endergonic reaction: Glucose Glucose-6-phosphate

Е
Exergonic reaction: АТP АDP + Рi

Phosphoglycerate kinase
Exergonic reaction: 1,3-Bisphosphoglycerate 3-phosphoglycerate

E
Endergonic reaction: АDP + Рi ATP

Thus, ATP is continuously consumed and regenerated.

ADP is a molecule that captures, in the form of high-energy phosphate, 
some of the free energy released by catabolic processes. The resulting ATP 
passes on this free energy to drive those processes requiring energy. Thus,
ATP has been called the energy "currency" of the cell.

Types of ADP phosphorylation (ways of ATP synthesis)

ADP + Рi → АТP

1. Oxidative phosphorylation is the process, in which ATP is 
synthesized from ADP and Pi via transport of electrons produced by 
substrate oxidation through a respiratory chain and proton gradient 
generated in the inner mitochondrial membrane.
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2. Substrate level phosphorylation is the process, in which ATP is 
synthesized from the high-energy phosphates. The high-energy compounds 
can transfer high-energy phosphate to ADP to ultimately produce ATP.

3. Photosynthetic phosphorylation is the process, in which ATP is 
synthesized from ADP and Pi via light energy during photosynthesis in the 
thylakoid membrane inside chloroplasts.

Thus, АТP is the universal accumulator of energy.

ATP is required mainly for the following 4 purposes:
1. To synthesize macromolecules from simpler and smaller precursors

(synthetic reactions).
2. To transport molecules and ions across membranes against gradients 

(active transport).
3. To perform mechanical work, as in the muscle contraction.
4. To ensure fidelity of information transfer (nerve impulse 

conduction).
Thus, АТP is the universal source of energy. 

The enzyme adenylate kinase (myokinase) is present in most cells. It 
catalyzes the interconversion of ATP and AMP on the one hand and ADP 
on the other:

ATP + AMP           2ADP

This reaction has 3 functions:
1. It allows high-energy phosphate in ADP to be used in the synthesis 

of ATP.
2. It allows AMP, formed as a consequence of several activating 

reactions involving ATP, to be recovered by rephosphorylation to ADP.
3. It allows AMP to increase in concentration when ATP becomes 

depleted and act as a metabolic (allosteric) signal to increase the rate of 
catabolic reactions, which in turn leads to the generation of more ATP.

ATP + H2O → AMP + PPi
This reaction is accompanied by loss of free energy as heat; this is 

further aided by the hydrolytic splitting of PPi, catalyzed by inorganic 
pyrophosphatase, a reaction that itself has a large ΔG0 of -27.6 kJ/mol.

PPi + H2O → 2Pi
Note that activations via the pyrophosphate pathway result in the loss 

of two ~P rather than one ~P as occurs when ADP and Pi are formed!
A combination of the above reactions makes it possible for phosphate 

to be recycled and the adenine nucleotides to interchange.
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5. Other nucleoside triphosphates take part in the transfer 
of high-energy phosphate

By means of the enzyme nucleoside diphosphate kinase, nucleoside 
triphosphates similar to ATP but containing an alternative base to adenine 
can be synthesized from their diphosphates, e.g.,

ATP + UDP → ADP + UTP (uridine triphosphate)
ATP + GTP → ADP + GTP (guanosine triphosphate)
ATP + CDP → ADP + CTP (cytidine triphosphate)

All of these triphosphates take part in phosphorylation in the cell. 
Similarly, nucleoside monophosphate kinases, specific for each purine or 
pyrimidine nucleoside, catalyze the formation of nucleoside diphosphates 
from the corresponding monophosphates.

ATP + Nucleoside – P ADP + Nucleoside – P ~ P

Thus, adenylate kinase is a specialized monophosphate kinase.
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9
Lecture 9

BIOLOGICAL OXIDATION

Chemically, oxidation is defined as the removal of electrons and, 
reduction is the gain of electrons, as illustrated by the oxidation of ferrous
(Fe2+) to ferric ion (Fe3+).

ē (electron)
Fe2+                          Fe3+

It follows that oxidation is always accompanied by reduction of an 
electron acceptor. Thus the oxidation-reduction is a tightly coupled process.

This principle of oxidation-reduction applies equally to biochemical 
systems and is an important concept underlying understanding of the nature 
of biological oxidation. 

It will be appreciated that many biologic oxidations can take place 
without the participation of molecular oxygen, e.g., dehydrogenations. 
Although certain bacteria (anaerobes) survive in the absence of oxygen, the 
life of higher animals is absolutely dependent upon a supply of oxygen. 

The principal use of oxygen is in cellular respiration. In addition, 
molecular oxygen is incorporated into a variety of substrates by enzymes 
designated as oxygenases. Administration of oxygen can be lifesaving in 
the treatment of patients with respiratory or circulatory failure and, 
occasionally, administration of oxygen at high pressure (hyperbaric oxygen 
therapy) has proved of value, although this can result in oxygen toxicity.

In reactions involving oxidation and reduction, the free energy 
exchange is proportionate to the tendency of reactants to donate or accept 
electrons. Thus, in addition to expressing free energy change in terms of 
ΔG°, it is possible, in an analogous manner, to express it numerically as an 
oxidation-reduction or redox potential (E0').

1. Biological oxidation

Biological oxidation is the aggregate of oxidation reactions that 
proceed in all living cells with participation of О2.

Types of substrate (SН2) oxidation:
I. By dehydrogenation (О2 is acceptor of Н2).
1). Hydrogen removed from substrate is transferred to О2 through a 

number of carriers (electron transport chain) to produce Н2О in 
mitochondria. Energy released is stored in the form of АТP (cellular 
respiration). 

SН2 + … ½О2 S + Н2О + АТP
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2). Hydrogen removed from substrate is transferred to О2 to form 
hydrogen peroxide in peroxisomes. Energy released in the form of heat
(peroxisomal oxidation).

SН2 + О2 S + Н2О2 + Q 
II. By incorporation of О2 (oxygenase oxidation).
1). Incorporation of only one atom of oxygen into the substrate in the 

endoplasmic reticulum (microsomal, monooxygenase or hydroxylase 
oxidation).

SH + ½О2 S-ОН
2). Incorporation of both oxygen atoms into the substrate in the 

endoplasmic reticulum (dioxygenase oxidation). 
S + О2 SО2

3). Oxidation with participation of oxygen free radicals (active forms of 
oxygen) (free radical oxidation).

Purpose of biological oxidation:
1. Recover energy from various compounds (cellular respiration);
2. Destruction or detoxication of xenobiotics (peroxisomal and 

oxygenase oxidation);
3. Biosynthesis (hydroxylase and dioxygenase oxidation);
4. Change in membrane permeability, oxidative modification of 

molecules (free radical oxidation).

2. Enzymes involved in oxidation and reduction 
are designated oxidoreductases

In the following account, oxidoreductases are classified into 4 groups: 
oxidases, dehydrogenases, hydroperoxidases, and oxygenases.

1. Oxidases catalyze the removal of hydrogen from a substrate using 
oxygen as a hydrogen acceptor. They form water or hydrogen peroxide as a 
reaction product. Some oxidases contain copper (e.g., cytochrome oxidase).

2. Dehydrogenases cannot use oxygen as a hydrogen acceptor. They
may be NAD-linked dehydrogenases, FMN-linked dehydrogenases and 
FAD-linked dehydrogenases, cytochromes.

3. Hydroperoxidases use hydrogen peroxide or organic peroxide as 
substrate. Two types of enzymes fall into this category: peroxidases and 
catalase.

4. Oxygenases catalyze the direct transfer and incorporation of oxygen 
into a substrate molecule. Oxygenases may be divided into 2 subgroups:
dioxygenases and monooxygenases.
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3. Cellular respiration as a part of biological oxidation

Cellular respiration is a set of catabolic reactions by which cells 
derive biochemical energy from nutrients in the form of ATP from the 
controlled reaction of hydrogen with oxygen to form water.

Characteristics of cellular respiration

1. It is a part of biological oxidation where substrate (SH2) is oxidized 
by dehydrogenation. О2 acts as acceptor of hydrogen to produce Н2О in 
mitochondria. 

2. Reducing equivalents (H+ or ē) from substrate are funneled into the 
electron transport chain (respiratory chain), where they are passed down a 
redox gradient of carriers to their final reaction with oxygen.

3. The flow of electrons through the respiratory chain is associated with 
the loss of free energy. A part of this free energy is utilized to generate 
ATP from ADP and Pi by the process of oxidative phosphorylation. 

3.1. Mitochondria

The mitochondria are the centres for metabolic oxidative reactions to 
generate reducing equivalents (H+ or ē) in the forms of NADH and FADH2

which, in turn, are utilized in respiratory chain to liberate energy in the 
form of ATP. For this reason, mitochondria are appropriately regarded as 
"the power house of the cell". 

The mitochondria consist of five distinct parts: the outer membrane, the 
inner membrane, the intermembrane space, and the matrix.

The electron transport chain and ATP synthesizing system are located 
on the inner mitochondrial membrane which is a specialized structure, 
rich in proteins. It is impermeable to ions (H+, K+, Na+) and small 
molecules (ADP, ATP). Specialized carriers or transport systems are 
required to move ions or molecules across this membrane. This membrane 
is highly folded to form cristae. The inner surface of the inner 
mitochondrial membrane possesses specialized particles the 
phosphorylating subunits which are the centres for ATP production.

The interior ground substance forms the matrix of mitochondria. It is
rich in the enzymes responsible for the citric acid cycle, oxidation of
pyruvate, β-oxidation of fatty acids and oxidation of amino acids. In 
addition, the matrix contains NAD and FAD (the oxidized forms of the two 
coenzymes that are required as hydrogen acceptors) and ADP and Pi which 
are used to produce ATP.
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3.2. Respiratory chain 

All of the useful energy liberated during the oxidation of fatty acids and 
amino acids and nearly all of that released from the oxidation of 
carbohydrate is made available within the mitochondria as reducing 
equivalents (H+ or electrons).

Respiratory chain is a series of protein-enzyme complexes in the inner
mitochondrial membrane that collect and transfer electrons from electron 
donors to electron acceptors via redox reactions, couples this electron 
transfer with the transfer of protons (H+) across membrane and direct them 
to their final reaction with oxygen to form water.

Hydrogen or electrons flow through the chain in steps from the more 
electronegative components to the more electropositive oxygen through a 
redox span of 1.1 volts from NAD+/NADH to O2/2H2O.

The complete respiratory chain in mitochondria proceeds from the 
NAD-linked dehydrogenase systems, through flavoproteins and 
cytochromes to molecular oxygen. Not all substrates are linked to the 
respiratory chain through NAD-specific dehydrogenases; some, because 
their redox potentials are more positive (e.g., fumarate/succinate), are 
linked directly to flavoprotein dehydrogenases, which in turn are linked to 
the cytochromes of the respiratory chain. This is incomplete respiratory 
chain.

Thus, electrons removed via substrate oxidation enter the 
respiratory chain in different ways:

Complete respiratory chain:
SII,III → NAD → FMN → co-enzyme Q → Cyt b → Cyt c1 → Cyt c → Cyt aa3 → O2

Incomplete 
respiratory chain:

SI → FAD

Types of oxygenated substrates (SH2):
1. Hydrocarbons (SI) (e.g., succinate, acylCoA) are oxidized by FAD-

linked dehydrogenases (incomplete respiratory chain). ∆G = 150 kJ/mol.
2. Alcohols (SII) (e.g., isocitrate, malate, lactate) are oxidized by NAD-

linked dehydrogenases (complete respiratory chain). ∆G = 200 kJ/mol.
3. Aldehydes (SIII) (e.g., glyceraldehyde-3-phosphate) are oxidized by 

NAD-linked dehydrogenases (complete respiratory chain). 
∆G = 250 kJ/mol. 
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Components of the complete respiratory chain:
1. NAD-linked dehydrogenases (coenzyme is NAD);
2. NADH dehydrogenases (or FMN-linked dehydrogenases) (prosthetic 

groups are FMN and FeS-centers);
3. Ubiquinone (or Q, coenzyme Q);
4. Cytochromes (prosthetic group is heme).

3.3. Mechanisms of the transfer of reducing equivalents (protons and 
electrons) by the complete respiratory chain

1. Oxidation of the substrates by NAD-linked dehydrogenases.
Substrates alcohols (SII) and aldehydes (SIII) are oxidized by NAD-

linked dehydrogenases. They are complex enzymes specific for either 
nicotinamide adenine dinucleotide (NAD+) or nicotinamide adenine 
dinucleotide phosphate (NADP+) as coenzymes (Fig.1). However, some 
dehydrogenases can use either NAD+ or NADP+. 

NAD+ and NADP+ are formed in the body from the vitamin niacin. The 
coenzymes may freely and reversibly dissociate from their respective 
apoenzymes. Generally, NAD-linked dehydrogenases catalyze 
oxidoreduction reactions in the oxidative pathways of metabolism, 
particularly in glycolysis (e.g., lactate dehydrogenase), in the citric acid 
cycle (e.g., isocitrate dehydrogenase, malate dehydrogenase), and in the 
respiratory chain of mitochondria. NADP-linked dehydrogenases are found 
characteristically in reductive syntheses, as in the extramitochondrial 
pathway of fatty acid synthesis and steroid synthesis. They are also to be 
found as coenzymes to the dehydrogenases of the pentose phosphate 
pathway (e.g., glucose-6-phosphate dehydrogenase).

Fig. 1. The structures of the NAD+ and NADP+.
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NAD-linked dehydrogenases enzymes catalyze the transfer of electrons
and protons from substrates to NAD of the chain. The coenzymes are 
reduced by the substrate of the dehydrogenase and reoxidized by a suitable 
electron acceptor. There is stereospecificity about position 4 of 
nicotinamide when it is reduced by a substrate SH2. One of the hydrogen 
atoms is removed from the substrate as hydride ion (hydrogen atom (H±)
and one electron) and is transferred to the 4 position, where it may be 
attached. The remaining hydrogen of the hydrogen pair removed from the 
substrate remains free as a hydrogen ion (H+) (Fig.2).
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Fig. 2. Mechanism of substrates oxidation and reduction of nicotinamide coenzymes by 
NAD-linked dehydrogenases.

2. Oxidation of the NADH by NADH dehydrogenases (FMN-linked 
dehydrogenases).

NADH dehydrogenase (FMN-linked dehydrogenase) is a flavoprotein, 
embedded in the inner mitochondrial membrane. This is a complex 
enzyme. The flavin group (prosthetic group) associated with these 
dehydrogenases is flavin mononucleotide (FMN) (Fig.3). Another 
prosthetic group of FMN-linked dehydrogenases are iron-sulfur centers 
(FeS) with non-heme iron. Prosthetic groups are generally more tightly 
bound to their apoenzymes than are the nicotinamide coenzymes.

Fig. 3. The structure of the FMN.
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NADH dehydrogenase acts as a carrier of electrons between NADH and 
the components of higher redox potential.

The free proton (H+) plus the hydride ion (H-) with two electrons 
carried by NADH are next transferred from NADH to FMN to form
FMNH2 (Fig.4).
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Fig. 4. Oxidoreduction of isoalloxazine ring in FMN via NADH.

Protons from FMNH2 are then ejected to the intermembrane space
(IMS) in the mitochondrion. The electrons are transferred to iron-sulfur 
centers (FeS) in iron-sulfur proteins (also called nonheme iron 
proteins). Several types of FeS centers exist but in each case the iron 
atoms are coordinated to inorganic sulfur atoms and the sulfur of cysteine 
side-chains in the protein (Fig.5). 

Fig. 5. Iron-sulfur center of NADH dehydrogenase.

Within FeS center, an electron is carried by the iron atom which, on 
accepting the electron, changes from the oxidized (Fe3+) (ferric) state to 
reduced (Fe2+) (ferrous) state. As the electron is passed to another electron 
carrier, the iron atom of the FeS center changes back again to the Fe3+ state.

FMNH2 + Fe3+S → FMN + Fe2+S
 Н+ to the IMS

Iron-sulfur proteins are necessary for the transfer of the electrons to the 
next member of the chain, ubiquinone. 

+ NADH2

       NAD+
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3. Oxidation of the FeS centers by ubiquinone.

Ubiquinone (known as coenzyme Q or simply Q) since it is ′ubiquitous′
in biologic system. Q is a constituent of the mitochondrial lipids. It is a 
mobile component of the respiratory chain and that it collects reducing 
equivalents from the more fixed flavoprotein complexes and passes them 
on to the cytochromes.

Coenzyme Q is a quinone derivative with a long variable isoprenoid 
side chain (Fig.6). The mammalian tissues possess a quinone with 10 
isoprenoid units which is known as coenzyme Q10 (Q10). This substance
exists in mitochondria in the oxidized quinone form under aerobic 
conditions and in the reduced quinol form under anaerobic conditions. 

This molecule can act as an electron carrier by accepting up to two 
electrons from FeS centers and two H+ ions from the mitochondrial matrix. 
In so doing, ubiquinone (Q) is converted to ubiquinol (QH2) or
hydroquinone (Fig.6). The semiquinone is formed transiently during the 
cycle, one turn of which results in the oxidation of 2QH2 to Q, releasing
4H+ into the intermembrane space, and the reduction of one Q to QH2, 
causing 2H+ to be taken up from the matrix. 
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Fig. 6. Structure of ubiquinone (Q). n = Number of isoprenoid units, which is 10 in 
higher animals, i.e., Q10 and mechanism of its reduction.

Ubiquinone is the collecting point in the respiratory chain for reducing 
equivalents derived not only from FMNH2 produced by NADH 
dehydrogenase (complete respiratory chain) but also from FADH2

produced by FAD-linked dehydrogenase outside respiratory chain (e.g.,
succinate dehydrogenase, acylCoA dehydrogenase) (incomplete respiratory 
chain).
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+ H+

+ ē

Ubiquinone
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4. Oxidation of the reduced ubiquinone by the series of cytochromes.

In the respiratory chain cytochromes are involved as carriers of 
electrons from flavoproteins on the one hand to cytochrome oxidase on the 
other. Electrons flow from reduced ubiquinone to molecular oxygen. 

The cytochromes are iron-containing hemoproteins. Each contains a 
heme group made of a porphyrin ring containing an atom of iron at its
center (Fig.7). Unlike the heme groups of hemoglobin, the cytochrome iron 
atom is reversibly converted from its ferric (Fe3+) to its ferrous (Fe2+) form 
during oxidation and reduction as a normal part of its function as a 
reversible carrier of electrons in the respiratory chain. 
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Fig. 7. Structure of the heme group (iron protoporphyrin IX) of cytochrome b.

Several identifiable cytochromes occur in the respiratory chain, i.e.,
cytochromes b, c1, c, a and a3 (cytochrome oxidase). Cytochromes were 
designated as cytochrome a, b and c depending on the type of heme present
and the respective absorption spectrum. The various cytochromes differ 
from each other in the nature of the prosthetic group and its mode of 
attachment to the apoprotein part (Table 1). 

Table 1. Heme is attached to the apoprotein part of cytochromes with 5-th and 6-th
coordination bonds of Fe.

Cytochrome 5-th coordination bond of Fe 6-th coordination bond of Fe
«b» His His
«с» His Met, 

covalent bond of vinyl group of 
heme with Cys

«а» NH2-group of amino sugar O2, HCN, CO
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Of these, cytochrome c is the only soluble cytochrome. The 
cytochromes are arranged in order of increasing redox potential. 

b → с1 → с → аа3 → О2

Cytochrome b, the member of the cytochrome chain of lowest redox 
potential.

When ubiquinone donates its two electrons to the next carrier in the 
chain, the complex of 2 cytochromes, cytochrome b and cytochrome c1, as 
well as a FeS protein, the H+ are released once more to the intermembrane 
space. As the electron is accepted, the iron atom of the heme group changes 
from the Fe3+ state to the Fe2+ state. Then electrons pass through the next 
electron carrier, cytochrome c, to the cytochrome oxidase. 

The terminal cytochrome oxidase is responsible for the reaction 
whereby electrons resulting from the oxidation of substrate molecules by 
dehydrogenases are transferred to their final acceptor, molecular oxygen. 
The term cytochrome oxidase is frequently used to collectively represent 
cytochromes a and a3. It was formerly assumed that cytochromes a and a3

were separate compounds, since each has a distinct spectrum and different 
properties with respect to the effects of carbon monoxide and cyanide. 

Cytochrome oxidase is a hemoprotein widely distributed in many plant 
and animal tissues. It contains 2 molecules of heme, each having one iron
atom that oscillates between Fe3+ and Fe2+ during oxidation and reduction. 
Besides heme, this oxidase also contains 2 atoms of Cu, each associated 
with a heme unit. Copper undergoes oxidation-reduction (Cu2+ to Cu+) 
during the transport of electrons. At this site, protons are pumped into the 
intermembrane space.

Cyt c (Fe2+) + Cyt a (Fe3+) → Cyt c (Fe3+) + Cyt a (Fe2+)
Cyt a (Fe2+) + Cu2+ → Cyt a (Fe3+) + Cu+

Cu+ + ½O2 → Cu2+ + ½O2
-

Cytochrome oxidase is the only electron carrier, the heme iron of which 
can directly react with molecular oxygen. At this site, the transported 
electrons, molecular oxygen, and free protons flowing back into the matrix 
are brought together to produce water.

О2 + 4ē + 4Н+ → 2Н2О
Cytochrome oxidase has a very high affinity for oxygen, which allows 

the respiratory chain to function at the maximum rate until the tissue has 
become virtually depleted of O2. Since this is an irreversible reaction (the 
only one in the chain), it gives direction to the movement of reducing 
equivalents in the respiratory chain and to the production of ATP, to which 
it is coupled. The enzyme is poisoned by carbon monoxide, cyanide, and 
hydrogen sulfide. 
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Incomplete respiratory chain

Substrates hydrocarbons (SI) are oxidized by FAD-linked 
dehydrogenases. FAD-linked dehydrogenase is a flavoprotein, embedded in 
the inner mitochondrial membrane. This is a complex enzyme, containing 
flavin adenine dinucleotide (FAD) (Fig.8) and iron-sulfur centers (FeS)
as the prosthetic groups. 

Fig. 8. The structure of the FAD.

FAD of FAD-linked dehydrogenase can accept two hydrogen atoms 
(2H+ and 2ē) directly from substrate. Mechanism of FAD reduction by 
substrate (SH2) is the similar that of FMN reduction by NADH (see Fig.4).

FAD-linked dehydrogenases such as succinate dehydrogenase and 
acylCoA dehydrogenase transfer reducing equivalents directly from the 
substrate (succinate and acylCoA) to the FeS centers and then to 
ubiquinone. They then enter the main electron transport chain. Protons 
remain in the matrix.

3.4. The structural organization of the respiratory chain

Functionally and structurally, the components of the respiratory chain 
are present in the inner mitochondrial membrane as four protein-lipid 
respiratory chain complexes, denoted as complex I, II, III and IV (Fig.9, 
Table 2). These findings have suggested that these components have a 
definite spatial orientation in the membranes. Cytochrome c and 
ubiquinone seems to be the mobile components of the respiratory chain 
connecting the fixed complexes.
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Fig. 9. The structural organization of the respiratory chain.

Table 2. Composition of protein-lipid respiratory chain complexes.

Complex Composition
I

NADH dehydrogenase FMN, FeS centers
II

Succinate dehydrogenase FAD, FeS centers
III

QH2- dehydrogenase Cytochromes b and с1, FeS centers
IV

Cytochrome oxidase Cytochromes а and а3, Cu2+

Each carrier in the electron transport chain can receive electrons from 
an electron donor, and can subsequently donate electrons to the next carrier 
in the chain. The electrons ultimately combine with oxygen and protons to 
form water. This requirement for oxygen makes the electron transport 
process the respiratory chain, which accounts for the greatest portion of the 
body's use of oxygen.
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10
Lecture 10

OXIDATIVE PHOSPHORYLATION

1. The definition of «oxidative phosphorylation». P/O ratio

The energy-rich carbohydrates (particularly glucose), fatty acids and 
amino acids are metabolized by a series of metabolic oxidation reactions 
and finally are oxidized to CO2 and H2O. Metabolic intermediates of these 
reactions donate reducing equivalents to specific coenzymes nicotinamide 
adenine dinucleotide (NAD+) and flavin adenine dinucleotide (FAD) to 
form the energy-rich reduced coenzymes, NADH and FADH2. These 
reduced coenzymes can, in turn, each donate a pair of electrons to a 
specialized set of electron carriers, the electron transport chain or 
respiratory chain, and, finally, reduce oxygen to water. As electrons are 
passed down the electron transport chain, they lose much of their free 
energy. A part of this free energy is captured and utilized to generate ATP 
from ADP and Pi. This is the basis for the coupling of electron transport 
(oxidation) to ATP synthesis (phosphorylation) – oxidative 
phosphorylation. The remainder of the free energy not trapped as ATP is 
released as heat.

The process of synthesizing ATP from ADP and Pi coupled with the 
transport of electrons produced via substrate oxidation through a 
respiratory chain is known as oxidative phosphorylation.

ADP + Рi → ATP

Examination of intact respiring mitochondria reveals that when 
substrates are oxidized via an NAD-linked dehydrogenase and the
respiratory chain, 3 mol of inorganic phosphate are incorporated into 3 mol 
of ADP to form 3 mol of ATP per ½ mol of O2 consumed i.e., the P/O
ratio=3. On the other hand, when a substrate is oxidized via a FAD-linked 
dehydrogenase, only 2 mol of ATP are formed i.e., P/O=2. 

P/O ratio refers to the number of inorganic phosphate molecules 
utilized for ATP generation for every atom of oxygen consumed. P/O ratio 
represents the number of molecules of ATP synthesized per pair of 
electrons carried through electron transport chain.

The mitochondrial oxidation of NADH with a P/O ratio of 3 can be 
represented by the following equation:

NADH + H+ + ½O2 + 3ADP + 3Pi → NAD+ + 3ATP + 4H2O
P/O ratio of 2 is assigned to the oxidation of FADH2:

FADH2 + ½O2 + 2ADP + 2Pi → FAD + 2ATP + 4H2O
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2. Sites of oxidative phosphorylation in respiratory chain 

There are three reactions in the respiratory chain that are exergonic to 
result in the synthesis of 3 ATP molecules. The three sites of ATP
formation in respiratory chain are the following (Fig.1):

1. Oxidation of FMNH2 by coenzyme Q (complex I);
2. Oxidation of cytochrome b by cytochrome c1 (complex III);
3. Cytochrome oxidase reaction (complex IV).

Fig. 1. Sites of oxidative phosphorylation in respiratory chain.

Each one of the above reactions represents a coupling site for ATP 
production. There are only two coupling sites for the oxidation of FADH2

(P/O ratio = 2), since the first site is bypassed.

3. Efficiency coefficient of complete respiratory chain 

The transport of electrons from redox pair NAD+/NADH (E0 = -0.32) to
finally the redox pair ½O2/H2O (E0 = +0.82) may be simplified and 
represented in the following equation: 

½O2 + NAD+ + H+ → H2O + NAD+

The redox potential difference between these two redox pairs is 1.14V, 
which is equivalent to an energy ~220 kJ/mol.

Three ATP are synthesized in the respiratory chain when NADH is 
oxidized which equals to 91.5 kJ/mol (each ATP = 30,5 kJ/mol).

The efficiency of energy conservation is calculated as
91.5 × 100 / 220 ≈ 41%

Therefore, when NADH is oxidized, about 41% of energy is trapped in 
the form of 3 ATP and the remaining is lost as heat. The heat liberation is 
not a wasteful process since it ensures that the respiratory system as a 
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whole is sufficiently exergonic to be removed from equilibrium, allowing 
continuous unidirectional flow and constant provision of ATP. Further, this 
heat is necessary to maintain body temperature.

4. Mechanisms of oxidative phosphorylation

One of the most challenging and difficult problems in biochemical 
research is that how does the electron-transport chain cooperate with the 
ATP synthase to bring about oxidative phosphorylation of ADP to ATP. 
One of the reasons is that the enzymes concerned in electron-transport and 
oxidative phosphorylation are very complex and they are embedded in the 
inner mitochondrial membrane, rendering the detailed study of their 
interactions difficult. However, 3 principal hypotheses have been advanced 
to account for the coupling of oxidation and phosphorylation. In other 
words, these hypotheses explain how the energy transfer between electron 
transport and ATP synthesis takes place.

4.1. Chemical coupling hypothesis

This is the oldest of the three hypotheses. It was put forth by Edward 
Slater (1953). According to chemical coupling hypothesis, during the 
course of electron transfer in respiratory chain, a series of phosphorylated 
high-energy covalent intermediates are first produced which then 
subsequently are cleaved and donate its energy for the synthesis of ATP.
These reactions are believed to be analogous to the substrate level 
phosphorylation that occurs in glycolysis or citric acid cycle. The
hypothesis, thus, postulates direct chemical coupling at all stages of the 
process. 

For example, NADН + FMN→ FMN Н2 + NAD+

NADН + X→ NAD + ХН2

ХН2 + Н3РO4→X·Н2·Н3РO4

X·Н2·Н3РО4 + FMN → FMN Н2+X~Н3РO4

X~Н3РO4 + АDP→X + АTP

However, energy-rich intermediates X linking oxidation with 
phosphorylation were never isolated and the hypothesis has become 
discredited.

4.2. Mechanochemical or conformational coupling hypothesis

This hypothesis proposed by Paul Boyer in 1964 (Nobel Prize, 1997) is 
envisaged that in mitochondria, that is actively phosphorylating in the 
presence of an excess of ADP, the inner membrane pulls away from the 
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outer membrane and assumes a "condensed state". In the absence of ADP, 
the mitochondria have the normal structure or the "swollen state", in which 
the cristae project into the large matrix. The propounders of this hypothesis 
believe that the energy released in the transport of electrons along the 
respiratory chain causes the conformational changes, just described, in the 
inner mitochondrial membrane and that this energy-rich condensed 
structure, in turn, is utilized for ATP synthesis as it changes to the energy-
poor swollen conformation. However, the mode of the conformational 
changes that take place in the inner mitochondrial membrane is not yet 
clearly understood.

4.3. Chemiosmotic coupling hypothesis (chemiosmotic theory)

This is a simpler radically different and novel mechanism and was 
postulated by Peter Mitchell, a British biochemist, in 1961 (Nobel Prize, 
1978). 

Postulates of chemiosmotic theory are the following: 
1. Oxidation of substrates in the respiratory chain generates protons 

(H+) driven by the respiratory chain complexes I, III, and IV, each of 
which acts as a proton pump, which are ejected from the matrix to 
the intermembrane space of mitochondria. 

2. Inner membrane is impermeable to protons, which accumulate 
intermembrane space, creating an electrochemical potential 
difference (ΔμH+) across the membrane.

3. The transmembrane flow of protons to the matrix down their 
concentration gradient through specific protein channels provides the 
free energy for synthesis of ATP. This is performed by a membrane 
ATP synthase that couples proton flow to phosphorylation of ADP.

According to this model, as the high-energy electrons from the 
hydrogen of NADH and FADH2 are transported down the respiratory chain 
in the inner mitochondrial membrane, the energy released, as they pass 
from one carrier molecule to the next, is used to pump protons (H+) across 
the inner membrane from the mitochondrial matrix into the intermembrane
space. Each of the respiratory chain complexes I, III, and IV act as a proton 
pump.

Since the inner membrane is impermeable to ions in general but 
particularly to protons, they accumulate intermembrane space. The 
concentration of H+ becomes higher in the intermembrane space, thus 
creating an electrochemical potential difference (ΔμH+) across the inner 
membrane. This consists of a chemical potential (ΔpH, difference in pH) 
and an electrical potential (ΔΨ, difference in electrons). 

ΔμH+ = ΔΨ + ΔpH
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The hypothesis further proposes that the electrochemical potential 
difference resulting from the asymmetric distribution of the hydrogen ions 
is used to drive the mechanism responsible for the formation of ATP.

The H+ ions, ejected by electron transport, flow back into the matrix 
through a specific protein channels or ′pore′ in the ATP synthase molecule, 
driven by the down their concentration gradient. The free energy released, 
as proton (H+) flows back through the ATP synthase, causes the coupled 
synthesis of ATP from ADP and phosphate. Thus, the backflow of H+

down this concentration gradient is used to drive the membrane-bound ATP 
synthase to catalyze the conversion of oxidative phosphorylation (Fig.2).

Fig. 2. Mechanism of oxidative phosphorylation according to chemiosmotic theory of 
Mitchell. (https://www.researchgate.net)

Chemiosmotic theory

Transport of electrons through electron transport chain 
from substrate to O2 (cellular respiration)

↓
Protons are pumped from the mitochondrial matrix to the 

intermembrane space and generation an electrochemical potential 
↓

Proton influx from the intermembrane space to the mitochondrial matrix 
through the ATP synthase generates ATP

https://www.researchgate.net
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The structure of ATP synthase 

ATP synthase or H+/ATP synthase utilizes the electrochemical potential 
difference for the synthesis of ATP. This enzyme is also known as ATPase
since it can hydrolyze ATP to ADP and Pi. 

ATP synthase is a complex enzyme and consists of two functional
subunits, a proton channel (F0) that is integrated into the membrane and a 
catalytic unit (F1) that protrudes into the matrix (Fig.3). Its structure is 
comparable with 'lollipops'. Protons pass through the F0-F1 complex, 
leading to the formation of ATP from ADP and Pi. 

(Murray R. K. Biochemistry., 28 ed., McGraw-Hill, 2009)

Fig. 3. The structure of ATP synthase.

Role of ATP synthase:
1. F0 serves as a channel for protons flowing back into the matrix from 

intermembrane space.
2. F1 is an enzyme that hydrolyses ATP to ADP and Pi.
3. F0-F1 complex generates ATP.
The mechanism of coupling of proton translocation to the anisotropic 

(vectorial) ATP synthase system is conjectural. A proton pair attacks one 
oxygen of Pi to form H2O and an active form of Pi which immediately 
combines with ADP to form ATP. Other studies have suggested that ATP 
synthesis is not the main energy-requiring step – rather it is the release of 
ATP from the active site. This may involve conformational changes in the 
F1 subunit.
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Experimental findings support the chemiosmotic theory

1. Addition of protons (acid) to the external medium of mitochondria 
leads to the generation of ATP.

2. Oxidative phosphorylation does not occur in soluble systems where 
there is no possibility of a vectorial ATP synthase. A closed membrane 
must be present in order to obtain oxidative phosphorylation.

3. The respiratory chain contains components organized in a sided 
manner (transverse asymmetry) as required by the chemiosmotic theory.

The chemiosmotic theory can account for the phenomenon of 
respiratory control

The electrochemical potential difference across the membrane, once 
established as result of proton translocation, inhibits further transport of 
reducing equivalents through the respiratory chain unless discharged by 
back-translocation of protons across the membrane through the vectorial 
ATP synthase. This in turn depends on availability of ADP and Pi.

5. Respiratory control ensures a constant supply of ATP

For the synthesis of ATP during cellular respiration the following are 
required:

1. Substrates of oxidation;
2. O2;
3. Substrates of phosphorylation (АDP and Рi).
The rate of respiration of mitochondria can be controlled by the 

concentration of ADP. This is known as respiratory control. This is 
because oxidation and phosphorylation are tightly coupled; i.e., oxidation 
cannot proceed via the respiratory chain without concomitant 
phosphorylation of ADP. Chance and Williams have defined 5 conditions 
that can control the rate of respiration in mitochondria (Table 1).

Table 1.  States of respiratory control.

Conditions limiting the rate of respiration
State 1. Availability of ADP and substrate
State 2. Availability of substrate only
State 3. The capacity of the respiratory chain itself, when all substrates and 
components are present in saturating amounts. Availability of ADP only 
State 4. Availability of ADP only
State 5. Availability of oxygen only
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Generally, most cells in the resting state are in state 4, and respiration is 
controlled by the availability of ADP. When work is performed, ATP is 
converted to ADP, allowing more respiration to occur, which in turn 
replenishes the store of ATP (Fig.4). It would appear that under certain 
conditions the concentration of inorganic phosphate could also affect the 
rate of functioning of the respiratory chain. As respiration increases (as in 
exercise), the cell approaches state 3 or state 5 when either the capacity of 
the respiratory chain becomes saturated or the PO2 decreases below the Km 

for cytochrome a3. There is also the possibility that the ADP/ATP 
transporter, which facilitates entry of cytosolic ADP into the 
mitochondrion, becomes rate limiting.

Fig. 4. The role of ADP in respiratory control.

6. Inhibitors of the respiratory chain

Much information about the respiratory chain has been obtained by the 
use of inhibitors, and their proposed loci of action. For descriptive 
purposes, they may be divided into inhibitors of the respiratory chain
proper, inhibitors of oxidative phosphorylation, and uncouplers of 
oxidative phosphorylation.

Inhibitors that arrest respiration by blocking the respiratory chain act at 
3 loci. The inhibitors bind to one of the components of respiratory chain 
and block the transport of electrons. This causes the accumulation of 
reduced components before the inhibitor blockade step and oxidized 
components after that step.

The synthesis of ATP (phosphorylation) is dependent on electron 
transport. Hence, all the site-specific inhibitors of respiratory chain also 
inhibit ATP formation. Three possible sites of action for the inhibitors of 
respiratory chain are identified: 

1. The site between NADH and coenzyme Q is inhibited by fish poison 
rotenone, barbiturates drugs such as amytal, amobarbital and antibiotic
piercidin A.
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2. The site between cytochromes b and c1 is inhibited by antibiotic 
antimycin A and dimercaprol used as an antidote.

3. The inhibitors of cytochrome oxidase are classic poisons carbon
monoxide (CO), cyanide, hydrogen sulphide (H2S) and azide. Carbon 
monoxide reacts with reduced form of the cytochrome while cyanide and 
azide react with oxidized form. Cyanide is probably the most potent 
inhibitor of respiratory chain. It binds to Fe3+ of cytochrome oxidase
blocking mitochondrial respiration leading to cell death. Cyanide poisoning
causes death due to tissue asphyxia (mostly of central nervous system).

Carboxin and thenoylftrifluoroacetone (TTFA) specifically inhibit 
transfer of reducing equivalents from succinate dehydrogenase to Q, 
whereas malonate is a competitive inhibitor of succinate dehydrogenase.

Other inhibitors of oxidative phosphorylation

Antibiotic oligomycin prevents the mitochondrial oxidation as well as 
phosphorylation. It binds with the enzyme ATP synthase and blocks the 
proton (H+) channels. It thus prevents the translocation (re-entry) of protons 
into the mitochondrial matrix. Due to this, protons get accumulated at 
higher concentration in the intermembrane space. Electron transport 
(respiration) ultimately stops, since protons cannot be pumped out against 
steep proton gradients. 

Atractyloside is a plant toxin and inhibits oxidative phosphorylation by 
an indirect mechanism. It inhibits adenine nucleotide carrier and, thus, 
blocks the adequate supply of ADP, thereby preventing phosphorylation.

Uncouplers of oxidative phosphorylation

The mitochondrial transport of electrons is tightly coupled with 
oxidative phosphorylation. In other words, oxidation and phosphorylation 
proceed simultaneously. There are certain compounds that can uncouple (or 
delink) the electron transport from oxidative phosphorylation. Thus, 
oxidation can proceed without phosphorylation. Such compounds, known 
as uncouplers, increase the permeability of inner mitochondrial membrane 
to protons (H+), thus dissipating the proton gradient, reducing the 
electrochemical potential and short-circuiting the ATP synthase. The result 
is that ATP synthesis does not occur. More than 60% of oxidation energy 
derived from uncoupled electron transport is dissipated as heat results in 
hyperthermia. Thus, the uncouplers allow (often at accelerated rate) 
oxidation of substrates (via NADH or FADH2) without ATP formation. 

The uncoupler, 2,4-dinitrophenol, small lipophilic molecule, is a 
proton-carrier and can easily diffuse through the inner mitochondrial 
membrane. The other uncouplers include dinitrocresol, 
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pentachlorophenol, trifluorocarbonylcyanid phenylhydrazone. When 
administered in high doses the drug aspirin acts as an uncoupler. 

Certain physiological substances which act as uncouplers at higher 
concentration have been identified. These include thermogenin, thyroxine
and long chain free fatty acids.

Uncoupling of respiration from oxidative phosphorylation under natural 
conditions assumes biological significance. The maintenance of body 
temperature is particularly important in hairless animals, hibernating 
animals and the animals adapted to cold. These animals possess a 
specialized tissue called brown adipose tissue in the upper back and neck 
portions. The mitochondria of brown adipose tissue are rich in electron 
carriers and are specialized to carry out an oxidation uncoupled from 
phosphorylation. This causes liberation of heat when fat is oxidized in the 
brown adipose tissue. Brown adipose tissue may be considered as a site of 
non-shivering thermogenesis. Thermogenin (or uncoupling protein) is a 
natural uncoupler located in the inner mitochondrial membrane of brown 
adipose tissue. It acts like an uncoupler, blocks the formation of ATP, and 
liberates heat. 

Ionophores

The term 'ionophores' is used to collectively represent the lipophilic 
substances that promote the transport of ions across biological membranes.
All the uncouplers (described above) are, in fact, proton ionophores. 

The antibiotics valinomycin and nigercin act as ionophores for K+

ions. Both these compounds are also capable of dissipating proton gradient 
across the inner mitochondrial membrane and inhibit oxidative 
phosphorylation. 

7. Hypoenergetic states

Causes of hypoenergetic states:
1). No substrates of oxidation (starvation); 
2). Low levels of oxygen (hypoxia):

 lack of oxygen in the air;
 failure of oxygen supply to cardiovascular and respiratory systems 
due to their damage;
 anemias of different origin.

3). Mitochondrial damage (or uncouplers).
4). Different types of hypovitaminosis – deficiency of vitamins РР, В2, В1.
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Lecture 11

OXIDATIVE SYSTEMS NOT ASSOCIATED
WITH THE PRODUCTION OF ENERGY

1. Primary uncoupling respiratory systems

1.1. Peroxisomal oxidation

Enzymes involved in peroxisomal oxidation are oxidases (or aerobic 
dehydrogenases). They are flavoproteins containing FAD or FMN (e.g.,
L-amino acid oxidase (FMN), xanthine oxidase (FAD)). Enzymes are 
localized in peroxisomes.

Oxidases catalyze the removal of hydrogen from a substrate using 
oxygen as a hydrogen acceptor. They form hydrogen peroxide (Н2О2) as a 
reaction product. Substrates in peroxisomal oxidation are aldehydes, 
amines, D- and L-amino acids, purines.

Oxidase
SН2 + О2 S + Н2О2

There is a constant production of H2O2. The harmful effects of H2O2 are 
prevented by enzymes hydroperoxidases (e.g., peroxidase and catalase). 
Hydrogen peroxide is the substrate for these enzymes. 

Hydroperoxidases are found both in animals and in plants. They protect 
the body against harmful peroxides. Accumulation of peroxides can lead to 
generation of free radicals, which in turn can disrupt membranes, etc., and 
possibly cause cancer and atherosclerosis.

Peroxidases reduce peroxides using several substances
as electron acceptor

Although originally considered to be plant enzymes, peroxidases are
found in milk and in leukocytes, platelets, and other tissues involved in 
eicosanoid metabolism. The prosthetic group is protoheme, which, unlike 
the situation in most hemoproteins, is only loosely bound to the apoprotein. 
In the reaction catalyzed by peroxidase, hydrogen peroxide is reduced at 
the expense of several substances that will act as electron acceptors, such as 
ascorbate, quinones, and cytochrome c. The reaction catalyzed by 
peroxidase is complex, but the overall reaction is as follows:

Peroxidase
H2O2 + SH2                2H2O + S
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Catalases uses hydrogen peroxide as electron donor
and electron acceptor

Catalase is a hemoprotein containing 4 heme groups. In addition to 
possessing peroxidase activity, it is able to use one molecule of H2O2 as a 
substrate electron donor and another molecule of H2O2 as oxidant or 
electron acceptor. Under most conditions in vivo, the peroxidase activity of 
catalase seems to be favored.

Catalase
2H2O2      2H2O  + O2

Catalase is found in blood, bone marrow, mucous membranes, kidney, 
and liver. Its function is assumed to be the destruction of hydrogen 
peroxide formed by the action of oxidases. Microbodies or peroxisomes are 
found in many tissues, including liver. They are rich in oxidases and in 
catalase, which suggests that there may be a biologic advantage in 
grouping the enzymes that produce H2O2 with the enzyme that destroys it
(Fig.1). In addition to the peroxisomal enzymes, mitochondrial and 
microsomal electron transport systems as well as xanthine oxidase must be 
considered as sources of H2O2.

Fig. 1. Role of catalase in the destruction of hydrogen peroxide.

1.2. Oxygenase oxidation

Enzymes involved in oxygenase oxidation are oxygenases. Oxygenases
are concerned with the synthesis or degradation of many different types of 
metabolites rather than taking part in reactions that have as their purpose 
the provision of energy to the cell. 

Enzymes in this group catalyze the incorporation of oxygen into a 
substrate molecule. This takes place in 2 steps: 1) oxygen binding to the 
enzyme at the active site, and 2) the reaction in which the bound oxygen is 
reduced or transferred to the substrate. 

Oxygenases may be divided into 2 subgroups:



Lecture 11

116

1. Dioxygenases (Oxygen transferases, True oxygenases) incorporate 
both oxygen atoms (О2) into the substrate (S).

S + О2 → SО2

Examples of this type include enzymes that contain iron such as 
homogentisate dioxygenase and 3-hydroxyanthranilate dioxygenase from 
the supernatant fraction of the liver, and enzymes utilizing heme such as 
L-tryptophan dioxygenase from the liver.

2. Monooxygenases (Mixed-function oxidases, Hydroxylases,
Cytochrome P-450 enzymes) incorporate only one atom of oxygen into the 
substrate. The other oxygen atom is reduced to water, an additional electron 
donor or cosubstrate being necessary for this purpose. Substrates are
pollutants, chemical carcinogens (xenobiotics) and medical drugs, and 
endogenous substances such as steroid hormones.

S-Н + О2 + ZН2 → S-ОН + Н2О + Z, ZH2 is cosubstrate

Microsomal cytochrome P-450 monooxygenase system

These monooxygenases are found in the endoplasmic reticulum 
(microsomes) of the liver hepatocytes, steroid-producing glands together 
with cytochrome P-450. It is so named because of its location (″cyto″
cell) and the fact that the heme moiety absorbs coloured (″chrome″) light at 
a wavelength of 450 nm.

NADPH donates reducing equivalents for the reduction of this
cytochrome, which in turn is oxidized by substrates in a series of enzymatic 
reactions collectively known as the hydroxylase cycle or microsomal 
oxidation (Fig.2).

Hydroxylase
DRUG-H + O2  + NADPH2 DRUG-OH + H2O + NADP+

(P-450)                         (P-450)

Main components of microsomal oxidation:
1. Apolar compounds containing aliphatic or aromatic rings;
2.  Cytochrome P-450;
3.  O2;
4.  NADPH2.
Among the drugs metabolized by this system are benzpyrene, 

aminopyrine, aniline, morphine, and benzphetamine. Many drugs such as 
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phenobarbital have the ability to induce the formation of microsomal 
enzymes and of cytochrome P-450.

Fig. 2. Cytochrome P-450 hydroxylase cycle in microsomes. The system shown is 
typical of steroid hydroxylases of the adrenal cortex. Liver microsomal cytochrome 
P-450 hydroxylase does not require the iron-sulfur protein Fe2S2. Carbon monoxide 
(CO) inhibits the indicated step. (Murray R. K. Biochemistry., 28 ed., McGraw-Hill, 2009)

Reaction mechanism of microsomal oxidation

1. In the resting state, in cytochrome P-450 the heme has Fe3+ (Fig.2). 
The substrate A-H binds near the heme group. 

2. Transfer of a first ē from NADPH2 reduces Fe3+ to Fe2+ that is able to 
bind an O2.

3. Transfer of a second ē reduces the bound O2 to the superoxide anion 
O2

-. 
4. Uptake of H+ gives rise to H2O. 
5. The activated oxygen atom inserts itself into a C–H bond in the 

substrate, thereby forming an OH group (A-OH). 
6. Dissociation of the product A-OH returns the enzyme to its initial 

state.

Functions of microsomal oxidation:
1. Hydroxylation of many drugs as the 1-st step of xenobiotic 

detoxication. 
2. Synthesis of bile acids and steroid hormones from cholesterol and 

eicosanoids as well as the formation of unsaturated fatty acids. 
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Mitochondrial cytochrome P-450 monooxygenase system

These systems are found in steroidogenic tissues such as adrenal cortex, 
testis, ovary, and placenta and are concerned with the biosynthesis of 
steroid hormones from cholesterol (hydroxylation at C22 and C20 in side-
chain cleavage and at the 11 (3 and 18 positions). Renal systems catalyze 
10- and 24-hydroxylations of 25-hydroxycholecalciferol, and the liver 
catalyzes 26-hydroxylation in bile acid biosynthesis. In the adrenal cortex, 
mitochondrial cytochrome P-450 is 6 times more abundant than 
cytochromes of the respiratory chain. The monooxygenase system consists 
of 3 components situated on the inside of the inner mitochondrial 
membrane: an NADP-specific FAD containing flavoprotein, and Fe2S2

protein (adrenodoxin), and cytochrome P-450 (Fig.3).

Fig. 3. Mitochondrial cytochrome P-450 monooxygenase system. Fe2S2, iron-sulfur 
protein (adrenodoxin). Note that because NADP(H) cannot penetrate the mitochondrial
membrane, sources of reducing equivalents are confined to substrates such as malate 
and isocitrate for which there are intramitochondrial NADP-specific dehydrogenases.

2. Free radical oxidation

It is quite important for the cell that the O2 molecule be completely 
reduced to 2 molecules of H2O by accepting 4 electrons. If, however, O2 is 
only partially reduced by accepting 2 electrons, hydrogen peroxide (H2O2) 
is formed and if O2 accepts only one electron, the product formed is the 
superoxide radical (O2

•–). 
Formation of the oxygen free radicals (Fig.3):

О2 + ē → О2
– (superoxide)

О2
– + Н+ → НО2

 (peroxide)
О2

– + НО2
 + Н+ → О2 + Н2О2 (hydrogen peroxide)
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(S. Bhattacharya / J Free Radicals in Human Health and Disease, 2015)

Fig. 3. Schematic representation of oxygen free radicals generation.

Oxygen is a potentially toxic substance, the toxicity of which has 
hitherto been attributed to the formation of H2O2. Recently, however, the 
ease with which oxygen can be reduced in tissues to the superoxide anion 
free radical (O2

•–) and the occurrence of superoxide dismutase in aerobic 
organisms (although not in obligate anaerobes) have suggested that the 
toxicity of oxygen is due to its conversion to superoxide. 

Superoxide is formed when reduced flavins, present, for example, in 
xanthine oxidase, are reoxidized univalently by molecular oxygen. It is also 
formed during univalent oxidations with molecular oxygen in the 
respiratory chain:

EnzH2 + O2 → EnzH + О2
– + H+

Superoxide can reduce oxidized cytochrome c:
О2

– + Cyt c (Fe3+) → O2 + Cyt c (Fe2+)
Hydrogen peroxide and superoxide are extremely toxic to cells as they 

attack the unsaturated fatty acid components of membrane lipids, thus 
damaging severely the membrane structure. 

Superoxide is especially dangerous. It does not itself react readily with 
most cellular constituents, but it will spontaneously combine with 
peroxides to form hydroxyl radicals (OH), which are disruptively reactive:

О2
– + Н2О2 → О2 + ОН– + ОН (hydroxyl radical)

Н2О2 + Fe2+ → ОН– + ОН + Fe3+

Almost without exception, the aerobic cells protect themselves against 
O2

–• and H2O2 by the action of the specific enzyme superoxide dismutase
and catalase, which these cells do contain, respectively. Superoxide 
dismutase converts superoxide radical into H2O2 while catalase transforms 
H2O2 into water and molecular oxygen.

Superoxide dismutase

О2
– + О2

– + 2H+ H2O2 + O2 (1)
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Catalase
2H2O2 2H2O2 + O2 (2)

In the reaction (1), superoxide acts as both oxidant and reductant. The 
chemical effects of superoxide in the tissues are amplified by free-radical 
chain reactions. It has been proposed that О2

–-bound to cytochrome P-450 
is an intermediate in the activation of oxygen in hydroxylation reactions 
(Fig.2).

The function of superoxide dismutase seems to be that of protecting 
aerobic organisms against the potential deleterious effects of superoxide. 
The enzyme occurs in several different compartments of the cell. 

The cytosolic enzyme is composed of 2 similar subunits, each one 
containing one equivalent of Cu2+ and Zn2+, whereas the mitochondrial 
enzyme contains Mn2+, similar to the enzyme found in bacteria. This 
finding supports the hypothesis that mitochondria have evolved from a 
prokaryote that entered into symbiosis with a proto-eukaryote. 

The dismutase is present in all major aerobic tissues. Although exposure 
of animals to an atmosphere of 100% oxygen causes an adaptive increase 
of the enzyme, particularly in the lungs, prolonged exposure leads to lung 
damage and death. Antioxidants, e.g., α-tocopherol (vitamin E), also act as 
scavengers of free radicals such as О2

– and reduce the toxicity of oxygen.

Free radicals and diseases

 Atherosclerosis. 
 Diabetes mellitus and diabetic angiopathy. 
 Respiratory diseases (chronic obstructive bronchitis, bronchial asthma, 

emphysema, lung edema).
 Rheumatico-inflammatory and moronic diseases of joints (rheumatoid 

arthritis).
 Cataract.
 Cancer.
 Aging. 
 Intoxications.
 Inflammatory disorders – chronic glomerulonephritis and ulcerative 

colitis.
 Other diseases  Parkinson's disease, Alzheimer's disease, multiple 

sclerosis, liver cirrhosis, muscular dystrophy, toxemia of pregnancy.

Antioxidant system 

Antioxidant system (AOS) is the system of organism protection against 
toxic action of oxygen. AOS includes enzymatic and non-enzymatic 
antioxidants.



Oxidative systems not associated with the production of energy.

121

Enzymatic antioxidants: enzymes superoxide dismutase, peroxidase, 
catalase.

Superoxide dismutase

Superoxide dismutase is a high active specific enzyme; protect aerobic 
organisms against the potential deleterious effects of superoxide. The 
dismutase is present in all major aerobic tissues.

О2
– + О2

– + 2Н+ → Н2О2 + О2

Hydroperoxidases (peroxidases and catalase) protect the body against 
harmful hydrogen peroxides. 

Glutathione peroxidase

Peroxidases are found in leukocytes, erythrocytes, and other tissues 
involved in eicosanoid metabolism.

Н2О2 + 2НS-Glutathione → Н2О + G-SS-G

The pentose phosphate pathway supplies NADPH+H+, which is needed 
to regenerate glutathione. The oxidized glutathione can be reduced by the 
enzyme glutathione reductase.

NADPH2 + G-SS-G → 2 GSH + NADP+

Catalase

Catalase is a hemoprotein containing 4 heme groups. It is found in 
blood, bone marrow, mucous membranes, kidney, and liver. 

2Н2О2 → 2Н2О + О2

Non-enzymatic antioxidants

1. Vitamin Е (Tocopherol) is fat soluble vitamin. It is an antioxidant 
present in all cellular membranes, and protects against lipid peroxidation. 
α-Tocopherol can directly act on oxyradicals (e.g., O2

·-, OH·), and thus 
serves as an important chain breaking antioxidant.

2. Vitamin C (Ascorbic acid) is water-soluble antioxidant. It is 
efficiently scavanges free radicals, and inhibits lipid peroxidation. It also 
promotes the regeneration of α-Tocopherol (from α-tocopheroxyl radical 
produced during scavenging of free radicals). Uric acid is powerful 
scavenger of singlet oxygen (1O2) and OH· radicals.

3. Bioregulators – thyroxin, steroid hormones.
4. Compounds containing SН-group  glutathione, cysteine.
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5. Fе-binding complexons.

Antioxidants according to lipid peroxidation

1. Preventive antioxidants that will block the initial production of free 
radicals, e.g., catalase, glutathione peroxidase.

2. Chain breaking antioxidants that inhibit the propagative phase of 
lipid peroxidation, e.g., superoxide dismutase, vitamins E, C, and uric acid.

Protective systems in cells against peroxidative reactions

Lipid peroxidation in membrane can have effects

1. Increased membrane rigidity.
2. Decreased activity of membrane-bound enzymes (e.g., Sodium pumps).
3. Altered activity of membrane receptors.
4. Altered permeability.

Nutrient antioxidants and their dietary sources
Antioxidant Dietary source
Vitamin С

(ascorbic acid)
Cherry, papaya, orange, grapes, watermelons, melons, grapefruit, 
kiwi fruit, strawberry, gooseberry, guava, cauliflower, cabbage, 
spinach

Vitamin Е
(α-tocopherol)

Cotton seed oil, sunflower seed oil, peanut oil, whole grains, 
legumes, almonds, hazelnut, leafy vegetables mayonnaise, egg yolk, 
butter

β-carotene Dark green and yellow-orange vegetables and fruits: carrots, insipid 
potato, tomato, spinach, pumpkin, watermelon, papaya, apricot, 
spinach, turnip
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12
Lecture 12

          COMMON PATHWAYS OF CATABOLISM

Due to the conversion of amino acids, monosaccharides and fatty acids 
by the specific pathways of catabolism the simple intermediates are formed
– pyruvate and acetylCoA. Both entries into common pathways of 
catabolism with formation of end products (CO2, H2O, NH3).

Common pathways of catabolism include 2 processes:
1. oxidative decarboxylation of pyruvate to acetylCoA; 
2. oxidation of acetylCoA via Krebs cycle (or citric acid cycle).
The pyruvate oxidatively decarboxylated to acetylCoA is mainly 

derived from the oxidation of glucose (glycolysis), oxidation of glycerol 
and metabolism of glucogenic amino acids.

The acetylCoA that supplies the citric acid cycle with acetyl residues is 
mainly derived from the oxidative decarboxylation of pyruvate, β-oxidation
of fatty acids and metabolism of ketogenic amino acids. All of these 
processes take place in the mitochondrial matrix.

1. Oxidative decarboxylation of pyruvate

Before oxidation of pyruvate can begin, pyruvate produced in cytosol
must be transported into the mitochondrion via a special pyruvate 
transporter that aids its passage across the inner mitochondrial membrane. 
This involves a symport mechanism whereby one proton is cotransported. 

In the mitochondrial matrix pyruvate is oxidatively decarboxylated to 
acetylCoA. Since the reaction involves both an oxidation and a loss of CO2, 
the process is called oxidative decarboxylation.

1.1. Pyruvate dehydrogenase complex

Several different enzymes working sequentially in a multienzyme 
complex catalyze this reaction. They are collectively designated as the 
pyruvate dehydrogenase complex and are analogous to the α-ketoglutarate 
dehydrogenase complex of the citric acid cycle. 
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The pyruvate dehydrogenase complex consists of a number of 
polypeptide chains of each of the 3 component enzymes, all organized in a 
regular spatial configuration. Movement of the individual enzymes appears 
to be restricted, and the metabolic intermediates do not dissociate freely but 
remain bound to the enzymes. Such complex of enzymes, in which the 
substrates are handed on from one enzyme to the next, increases the 
reaction rate and eliminates side reactions, increasing overall efficiency.

It is to be noted that the pyruvate dehydrogenase system is sufficiently 
electronegative with respect to the respiratory chain that, in addition to 
generating a reduced coenzyme (NADH), it also generates a high-energy 
thioester bond in acetylCoA.

Pyruvate dehydrogenase complex consists of the 3 enzymes:
1. Pyruvate dehydrogenase (coenzyme is thiamin diphosphate);
2. Dihydrolipoyl transacetylase (cofactors are coenzyme A and lipoic 

acid);
3. Dihydrolipoyl dehydrogenase (cofactors are FAD and NAD+).

Thiamin diphosphate (TDP) 

Coenzyme A (HSCoA) Lipoic acid (LA)

S

CH2 CH2 CH

S

CH2 CH2 CH2 CH2 COOH
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1.2. Mechanism of the pyruvate decarboxylation

Pyruvate is decarboxylated to a hydroxyethyl derivative of the thiazole 
ring of pyruvate dehydrogenase enzyme-bound thiamin diphosphate, which 
in turn reacts with oxidized lipoamide (lipoic acid is joined by an amide 
link to a lysine residue of the transacetylase component of the enzyme 
complex) to form acetyl-S-lipoate. In the presence of dihydrolipoyl 
transacetylase, acetyl-S-lipoate reacts with coenzyme A to form 
acetylCoA and reduced lipoic acid. The cycle of reaction is completed 
when the latter is reoxidized by a flavoprotein (FAD) in the presence of 
dihydrolipoyl dehydrogenase. Finally, the reduced flavoprotein is oxidized 
by NAD. The NADH produced transfers reducing equivalents to the 
respiratory chain and the energy released is used to synthesize 3 ATP by 
oxidative phosphorylation. 
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1.3. Regulation of pyruvate dehydrogenase 

Pyruvate dehydrogenase is inhibited by its products, acetylCoA and 
NADH (Fig.1). In addition, pyruvate dehydrogenase is inactivated by 
phosphorylation, a reaction catalyzed by pyruvate dehydrogenase kinase. 
The kinase catalyzes the phosphorylation of a specific Ser residue in 
pyruvate dehydrogenase, using ATP as the phosphate donor, and this 
inactivates the enzyme. A high ratio of NADH/NAD+, acetylCoA/CoA or 
ATP/ADP stimulates phosphorylation of pyruvate dehydrogenase and so 
inactivates this enzyme. As pyruvate builds up, it inhibits the kinase and 
hence allows the phosphatase by removal of the phosphate group 
(dephosphorylation) to reactivate pyruvate dehydrogenase, thus stimulating 
pyruvate conversion to acetylCoA.

Thus, pyruvate dehydrogenase is inhibited not only by a high energy 
potential, but also under conditions of fatty acid oxidation, which leads to 
increases in these ratios. 

In starvation, there is a decrease in the proportion of the enzyme in the 
active form, and an increase in activity occurs after administration of 
insulin in adipose tissue but not in the liver.

Fig. 1. Regulation of pyruvate dehydrogenase (PDH): (a) Regulation by end-product 
inhibition; (b) Regulation by interconversion of active and inactive forms.

(Murray R. K. Biochemistry., 28 ed., McGraw-Hill, 2009)

(a) (b)



Common pathways of catabolism.

127

1.4. Inhibition of pyruvate metabolism 

Arsenite and mercuric ions react with the -SH groups of lipoic acid 
and inhibit pyruvate dehydrogenase, as does a dietary deficiency of thiamin
(vitamin B1), allowing pyruvate to accumulate. Nutritionally deprived 
alcoholics are thiamin deficient and if administered glucose exhibit rapid 
accumulation of pyruvate and lactacidosis, which is frequently lethal. 

Patients with inherited pyruvate dehydrogenase deficiency present with 
a similar lactacidosis, particularly after glucose load. Mutations have been 
reported for virtually all of the enzymes of carbohydrate metabolism, each 
associated with human disease. Inherited aldolase A deficiency and 
pyruvate kinase deficiency in erythrocytes cause hemolytic anemia.

2. Citric acid cycle

Citric acid cycle (САС), also known as the tricarboxylic acid (TCA) 
cycle or Krebs cycle (after its discoverer in 1937) oxidizes acetylCoA 
formed from oxidative decarboxylation of pyruvate, β-oxidation of fatty 
acids and metabolism of ketogenic amino acids to CO2 and H2O, with the 
concomitant production of energy. 

Citric acid cycle takes place in mitochondrial matrix of eukaryotes and 
in the cytoplasm of prokaryotes. Succinate dehydrogenase, the only 
membrane-bound enzyme in the citric acid cycle, is embedded in the inner 
mitochondrial membrane in eukaryotes and in the plasma membrane in 
prokaryotes.

The cycle forms the central part of a three-step process, which oxidizes 
organic fuel molecules to CO2 with the concomitant production of ATP.

Stage 1  Oxidation of fuel molecules to acetylCoA
A major source of energy is glucose, which is converted by glycolysis 

into pyruvate. Pyruvate dehydrogenase complex oxidizes the pyruvate to
form acetylCoA and CO2. 

Stage 2  Citric acid cycle
Citric acid cycle carries out the oxidation of acetyl groups from 

acetylCoA to CO2 with the production of four pairs of electrons, stored 
initially in the reduced forms of NADH and FADH2. 

Stage 3  Oxidation of NADH and FADH2

The NADH and FADH2 produced by the citric acid cycle are reoxidized 
and the energy released is used to synthesize ATP by oxidative 
phosphorylation.
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Citric acid cycle
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Steps of the citric acid cycle:
1. Irreversible condensation of acetylCoA (2C) and oxaloacetate (4C) 

to form citrate (6C) catalyzed by citrate synthase. 
2. Citrate is isomerized by dehydration and rehydration to isocitrate 

(6C). The enzyme aconitase catalyzes these two steps using cis-aconitate as 
the intermediate. 

3. Isocitrate is dehydrogenated to oxalosuccinate, which decarboxylates 
to α-ketoglutarate (5C) and CO2 by isocitrate dehydrogenase. This enzyme 
requires NAD+ as a coenzyme, which is reduced to NADH. 

4. α-Ketoglutarate is oxidatively decarboxylated to succinylCoA (4C) 
and CO2 by the α-ketoglutarate dehydrogenase complex. Like pyruvate 
dehydrogenase complex, this is a complex of three enzymes and uses 
NAD+ as a coenzyme, which is reduced to NADH. 

5. SuccinylCoA is converted to succinate (4C) by succinylCoA 
synthetase. The reaction uses the energy released by cleavage of the 
succinylCoA bond to synthesize either GTP (mainly in animals) or ATP 
(exclusively in plants) from Pi, and, respectively, GDP or ADP by substrate 
level phosphorylation. 

6. Succinate is dehydrogenated to fumarate (4C) by succinate 
dehydrogenase. FAD is tightly bound to the enzyme and is reduced to 
FADH2. 

7. Fumarate is hydrated to malate (4C) by fumarase. 
8. Malate is dehydrogenated to oxaloacetate (4C) by malate 

dehydrogenase. NAD+ required by the enzyme as a coenzyme is reduced to 
NADH. 
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2.1. Energy yield

For each turn of the CAC, 12 ATP molecules are produced: one 
directly from the cycle by substrate level phosphorylation and 11 by 
oxidative phosphorylation from the re-oxidation of the three NADH and 
one FADH2 molecules produced by the cycle.

Each of the three NADH molecules produced per turn of the cycle 
yields 3 ATPs and the single FADH2 yields 2 ATPs (although some 
measurements indicate that the quantities are 2.5 and 1.5 respectively). One 
GTP (or ATP) is synthesized directly during the conversion of 
succinylCoA to succinate. 

2.2. Functions of the citric acid cycle

1. The citric acid cycle is the common pathway of acetylCoA oxidation 
that is the product of carbohydrate, lipid and protein degradation by 
subsequent decarboxylations and dehydrogenations.

2. The citric acid cycle is the generator of protons and electrons to 
respiratory chains: 11 ATP molecules produced from the re-oxidation 
of the 3 NADH (3 ATP × 3 NADH) and 1 FADH2 (2 ATP × 1 FADH2) 
by oxidative phosphorylation.

3. Energetic function: 1 ATP molecule is produced directly from the cycle 
by substrate level phosphorylation.

4. Amphibolic function: citric acid cycle is the third stage of catabolism 
and is the first stage of anabolism. 

5. Integrative function: citric acid cycle unifies the catabolic pathways of 
carbohydrates, lipids and proteins.

2.3. Regulation of the citric acid cycle

Regulation of the cycle is governed by substrate availability, inhibition 
by accumulating products, and allosteric feedback inhibition by subsequent 
intermediates in the cycle. Four enzymes in the cycle itself are regulated 
(citrate synthase, isocitrate dehydrogenase, succinate dehydrogenase and
α-ketoglutarate dehydrogenase) (Fig.2).

Regulation of the enzymes:

1. Citrate synthase is activated by substrate, and inhibited by NADH, 
citrate and also by ATP (the Km for acetylCoA is raised as the level of 
ATP rises);

2. Isocitrate dehydrogenase is activated by ADP, and inhibited by ATP 
and NADH; 
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3. α-Ketoglutarate dehydrogenase is inhibited by NADH and 
succinylCoA;

4. Succinate dehydrogenase is activated by substrate (succinate), 
phosphate, and inhibited by oxaloacetate.

Fig. 2. Regulation of the citric acid cycle.

Overall, the cycle speeds up when cellular energy levels are low (high 
ADP concentration, low ATP and NADH) and slows down as ATP (and 
then NADH, succinylCoA and citrate) accumulates.

2.4. Citric acid cycle intermediates serve as substrates 
for biosynthetic processes

For example:
1. Synthesis of fatty acids from citrate.
2. Synthesis of amino acids following transamination of α-ketoglutarate. 
3. Synthesis of purine and pyrimidine nucleotides from α-ketoglutarate and

oxaloacetate.
4. Synthesis of glucose from oxaloacetate by gluconeogenesis. 
5. SuccinylCoA is a central intermediate in the synthesis of the porphyrin 

ring of heme. 

(Hames B. D. Biochemistry, 3 ed., Taylor and Francis Group, 2005)
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13 Lecture 13

CARBOHYDRATE METABOLISM. DIGESTION OF 
CARBOHYDRATES. GLUCOSE METABOLISM UNDER 

AEROBIC AND ANAEROBIC CONDITIONS

All carbohydrates are the most abundant organic molecules in nature. 
They are the principal source of energy, supplying 60-80% of the caloric 
requirements of the body. Carbohydrates are often referred to as
saccharides (Greek: ″sakcharon″ – sugar). 

1. Classification of carbohydrates 

Carbohydrates are broadly classified into three major groups –
monosaccharides (e.g., glucose, fructose, and galactose), oligosaccharides
(e.g., maltose, lactose, and sucrose) and polysaccharides (e.g., starches, 
fibers, and glycogen). 

All carbohydrates of tissues divide on 2 groups:

1). Carbohydrates with energetic function:
1. Oxidation of one molecule of glucose produces 38 ATP molecules. 

All other carbohydrates of the body made from glucose, except ascorbic 
acid.

2. Polysaccharides (starch in plants, glycogen in animal cells). 
Glycogen, a large polymer of glucose residues, serves as the storage form 
of energy to meet the immediate energy demands of the body.

2). Carbohydrates with structural function:
1. Glycolipids and glycoproteins are abundant in the plasma 

membrane of eukaryotic cells and they are also involved in specific 
interactions (e.g., they may act as receptors). 

2. Glycosaminoglycans are essential components of connective tissue. 
Some of them perform regulatory function (e.g., heparin acts as an 
anticoagulant).

2. Digestion of carbohydrates and absorption

The principal dietary carbohydrates are polysaccharides (starch, 
glycogen), disaccharides (lactose, sucrose) and, to a minor extent, 
monosaccharides (glucose, fructose). 
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The digestion of carbohydrates occurs briefly in mouth and largely in 
the intestine. 

Carbohydrates are the only nutrients for which the digestion begins in 
the mouth to a significant extent. During the process of mastication, 
salivary α-amylase (ptyalin) acts on starch randomly and cleaves α-1,4-
glycosidic bonds. The products formed include α-limit dextrins, containing 
about 8 glucose units with one or more α-1,6-glycosidic bonds, maltotriose 
and maltose.

Carbohydrates not digested in the stomach. The enzyme salivary 
amylase is inactivated by high acidity (low pH) in the stomach. 
Consequently, the ongoing degradation of starch is stopped.

The acidic dietary contents of the stomach, on reaching small intestine, 
are neutralized by bicarbonate produced by pancreas. The pancreatic
α-amylase acts on starch and continues the digestion process. Amylase
specifically acts on α-1,4-glycosidic bonds and not on α-1,6-bonds. The 
resultant products are disaccharides (maltose, isomaltose) and 
oligosaccharides. 

The final digestion of di- and oligosaccharides to monosaccharides 
primarily occurs at the mucosal lining of the upper jejunum. This is 
carried out by oligosaccharidases (e.g., glucoamylase acting on amylose) 
and disaccharidases (e.g., maltase, sucrase, lactase). The enzyme sucrase
is capable of hydrolysing a large quantity of table sugar (sucrose) to
fructose and glucose, maltase acts on maltose (α-1,4-glycosidic bonds) to 
form 2 molecules of glucose, isomaltase or 1:6 glucosidase acts on 
isomaltose (α-1,6-glycosidic bonds) to form 2 molecules of glucose,
trehalase acts on trehalose (α-1,1-glycosidic bonds) to form 2 molecules of 
glucose. In contrast, lactase (β-galactosidase) is the rate limiting, and, 
consequently, the utilization of milk sugar (lactose) is limited in humans. 
The products of lactose hydrolysis are glucose and galactose.

The principal monosaccharides produced by the digestion of 
carbohydrates are glucose, fructose and galactose. Of these, glucose
accounts for nearly 80% of the total monosaccharides. The absorption of 
sugars mostly takes place in the duodenum and upper jejunum of small 
intestine. The relative rates of absorption of important monosaccharides:
galactose > glucose > fructose > mannose > xylose > arabinose. It is 
observed that hexoses are more rapidly absorbed than pentoses. Further, 
among the monosaccharides, galactose is most efficiently absorbed 
followed by glucose and fructose. 

The plant foods are rich in fibrous material which cannot be digested 
either by the human enzymes or intestinal bacteria. The fibers are
chemically complex carbohydrates which include cellulose, hemicellulose, 
pectins, lignin and gums. 
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Biological role of fiber

1. Helps to maintain the normal motility of gastrointestinal tract and 
prevents constipation.

2. Adsorbs large quantities of water and also the toxic compounds 
produced by intestinal bacteria that lead to increased fecal mass and its 
easier expulsion. 

3. The lower incidence of cancers of gastrointestinal tract (e.g., colon and 
rectum).

4. Improves glucose tolerance by the body. This is mainly done by a 
diminished rate of glucose absorption from the intestine.

5. Decreases the absorption of dietary cholesterol from the intestine. Fiber 
binds with the bile salts and reduces their enterohepatic circulation. This 
causes increased degradation of cholesterol to bile salts and its disposal 
from the body.

6. Adds to the weight of the foodstuff ingested and gives a sensation of 
stomachfullness. 

3. Transport of glucose into cells

Glucose cannot diffuse directly into cells, but enters by one of two 
transport mechanisms: a Na+-independent, facilitated diffusion transport 
system or a Na+-monosaccharide co-transporter system. 

1). Na+-independent facilitated diffusion transport 
This system is mediated by a family of at least 5 glucose transporters in 

cell membranes. They are designated GLUT-1 to GLUT-5 (glucose 
transporter 1 to 5). These transporters exist in the membrane in two 
conformational states. Extracellular glucose binds to the transporter, which 
then alters its conformation, transporting glucose across the cell membrane. 
They exhibit tissue specificity.

Types of GLUT

GLUT-1 is ubiquitously expressed and transport glucose in most cells. 
Responsible for the low-level of basal glucose uptake required to sustain 
respiration in all cells. It is abundant in erythrocytes and also in the 
protective membrane of the blood vessels in the brain (blood-brain barrier),
and in fetal tissues but is low in adult muscle. 

GLUT-2 is found in the liver cells, renal tubular cells, small intestinal 
epithelial cells and β cells of the pancreas, can either transport glucose into 
these cells when blood glucose levels are high, or transport glucose from 
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the cells to the blood when blood glucose levels are low (for example,
during fasting). GLUT-2 has a lower affinity for glucose than GLUT-1. 
Bidirectionality is required in liver cells to uptake glucose for glycolysis, 
and release of glucose during gluconeogenesis. In pancreatic β-cells, free 
flowing glucose is required so that the intracellular environment of these 
cells can accurately gauge the serum glucose levels. 

GLUT-3 is the primary glucose transporter in neurons. It is also the 
main transporter in the placenta and testes. 

GLUT-4 is abundant in striated muscle (skeletal muscle and cardiac 
muscle) and adipose tissue. The number of GLUT-4 transporters active in 
these tissues is increased by insulin. Adipocyte cells and the skeletal 
system both require a glucose transporter to absorb glucose molecules from 
the bloodstream. Insulin released from the pancreas then attaches to 
receptors on the adipocyte and skeletal cell membranes. As GLUT-4 is an 
insulin responsive protein, it is alerted to the presence of the insulin bound 
to the receptors on the cell membrane. The GLUT-4 molecule is then able 
to transport the glucose molecule across the cell membrane and into the 
cell. 

GLUT-5 is unusual in that it is the primary fructose transporter (instead 
of glucose) into the small intestine and the testes. 

2). Na+-monosaccharide co-transporter system
Transport of glucose depends on the presence of secondary active 

Na+/glucose symporters, which concentrate glucose inside the cells, using 
the energy provided by cotransport of Na+ ions down their electrochemical 
gradient.

4. Glucose sources and utilization pathways

The monosaccharide glucose is the central molecule in carbohydrate 
metabolism since all the major pathways of carbohydrate metabolism are 
connected with it. The fasting blood glucose level in normal individuals is 
70-100 mg/dl (3.6-6.11 mmol/l) and it is very efficiently maintained at this 
level. Liver plays a key role in monitoring and stabilizing blood glucose
levels. 

4.1. Sources of blood glucose

1. Dietary carbohydrates. The dietary carbohydrates are digested and 
absorbed as monosaccharides (glucose, fructose, galactose, etc.). The liver 
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is capable of converting fructose and galactose into glucose, which can 
readily enter blood.

2. Degradation of glycogen (glycogenolysis). Degradation of glycogen 
in liver produces free glucose. This is in contrast to muscle glycogenolysis 
where glucose is not formed in sufficient amount due to lack of the enzyme 
glucose-6-phosphatase. However, the contribution of liver glycogenolysis 
to blood glucose is rather limited and can meet only the short intervals of 
emergency. This is due to the limited presence of glycogen in liver. An 
adult liver (weighing about 1.5 kg) can provide only 40-50 g of blood 
glucose from glycogen that can last only for a few hours to meet the body 
requirements. Glucose is primarily derived from glycogenolysis (of hepatic 
glycogen) between the meals.

3. Gluconeogenesis (synthesis of glucose from noncarbohydrate 
precursors such as glucogenic amino acids, lactate, glycerol).
Gluconeogenesis in liver and kidney continuously adds glucose to the 
blood. Gluconeogenesis becomes a predominant source of glucose in late 
night (after depletion of hepatic glycogen). During day time, 
gluconeogenesis may be more or less active, depending on the frequency of 
consumption of snacks, coffee, tea, fruit juices, etc.

4.2. Pathways of glucose utilization

Certain tissues like brain, erythrocytes, renal medulla and bone marrow 
are exclusively dependent on glucose for their energy needs. When the 
body is at total rest, about two-thirds of the blood glucose is utilized by the 
brain; the remaining one-third – by erythrocytes and skeletal muscle. A 
regular supply of glucose, by whatever means it may be, is absolutely 
required to keep the brain functionally intact.

The different metabolic pathways responsible for the utilization of blood 
glucose:

1. Source of energy due to aerobic (38 ATP) and anaerobic (2 ATP)
glucose oxidation (glycolysis).

2. Synthesis of other monosaccharides (e.g., pentoses).
3. Synthesis of glycogen (glycogenesis) and other 

heteropolysaccharides in liver and muscle.
4. Synthesis of lipids (e.g., fatty acids, cholesterol), some amino acids 

and other compounds (e.g., glucuronic acid).
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5. Catabolism of carbohydrates

Carbohydrates undergo 3 stages of catabolism.

I stage – degradation of polysaccharides to monosaccharides, including 
digestion of carbohydrates in gastrointestinal tract and breakdown of 
glycogen in the cells.

II stage – specific pathway of glucose catabolism to pyruvate
(glycolysis) under aerobic condition and to lactate under anaerobic 
condition.

III stage – common pathways of catabolism:
– oxidative decarboxylation of pyruvate;
– citric acid cycle.

6. Glycolysis as the important pathway of glucose metabolism

Glycolysis (Greek: ″glykys″ – sweet or sugar; ″lysis″ – dissolution) is a 
universal pathway in the living cells. 

6.1. The pathway

Glycolysis is defined as the sequence of reactions converting glucose to
2 molecules of pyruvate (aerobic glycolysis) or 2 molecules of lactate 
(anaerobic glycolysis) with the production of ATP.

Glycolysis takes place in the cytoplasm of eukaryotes and prokaryotes. 

The role of glycolysis: 
1. To produce energy in form of ATP (both directly and by supplying 

substrate for the citric acid cycle and oxidative phosphorylation);
2. To produce intermediates that act as substrates for a number of 

biosynthetic pathways. 

Under aerobic conditions, pyruvate is converted to acetylCoA by 
pyruvate dehydrogenase complex in the mitochondrion, which can then 
enter the citric acid cycle. 

Under anaerobic conditions, pyruvate is converted to lactate by lactate 
dehydrogenase (LDH) in the cytoplasm. This reaction generates NAD+ so 
that glycolysis can continue to produce ATP, despite the absence of 
oxygen. When oxygen becomes available, the lactate is converted back to 
pyruvate. In anaerobic conditions, yeast and other organisms carry out 
alcoholic fermentation that converts pyruvate to acetaldehyde and then to 
ethanol, also regenerating NAD+ that allows glycolysis to continue.
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All tissues can be divided on three groups according to a role of 
glucose oxidation:

1. Anaerobic glycolysis is important pathway for ATP synthesis in 
tissues with few or no mitochondria, such as the renal medulla, mature 
erythrocytes, leukocytes, and cells of the lens, cornea, and testes. The 
occurrence of uninterrupted glycolysis is very essential in skeletal muscle 
during strenuous intensive short-term exercise where oxygen supply is very 
limited.

2. Aerobic glycolysis is very essential for brain, retina, skin, renal 
medulla and gastrointestinal tract which are dependent on glucose for 
energy. 

3. Neuroglial cells, hepatocytes, lipocytes synthesize lipids if necessary. 
Products of glucose oxidation therefore usually used to synthesize fatty 
acids and glycerol.
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6.2. The individual steps in glycolysis

1. Glucose is phosphorylated to glucose-6-phosphate by hexokinase (in 
all the tissues) or glucokinase (in liver). This is an irreversible reaction, 
dependent on ATP and Mg2+ or Mn2+. 

Hexokinase has low Km=10-5M (high substrate affinity) therefore acts 
even at low concentration of glucose and is inhibited by glucose-6-
phosphate. Glucokinase has high Km=10-3M (low substrate affinity) 
therefore acts only at higher levels of glucose i.e., after a meal when blood 
glucose concentration is above 100 mg/dl and is not inhibited by glucose-6-
phosphate. 

Glucose-6-phosphate is impermeable to the plasma membrane
therefore it is a central molecule with a variety of metabolic pathways.

OH

OH

H

O
H

H

OHH

OH

CH2OPO3H2

H
H

OH

H

OH
H

OHH

OH

CH2OH

H
Hexokinase

+ATP, Mg2+

-ADP

Glucose Glucose-6-phosphate

2. Glucose-6-phosphate is isomerized to fructose-6-phosphate by 
phosphoglucose isomerase. This is a reversible isomerization reaction.

OH

OH

H

OH
H

OHH

OH

CH2OPO3H2

H
Phosphoglucose

Isomerase

OH

CH2OH

H

CH2OPO3H2

OH H

H
O

OH

Glucose-6-phosphate             Fructose-6-phosphate

3. Fructose-6-phosphate is phosphorylated to fructose-1,6-bisphosphate 
by phosphofructokinase (PFK). This is an irreversible reaction, dependent 
on ATP and Mg2+ and a regulatory step in glycolysis. PFK is 
allosterically inhibited by ATP, but this inhibition is relieved by AMP. 
Citrate also inhibits PFK. The buildup of fructose-6-phosphate stimulates 
the formation of fructose-2,6-bisphosphate that in turn stimulates PFK. The 
enzyme that synthesizes fructose-2,6-bisphosphate (phosphofructokinase 2; 
PFK2) and the enzyme that hydrolyzes it back to fructose-6-phosphate 
(fructose bisphosphatase 2; FBPase 2) are also regulated hormonally by 
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glucagon that causes glycolysis to slow down when the blood glucose level 
falls. PFK is also inhibited by H+ ions, thus preventing excessive formation 
of lactate under anaerobic conditions. 

OH

CH2OH

H

CH2OPO3H2

OH H

H
O

OH

OH

CH2OPO3H2

H

CH2OPO3H2

OH H

H OH
O

Phosphofructokinase

+ ATP, Mg2+

- ADP

Fructose-6-phosphate         Fructose-1,6-bisphosphate

4. The enzyme aldolase splits fructose-1,6-bisphosphate (a six-carbon 
molecule) into two three-carbon molecules, glyceraldehyde-3-phosphate 
and dihydroxyacetone phosphate. 

OH

CH2OPO3H2

H

CH2OPO3H2

OH H

H OH
O

CH2OPO3H2
C O
CH2OH

+ H
C
COH

H O

CH2OPO3H2

Aldolase

Fructose-1,6-bisphosphate  Dihydroxyacetone- Glyceraldehyde-
phosphate        -3-phosphate 

5. Glyceraldehyde-3-phosphate is the only molecule that can be used 
for the rest of glycolysis. However, the dihydroxyacetone phosphate 
formed in the previous step can rapidly be isomerized to glyceraldehyde-3-
phosphate by triose phosphate isomerase. Thus, effectively, for each 
molecule of fructose-1,6-bisphosphate that is cleaved in step 4, two 
molecules of glyceraldehyde-3-phosphate continue down the pathway.

CH2OPO3H2
C O
CH2OH

Triosephosphate
Isomerase C

C OH

H O

CH2OPO3H2

H

Dihydroxyacetone phosphate Glyceraldehyde-3-phosphate

6. Glyceraldehyde-3-phosphate is converted to 1,3-
bisphosphoglycerate. The reaction is catalyzed by glyceraldehyde-3-
phosphate dehydrogenase and uses Pi and NAD+. The other product is 
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NADH2. The energy for creating this high-energy phosphate bond comes 
from oxidation of the aldehyde group of the glyceraldehyde-3-phosphate.

C
COH

H O

CH2OPO3H2

2

Glyceraldehydes-3-phosphate

Dehydrogenase

+2NAD++2Pi

-2NADH+H+H
C
COH

O

CH2OPO3H2

O~ PO3H2
2 H

Glyceraldehyde-3-phosphate                               1,3-Bisphosphoglycerate

7. The newly created high-energy phosphate bond of 1,3-
bisphosphoglycerate is now used to synthesize ATP. Phosphoglycerate 
kinase catalyzes the transfer of the phosphoryl group from the 1,3-
bisphosphoglycerate to ADP to form ATP and 3-phosphoglycerate. This 
step is example of substrate level phosphorylation.

C
C OH

O

CH2OPO3H2

O~ PO3H2
2 H

Phosphoglycerate
Kinase
+2ADP

-2ATP

COOH
COH
CH2OPO3H2

2 H

1,3-Bisphosphoglycerate                                      3-Phosphoglycerate

8. 3-Phosphoglycerate is isomerized to 2-phosphoglycerate by 
phosphoglycerate mutase. This is a reversible isomerization reaction. Thus,
the reaction is a movement of the phosphate group to a different carbon 
atom within the same molecule.

COOH
COH
CH2OPO3H2

2 H

Phosphoglycerate
Mutase COOH

HC
CH2OH

O2 PO3H2

3-Phosphoglycerate                2-phosphoglycerate

9. 2-phosphoglycerate is dehydrated to phosphoenolpyruvate (PEP) by 
enolase. This reaction, dependent on Mn2+ or Mg2+ converts the low-energy 
phosphate ester bond of 2-phosphoglycerate into the high-energy phosphate 
bond of PEP.
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COOH
HC

CH2OH
O2 PO3H2

Enolase

-H2O
2

COOH
C
CH2

O~PO3H2

2-Phosphoglycerate              Phosphoenolpyruvate

10. The newly created high-energy phosphate bond of PEP is now used 
to synthesize ATP. Pyruvate kinase catalyzes the transfer of the phosphoryl 
group from the PEP to ADP to form ATP and pyruvate. This step also is 
example of substrate level phosphorylation. Pyruvate kinase requires K+

and either Mn2+ or Mg2+. Reaction is an irreversible. Pyruvate kinase is 
activated by fructose-1,6-bisphosphate but allosterically inhibited by ATP 
and alanine. Like PFK, it is also regulated hormonally by glucagon.

2
COOH
C
CH2

O~PO3H2

Pyruvate kinase

+2ADP+H+

-2ATP
2

COOH
C
CH3

O

Phosphoenolpyruvate Pyruvate

6.3. Glucose catabolism under aerobic conditions (aerobic glycolysis)

Glucose catabolism under aerobic conditions includes the following 
steps:
1. Specific pathway of glucose catabolism to pyruvate (glycolysis) (see 

above).
2. Common pathways of catabolism:

 oxidative decarboxylation of pyruvate to acetylCoA;
 oxidation of acetylCoA via citric acid cycle to СО2 and Н2О.

3. Malate-oxaloacetate shuttle.
NADH2 produced in glycolysis must be transported into mitochondria 

to be oxidized in the electron transport chain. To do this, cells utilize a 
process called malate-oxaloacetate shuttle. In this shuttle, the NADH2 are 
first oxidized back into NAD+ while reducing oxaloacetate into malate by
cytoplasmic malate dehydrogenase in the cytoplasm. This process allows 
transferring the reducing equivalents (H+ and ē) from NADH2 onto malate 
that can readily pass into the mitochondria. Inside mitochondria malate is 
then oxidized back into oxaloacetate by mitochondrial malate 
dehydrogenase. An NAD bound to this enzyme accepts the two ē and the 
two H+ ions to form NADH2. The NADH2 is reoxidized in the electron 
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transport chain and the energy released is used to synthesize 3 ATP by 
oxidative phosphorylation (Fig.1).

Fig. 1. Malate-oxaloacetate shuttle.

Energy yield of glucose catabolism under aerobic conditions

1) Specific pathway of glucose catabolism to pyruvate (glycolysis) in 
cytoplasm.

Glucose → 2 Pyruvate + 2 NADH2 + 2 ATP
(4 ATP produced by substrate level phosphorylation  2 ATP used in 1-st 
and 3-rd reactions for phosphorylation).

2) Common pathways of catabolism in mitochondria.
 Oxidative decarboxylation of pyruvate: 

2 Pyruvate → 2 AcetylCoA + 2 CO2 + 2 NADH2 (2×3 = 6 ATP)
 Citric acid cycle: 2 AcetylCoA → 4 СО2 + 2×3 NADH2 (6×3 = 18 

ATP) + 2×1 FADH2 (2×2 = 4 ATP) + 2×1 ATP.
3) Malate-oxaloacetate shuttle: 2 NADH2 (2×3 = 6 ATP).

Total = 38 ATP

6.4. Anaerobic glycolysis

Glucose catabolism under anaerobic conditions includes the following 
steps:
1. Specific pathway of glucose catabolism to pyruvate (glycolysis) (see 

above).
2. Pyruvate is reduced to lactate by lactate dehydrogenase and NADH

formed from oxidation of the glyceraldehyde-3-phosphate to 1,3-
bisphosphoglycerate  central oxidation-reduction reaction of 
glycolysis. 
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CH 3

CHOH

COOH

Pyruvate                        Lactate

NAD+ used in glycolysis (in the conversion of glyceraldehyde-3-
phosphate to 1,3-bisphosphoglycerate, see above) must be formed again if 
glycolysis is to continue. Under aerobic conditions, NAD+ is regenerated 
by the reoxidation of NADH via the electron transport chain. When oxygen 
is limiting, as in muscle during intense contraction, the reoxidation of 
NADH to NAD+ by the respiratory chain becomes insufficient to maintain 
glycolysis. Under low oxygen condition, NAD+ is regenerated instead by 
conversion of the pyruvate to lactate by lactate dehydrogenase. When 
sufficient oxygen becomes available once more, NAD+ levels rise through 
the functioning of the electron transport chain. The lactate dehydrogenase 
reaction then reverses to regenerate pyruvate that is converted by pyruvate 
dehydrogenase complex to acetylCoA which enters the citric acid cycle. 

Thus, the operation of lactate dehydrogenase in mammals is a 
mechanism for the reoxidation of NADH to NAD+ hence allowing 
glycolysis to continue, and ATP to be produced under anaerobic 
conditions. The process is even more complicated in the case of vigorously 
contracting skeletal muscle. Here the lactate produced is transported in the 
bloodstream to the liver where it is converted back to glucose and can 
return once again via the bloodstream to the skeletal muscle to be 
metabolized to yield energy. This is the Cori cycle. 

Energy yield of glucose catabolism under anaerobic conditions

1). Specific pathway of glucose catabolism to pyruvate (glycolysis) in 
cytoplasm.

Glucose → 2 Pyruvate + 2 NADH + 2 ATP

(4 ATP produced by substrate level phosphorylation  2 ATP used in 1-st 
and 3-rd reactions for phosphorylation).

2). Conversion of pyruvate to lactate
2 Pyruvate → 2 Lactate

Total = 2 ATP

CH 3

C O

COOH

Lactate 
dehydrogenase

+ NADH2
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At anaerobic degradation of glycogen one more ATP is generated. This 
is because no ATP is consumed for the activation of glucose (glycogen 
directly produces glucose-1-phosphate which forms glucose-6-phosphate). 
Thus, 3 ATP are produced from glycogen degradation.

6.5. Alcoholic fermentation

In yeast and some other microorganisms under anaerobic conditions
pyruvate formed from glucose is converted into ethanol and CO2, a process 
called alcoholic fermentation.

Pyruvate Acetaldehyde Ethanol

Metabolism of ethanol

The average human digestive system produces approximately 3 g of 
ethanol per day through fermentation of its contents. Ethanol is 
metabolized by several pathways.

1. Ethanol is detoxified by the cytoplasmic alcohol dehydrogenase 
(ADH). The normal function of ADH is the oxidation of the small amounts 
of various alcohols produced by microbial fermentation processes that 
occur within the intestine.

Ethanol                                       Acetaldehyde

2. When the concentration of ethanol in hepatocytes becomes high, it is 
also detoxified by the microsomal ethanol-oxidizing system (MEOS). 

Ethanol           Acetaldehyde
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3. Less important mechanism for ethanol detoxification involves 
catalase, an enzyme found within peroxisomes.

Ethanol           Acetaldehyde

Ethanol`s toxic effects are mediated by acetaldehyde, free radicals and 
altered cellular redox conditions. Acetaldehyde is toxic molecule because 
of its propensity to covalently bond to proteins and to promote lipid 
peroxidation. 

Acetaldehyde formed is converted to acetate by aldehyde 
dehydrogenase which is located within the mitochondrial matrix. Acetate is 
metabolized in other tissues, such as cardiac and skeletal muscles.

                                                                                                                  AcetylCoA
  Acetaldehyde Acetate

6.6. Pasteur effect

Pasteur effect is the inhibition of anaerobic glycolysis by oxygen 
(aerobic condition).

Mechanism of effect:
1. In the aerobic condition, the levels of glycolytic intermediates from 

fructose-1,6-bisphosphate onwards decrease while the earlier intermediates 
accumulate. This clearly indicates that Pasteur effect is due to the inhibition 
of the enzyme phosphofructokinase. 

2. The inhibitory effect of citrate and ATP (produced in the presence of 
oxygen) on phosphofructokinase explains the Pasteur effect.

CH3

C O

H

CH3

COOH

CH3

C
O

~ SK

Aldehyde
dehydrogenase
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NADH+H+

+ HSCoA 
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14
Lecture 14

GLUCONEOGENESIS.
PENTOSE PHOSPHATE PATHWAY

1. Gluconeogenesis

Gluconeogenesis is glucose biosynthesis from noncarbohydrate carbon 
substrates such as glucogenic amino acids (particularly alanine and 
glutamine), glycerol and lactate. Gluconeogenesis is also referred to the 
synthesis of ′new′ glucose i.e., not glucose from glycogen.

Amino acids and lactate as substrates for generation of glucose can act 
by conversion to oxaloacetate, glycerol  by conversion to 
dihydroxyacetone phosphate.

Most enzymes of gluconeogenesis are cytoplasmic, but pyruvate 
carboxylase is located in the mitochondria and glucose-6-phosphatase is 
bound to the smooth endoplasmic reticulum. The main site of 
gluconeogenesis is the liver (90%), although it also occurs to a far lesser 
extent in the kidney cortex (10%). Very little gluconeogenesis occurs in 
epithelial cells of the small intestine. 

Gluconeogenesis is important for the maintenance of blood glucose 
levels during starvation or during vigorous exercise: 1) during starvation 
the formation of glucose via gluconeogenesis particularly uses amino acids
from muscle protein and glycerol from adipose triacylglycerols; 2) during 
exercise the blood glucose levels required for brain and skeletal muscle 
functioning are maintained by gluconeogenesis in the liver using lactate
from erythrocytes and exercising muscle and glycerol from adipose 
triacylglycerols.

The brain and erythrocytes depend almost entirely on blood glucose as 
an energy source under normal conditions. The liver's store of glycogen is 
sufficient to supply the brain with glucose for only about half a day during 
fasting. 

1.1. Glucose biosynthesis from lactate 

Gluconeogenesis resembles the reversed pathway of glycolysis. The 7 
(out of 10) reactions are common for both glycolysis and gluconeogenesis. 
Essentially, 3 reactions of glycolysis are irreversible catalyzed by the 
enzymes, namely hexokinase, phosphofructokinase and pyruvate kinase.

Indeed it is the large negative free-energy change in these reactions that 
normally drives glycolysis forward towards pyruvate formation. Therefore, 
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in gluconeogenesis, these three steps have to be reversed by using other 
enzymes as shown in Fig. 1.

Fig. 1. Comparison of gluconeogenesis and glycolysis. The three irreversible steps of 
glycolysis are numbered. (1) Hexokinase in glycolysis is reversed by glucose-6-
phosphatase in gluconeogenesis; (2) Phosphofructokinase in glycolysis is reversed by 
fructose-1,6-bisphosphatase in gluconeogenesis; (3) pyruvate kinase in glycolysis is 
reversed by pyruvate carboxylase and phosphoenolpyruvate carboxykinase.
(Nelson D.L. Lehninger Principles of Biochemistry, 4th ed., Pearson Prentice Hall, Inc., 2006)

(1)

(2)

(3)
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These three steps in gluconeogenesis are as follows: 

1). Conversion of pyruvate to phosphoenolpyruvate

Muscular activities and anaerobic glycolysis in erythrocytes produce 
lactate which is taken up by the liver and gets converted to pyruvate by the 
lactate dehydrogenase. Pyruvate enters the mitochondrial matrix to be 
converted to oxaloacetate by pyruvate carboxylase. This enzyme is a 
mitochondrial, therefore pyruvate must be transported into the 
mitochondrion from the cytoplasm. Pyruvate carboxylase uses vitamin 
biotin as a carrier of activated CO2. 

Enzymes involved in the later steps of gluconeogenesis, except glucose-
6-phosphatase, are cytoplasmic, therefore oxaloacetate produced needs to 
exit the mitochondrion and enter the cytoplasm. Since the inner 
mitochondrial membrane is impermeable to oxaloacetate, it must be 
converted to malate inside the mitochondrion by mitochondrial malate 
dehydrogenase. Malate can then cross the mitochondrial membrane and 
then is reoxidized to oxaloacetate in the cytoplasm by cytoplasmic malate 
dehydrogenase. Lastly, oxaloacetate is converted to phosphoenolpyruvate 
(PEP) by phosphoenolpyruvate carboxykinase. Enzyme simultaneously 
decarboxylates and phosphorylates oxaloacetate in a reaction in which GTP 
acts as a donor of high-energy phosphate.
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Thus, reversal of the glycolytic step from PEP to pyruvate requires two 
reactions in gluconeogenesis: pyruvate to oxaloacetate by pyruvate 
carboxylase and oxaloacetate to PEP by PEP carboxykinase. Given that the 
conversion of PEP to pyruvate in glycolysis synthesizes ATP, it is not 
surprising that the overall reversal of this step needs the input of a 
substantial amount of energy, one ATP for the pyruvate carboxylase step 
and one GTP for the PEP carboxykinase step.

PEP is converted to fructose-1,6-bisphosphate in a series of steps that 
are direct reversal of those in glycolysis, using the enzymes enolase, 
phosphoglycerate mutase, phosphoglycerate kinase, glyceraldehyde-3-
phosphate dehydrogenase, triose-phosphate isomerase and aldolase. This 
sequence of reactions uses one ATP and one NADH for each PEP molecule 
metabolized.

2). Conversion of fructose-1,6-bisphosphate to fructose-6-phosphate

Fructose-1,6-bisphosphate is dephosphorylated to form fructose-6-
phosphate by the enzyme fructose-1,6-bisphosphatase in the reaction:
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OH H

H
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Fructose-1,6-bisphosphate Fructose-6-phosphate

Fructose-6-phosphate is isomerized to glucose-6-phosphate by the 
glycolytic enzyme phosphoglucoisomerase.

fructose-6-phosphate                 glucose-6-phosphate

3). Conversion of glucose-6-phosphate to glucose

Glucose-6-phosphate is dephosphorylated to form glucose by the 
enzyme glucose-6-phosphatase. This enzyme is bound to the smooth 
endoplasmic reticulum and catalyzes the reaction:
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1.2. Regulation of gluconeogenesis

Regulation of gluconeogenesis and glycolysis involves the enzymes 
unique to each pathway, and not the common ones. While the major control 
points of glycolysis are the reactions catalyzed by phosphofructokinase
(PFK) and pyruvate kinase, the major control points of gluconeogenesis are 
the reactions catalyzed by fructose-1,6-bisphosphatase and pyruvate 
carboxylase. The other two enzymes unique to gluconeogenesis, glucose-6-
phosphatase and PEP carboxykinase, are regulated at transcriptional level.

The conversion of pyruvate to PEP is regulated by acetylCoA. 
AcetylCoA is an activator of pyruvate carboxylase and an inhibitor of 
pyruvate kinase. When concentrations of acetylCoA are high organisms use 
pyruvate carboxylase to channel pyruvate away from the citric acid cycle. 
Conversely, when acetylCoA levels decrease, the activity of pyruvate 
kinase increases, and therefore also the flow of metabolites through the 
citric acid cycle. This supplies energy to the cell. Therefore, acetylCoA is a 
molecule that signals that additional glycolysis is not required and that 
glucogenic precursors can be used for the gluconeogenesis.

In liver ATP and alanine inhibit pyruvate kinase, while ADP inhibits
pyruvate carboxylase and PEP carboxykinase. Thus, glycolysis is inhibited 
in time when ATP is in excess while gluconeogenesis is inhibited in time 
when the ATP level is low (and ADP is high). 

Pyruvate kinase is also activated by fructose-1,6-bisphosphate so its 
activity increases when glycolysis is active. During starvation glucagon 
activates cAMP cascade that leads to the inhibition of pyruvate kinase.

Glycolysis and gluconeogenesis are also responsive to starvation 
conditions via the concentration of fructose-2,6-bisphosphate (F-2,6-BP). 

During starvation hormone glucagon inhibits the synthesis of F-2,6-BP, 
while during feeding insulin causes the buildup of F-2,6-BP. Since F-2,6-
BP activates PFK and inhibits fructose-1,6-bisphosphatase, glycolysis is 
stimulated and gluconeogenesis is repressed in the fed condition and 
conversely, during starvation.

ATP and citrate inhibit PFK but citrate activates fructose-1,6-
bisphosphatase. Once again, when the energy levels produced are higher 
than needed, i.e., a large ATP to AMP ratio, the organism increases 
gluconeogenesis and decreases glycolysis. The opposite also applies when 
energy levels are lower than needed, i.e., a low ATP to AMP ratio, the 
organism increases glycolysis and decreases gluconeogenesis.

The conversion of glucose-6-phosphate to glucose with use of glucose-
6-phosphatase is controlled by substrate level regulation. The metabolite 
responsible for this type of regulation is glucose-6-phosphate. As levels of 
glucose-6-phosphate increase, glucose-6-phosphatase increases activity 
and more glucose is produced. Thus, glycolysis is unable to proceed.
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1.3. Energy used

In gluconeogenesis the synthesis of one molecule of glucose from two 
molecules of pyruvate requires input of energy. Like glycolysis, much of
the energy consumed is used in the irreversible steps of the process.

Energy is required at the following steps: 
Pyruvate carboxylase reaction 1 ATP (× 2) = 2 ATP
PEP carboxykinase reaction                   1 GTP (× 2) = 2 ATP
Phosphoglycerate kinase reaction           1 ATP (× 2) = 2 ATP 

Total = 6 ATP
Thus, 6 six high-energy phosphate bonds are consumed: two from GTP 

and four from ATP. This compares with only two ATPs as the net ATP 
yield from glycolysis. Thus, extra four ATPs per glucose are required to 
reverse glycolysis.

Furthermore, two molecules of NADH are required for the reduction of 
two molecules of 1,3-bisphosphoglycerate in the reaction catalyzed by 
glyceraldehyde-3-phosphate dehydrogenase. The oxidation of two 
molecules of NADH causes the lack of production of 6 molecules of ATP 
that are synthesized via the malate-oxaloacetate shuttle and oxidative 
phosphorylation.

Also these energetic considerations show that gluconeogenesis is not 
simply glycolysis in reverse, in which case it would require the 
consumption of two molecules of ATP. 

1.4. Cori cycle

The Cori cycle or glucose-lactate cycle demonstrates the existence of a 
metabolic cooperation between the skeletal muscle working under low 
oxygen conditions, typically during intense exercise, and the liver (Fig.2). 

When oxygen supply in muscle cells is insufficient energy must be 
released through anaerobic glycolysis. Pyruvate produced by glycolysis is 
then converted to lactate by lactate dehydrogenase. However, lactate is a 
metabolic dead-end in that it cannot be metabolized further until it is 
converted back to pyruvate. 

Lactate releases from muscle cells into the bloodstream, by which it is 
transported to the liver. Here it diffuses into liver cells and is converted 
back to pyruvate by lactate dehydrogenase. Pyruvate is then converted to 
glucose by gluconeogenesis and glucose is released back into the 
bloodstream, by which it is transported back to the skeletal muscle cells 
(and brain), thereby closing the cycle.

In muscle glucose is ready to be fed into further glycolysis reactions. If 
muscle activity has stopped, the glucose is used to replenish the supplies of 
glycogen through glycogenesis.
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(http://wps.prenhall.com)

Fig. 2. Cori cycle.

2. Pentose phosphate pathway

The pentose phosphate pathway (also called the phosphogluconate 
pathway and the hexose monophosphate shunt) is sequence of metabolic 
reactions by which glucose-6-phosphate is oxidized to ribose-5-phosphate 
and NADPH is produced, major products of the pathway. 

Pathway takes place in the cytoplasm and is particularly important in 
tissues such as liver, adipose tissue, adrenal gland, erythrocytes, testes, 
ovary and lactating mammary gland. Most of these tissues are involved in 
the biosynthesis of fatty acids and steroids which are dependent on the 
supply of NADPH. 

Functions of the pentose phosphate pathway:
1. NADPH is required for the reductive biosynthesis of fatty acids, 

cholesterol and some amino acids.
2. Ribose-5-phosphate or its derivatives are useful for the synthesis of 

nucleic acids (RNA and DNA) and many nucleotides such as ATP, NAD+, 
FAD and CoA.

3. Microsomal cytochrome P-450 system (in liver) brings about the
detoxification of drugs and xenobiotics by reactions involving NADPH.

4. Interconversions of monosaccharides from С3 to С7.
5. In plants, ribulose-5-phosphate is involved in the dark reactions of 

photosynthesis as a CO2 acceptor.

http://wps.prenhall.com
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2.1. Reactions of the pathway

The sequence of reactions of pentose phosphate pathway is divided into 
two phases – oxidative and non-oxidative.

А. Oxidative phase: Formation of pentoses includes 2 dehydrogenation 
reactions. The coenzyme of dehydrogenases is NADP+, which is reduced to 
NADPН2. Pentoses are formed as a result of oxidative decarboxylation 
reactions.

B. Non-oxidative phase: The non-oxidative reactions are concerned 
with the interconversion of three, four, five and seven carbon 
monosaccharides. Hexoses are converted into pentoses, the most important 
being ribose-5-phosphate. 

The overall reaction of pentose phosphate pathway may be represented as:
   6 Glucose-6-phosphate + 12 NADP+ + 6 H2O
                           5 Glucose-6-phosphate + 6 CO2 +12 NADPH + 12 H+.

Basic stages of process Enzymes
Oxidative phase of pentoses formation:
Overall reaction:
Glucose-6-phosphate + 2NADP+ + H2O → 
→ Ribulose-5-phosphate + 2NADPH + 2H+ + CO2

Oxidative phase includes 2 dehydrogenation reactions 
and oxidative decarboxylation reaction.

Non-oxidative phase of pentoses formation:
Overall reaction:
5 Fructose-6-phosphate  5 Ribose-5-phosphate
Non-oxidative phase includes interconversion of three, 
four, five and seven carbon monosaccharides.

1. Glucose-6-phosphate 
dehydrogenase 

2. Lactonase 
3. 6-phosphogluconate 

dehydrogenase

1. Transketolase
2. Transaldolase 
3. Transketolase
4. Phosphopentose 

isomerase

Oxidative reactions of pentose phosphate pathway

Glucose-6-phosphate is dehydrogenated to 6-phosphoglucono-δ-lactone
by glucose-6-phosphate dehydrogenase. In this reaction NADPH is 
produced. 6-phosphoglucono-δ-lactone is then hydrolyzed by lactonase to 
6-phosphogluconate. 

6-Phosphogluconate is simultaneously oxidatively decarboxylated and 
dehydrogenated to ribulose-5-phosphate by 6-phosphogluconate 
dehydrogenase. In this reaction NADPH is produced.

Ribulose-5-phosphate is now isomerized to ribose-5-phosphate by 
phosphopentose isomerase. Similarly ribulose-5-phosphate is also 
epimerized to xylulose-5-phosphate by phosphopentose epimerase.
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Oxidative reactions of pentose phosphate pathway
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6-Phosphogluconate 
dehydrogenase

+ 6 NADP+

6 NADPH + H+ 6 CO2 Epimerase

Isomerase

6 2

4

RibuloseRibulose--55--phosphatephosphate

Ribose-5-
phosphate

Non-oxidative reactions of pentose phosphate pathway

If at any time only a little ribose-5-phosphate is required for nucleic acid 
synthesis and other synthetic reactions, it will tend to accumulate and is 
then converted to fructose-6-phosphate and glyceraldehyde-3-phosphate by 
the enzymes transketolase (coenzyme is TDP) and transaldolase. 

Transketolase cleaves the two carbon unit from xylulose-5-phosphate
and add that two carbon unit to ribose-5-phosphate thus resulting in 
glyceraldehyde-3-phosphate and sedoheptulose-7-phosphate. 

Transaldolase cleaves the three carbon unit from sedoheptulose-7-
phosphate and add that three carbon unit to glyceraldehyde-3-phosphate
thus resulting in erythrose-4-phosphate and fructose-6-phosphate.

Transketolase cleaves the two carbon unit from remaining xylulose-5-
phosphate and add that two carbon unit to erythrose-4-phosphate resulting 
in glyceraldehyde-3-phosphate and fructose-6-phosphate.
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Non-oxidative reactions of pentose phosphate pathway
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2.2. Regulation of pentose phosphate pathway

The transketolase and transaldolase reactions are reversible, so the final 
products of the pentose phosphate pathway can change depending on the 
metabolic requirements of the cell. And so allow either the conversion of 
ribose-5-phosphate into glycolytic intermediates when it is not needed for 
other cellular reactions or the formation of ribose-5-phosphate from 
glycolytic intermediates when more is required. 

Thus, when the cell requests NADPH but not ribose-5-phosphate, the 
latter is converted to glycolytic intermediates and enters glycolysis. At the 
other case, when the requirements for ribose-5-phosphate exceeds that for 
NADPH, fructose-6-phosphate and glyceraldehyde-3-phosphate can be 
taken from glycolysis and converted into ribose-5-phosphate by reversal of 
the transketolase and transaldolase reactions.

The rate of the pentose phosphate pathway is controlled by NADP+ 

regulation of the first step, catalyzed by glucose-6-phosphate 
dehydrogenase. Glucose-6-phosphate dehydrogenase is the regulatory 
enzyme. One of the main modulators of its activity is the cytoplasmic
NADP+/NADPH ratio. 

High levels of NADPH inhibit enzyme activity, because NADPH is a 
potent competitive inhibitor of glucose-6-phosphate dehydrogenase, 
whereas NADP+ is required for its catalytic activity. With increased 
demand for NADPH, the ratio decreases and enzyme activity is stimulated 
so increasing the rate of the pathway and NADPH regeneration.

Therefore it is possible to state that the fate of glucose 6-phosphate, an 
intermediate common to both glycolysis and the pentose phosphate 
pathway, depends on the current needs for NADPH.
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15
Lecture 15

GLYCOGEN METABOLISM.
METABOLISM OF FRUCTOSE AND GALACTOSE

I. Glycogen metabolism

Glycogen is a large polymer of glucose residues linked by α-1,4-
glycosidic bonds with branches every 10-14 residues linked by α-1,6-
glycosidic bonds (Fig.1).

The most glycogen is found in the liver (10% of the liver mass), 
whereas skeletal muscles only contain a relatively low amount of glycogen 
(1% of the muscle mass). Glycogen is stored in the form of granules in the 
cytosol. These granules contain both glycogen and the necessary enzymes 
for its degradation and synthesis.

Glycogen provides important energy reserve for the body. Metabolism 
of glycogen is important because it enables the blood glucose level to be 
maintained between meals (glycogen stores in the liver) and also provides 
energy for the muscle cells during muscle contraction (glycogen stores in 
the muscle). The maintenance of blood glucose is essential in order to 
supply tissues with an easily metabolizable energy source, particularly the 
brain which uses only glucose except after a long starvation period.

Fig. 1. Structure of glycogen.
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Importance of glycogen «branching»

1. Branched glycogen molecule has many nonreducing ends at which 
addition and release of glucose residues occur during synthesis and 
degradation, respectively.

2. Branching of the glycogen is essential to increase the solubility of 
the glycogen molecule and in reducing the osmotic pressure within cells.

The cell is not capable to store free glucose for the following reasons

1. Glycogen is high-molecular substance and, unlike glucose, affects
osmotic pressure in a cell not very much. Accumulation of free glucose 
would lead to increase of osmotic pressure and, as result, to edema.

2. Glycogen is more stable molecule than glucose.

1. Glycogen synthesis

Glycogen synthesis also termed as glycogenesis consists of three stages: 
1). Formation of the UDP-glucose (activated form of glucose).
UDP-glucose is synthesized from glucose-1-phosphate and uridine 

triphosphate (UTP) in a reaction catalyzed by UDP-glucose 
pyrophosphorylase.

O
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2). Formation of α-1,4-glycosidic bonds.
Glycogen synthase catalyses the transfer of the glucosyl residue from 

UDP-glucose to the C4-OH group at the nonreducing end of a glycogen 
primer, forming an α-1,4-glycosidic bond between neighboring glucosyl 
residues.

O

OH
OH

OH

CH2OH

O

1

UDPУДФ

+
O

OH

OH

CH2OH
O

OH

OH

CH2OH
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4
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CH2OH
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OH

CH2OH
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1

+ УДФ

4

_UDP

Since glycogen synthase can only extend an existing chain it needs a 
primer. Primer is a protein called glycogenin responsible for the synthesis 
to begin. Glycogenin contains eight glucosyl residues linked by α-1,4-
glycosidic bonds, which are added to the protein by itself (i.e.,
autocatalysis). It is molecule that glycogen synthase then extends. Each 
glycogen granule contains only a single glycogenin molecule at its core. 
The fact that glycogen synthase is fully active only when in contact with 
glycogenin limits the size of the glycogen granule. 

3). Formation of α-1,6-glycosidic bonds (formation of branches in 
glycogen).

When the straight chain has been lengthened to a minimum of eleven 
glucosyl residues, branching enzyme (or amylo-(1,41,6)-
transglycosylase) breaks one of the α-1,4-glycosidic bonds and transfers a 
block of residues (usually about seven) from the outer end of a glycogen 
chain to an α-1,6 position on the same or a neighboring glycogen chain, 
reattaching these by creating an α-1,6-glycosidic bond (Fig.2). This 
establishes a branching point in the molecule.

The branches are essential because the enzymes involved in glycogen 
breakdown and synthesis (glycogen phosphorylase and glycogen synthase, 
respectively) work only at the ends of the glycogen molecule. Thus, the 
existence of many termini allows a far more rapid rate of synthesis and 
degradation than would be possible with a nonbranched polymer.

UDP-glucose Glycogen primer

+

Glycogen
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Fig. 2. Formation of α-1,6-glycosidic bonds.

2. Glycogen degradation 

Glycogen degradation also termed as glycogenolysis occurs in 2 ways:

1. Hydrolytic degradation of glycogen by lysosomal enzyme acid 
maltase (or α-1,4-glucosidase), which continuously hydrolytically degrades 
a small quantity of glycogen to free glucose molecules.

2. Phosphorolytic degradation of glycogen by the enzyme glycogen 
phosphorylase, which cleaves α-1,4-glycosidic bonds by inorganic 
phosphate on the terminal glycosyl residue at the nonreducing end of a 
glycogen molecule to release glucose-1-phosphate. 

The reaction is as follows: 

O

OH

OH

CH2OH

O

n

-O
+ Н3РО4 фосфорилаза

O

OH
OH

OH

CH2OH

O PO3H2

+

Glycogen Glucose-1-phosphate

+
O

OH

OH

CH2OH

O+O

n-1

Glycogen (n-1)

Glycogen 
phosphorylase



Lecture 15

162

162

Glucose

Glucose-1-
phosphate

Glycogen 
phosphorylase

Glycogen 
phosphorylase

Oligo--
(1,41,6)-
glucantran-

sferase

Amylo--1,6-glucosidase

H2O

H2O

Glucose-1-phosphate released from glycogen is subsequently 
(reversibly) converted to glucose-6-phosphate by the enzyme 
phosphoglucomutase. In the liver, kidneys, and intestines the enzyme 
glucose-6-phosphatase, converts glucose-6-phosphate into free glucose.
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2.1. Mechanism of glycogen degradation

1. Glycogen phosphorylase (often called simply phosphorylase) 
removes glycosyl residues (that are more than five from a branchpoint) 
sequentially from the nonreducing ends of a glycogen molecule, forming 
glucose-1-phosphate as the product and continues until four glucose 
residues remain on either side of branching point. It breaks only α-1,4-
glycosidic bonds and cannot break the α-1,6-branchpoints.

2. Oligo--(1,4→1,6)-glucantransferase removes a fragment of three 
glucose residues attached at a branch and transfers them to another chain.

3. Debranching enzyme (or amylo--1,6-glucosidase) breaks the -1,6-
glycosidic bond at the branch with a single glucose residue and releases a 
free glucose so allows phosphorylase to continue degradation of the 
glycogen molecule.

Phospho
glucomutase

Glucose-6-
phosphatase
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2.2. Significance of glycogen degradation in liver and muscle

Liver Muscle

The process 
scheme

Glycogen


Glucose-1-phosphate


Glucose-6-phosphate
Н3РО4

Glucose


Into the bloodstream

Glycogen


Glucose-1-phosphate


Glucose-6-phosphate


Aerobic or anaerobic glycolysis

Features of 
the processes

Liver contains the enzyme 
glucose-6-phosphatase, which 
converts the glucose-6-phosphate 
to glucose

Muscle does not contain enzyme
glucose-6-phosphatase

Physiological
importance

In liver glucose-6-phosphate is 
converted to glucose that is 
secreted into the blood, thereby 
restoring blood glucose levels to 
normal during fasting periods

In muscle glucose-6-phosphate is 
metabolized via glycolysis and is 
oxidized to yield energy for 
muscle contraction

3. Regulation of glycogen metabolism

Glycogen degradation and glycogen synthesis are controlled both by 
allosteric regulation and by hormonal control.

If glycogen synthesis and glycogen degradation were allowed to occur 
simultaneously, the net effect would be hydrolysis of UTP, a so-called 
futile cycle (Fig.3). To avoid this, both pathways need to be tightly 
controlled. This control is carried out via allosteric regulation and 
covalent modification of both the glycogen synthase and phosphorylase. 
In addition, the covalent modification is under close hormonal control.

Fig. 3. Simultaneous operation of glycogen synthesis and degradation 
resulting in net hydrolysis of UTP.
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3.1. Allosteric control and covalent modification

The characteristics of the enzymes that take part in regulation of 
glycogen metabolism

1. Phosphorylase splits glycogen breaking α-1,4-glycosidic bonds. 
Phosphorylase exists in two forms: phosphorylated active ″a″ form 
(tetramer) and dephosphorylated inactive ″b″ form (dimer). 
Phosphorylase b is converted into phosphorylase a by phosphorylation of a 
single serine residue on each subunit by the enzyme phosphorylase kinase. 
This process can be reversed and phosphorylase a inactivated by removal 
of the phosphate group by protein phosphatase (Fig.4a). 

In skeletal muscle, high concentrations of AMP can activate 
phosphorylase b (by acting at an allosteric site) but this is opposed by the 
concentrations of ATP and glucose-6-phosphate found in resting muscle so 
that in this condition phosphorylase b is indeed inactive. Since most of the 
phosphorylase in resting muscle is phosphorylase b, significant glycogen 
degradation does not occur under these conditions. However, during 
exercise, the concentrations of ATP and glucose-6-phosphate fall and the 
concentration of AMP rises. Thus, phosphorylase b becomes activated and 
this leads to the rapid degradation of glycogen to yield energy as required. 
Phosphorylase a is unaffected by ATP, AMP or glucose-6-phosphate and 
so remains active under all conditions.

In liver phosphorylase b is not activated by AMP and is therefore 
always inactive. Unlike muscle, therefore, glycogen degradation in liver is 
not responsive to the energy status of the cell. Rather phosphorylase a is 
deactivated by glucose. This fits with the different role of glycogen storage 
in liver, namely to maintain blood levels of glucose. Thus, as glucose levels 
rise, glycogen degradation by liver phosphorylase a is shut off and 
degradation starts again only as the glucose level falls.

2. Glycogen synthase synthesizes glycogen, forming an α-1,4-
glycosidic bond. Glycogen synthase exists in two forms: dephosphorylated 
active ″I″ or ″a″ form (tetramer) and phosphorylated inactive ″D″ or ″b″
form (tetramer). Glycogen synthase I is converted into glycogen synthase D
by phosphorylation by the enzyme protein kinase A. This process can be 
reversed and glycogen synthase D is activated by removal of the phosphate 
group by protein phosphatase (Fig.4b).

A high concentration of glucose-6-phosphate can activate glycogen 
synthase D. During muscle contraction, glucose-6-phosphate levels are low 
and therefore glycogen synthase D is inhibited. This is at the time when 
phosphorylase b is most active. Thus, glycogen degradation occurs and 
glycogen synthesis is inhibited, preventing the operation of a futile cycle.
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When the muscle returns to the resting state and ATP and glucose-6-
phosphate levels rise, phosphorylase is inhibited, turning off glycogen 
degradation, whereas glycogen synthase is activated to rebuild glycogen 
reserves. The glycogen synthase ″I″ form is active ″irrespective″ (or 
″independent″) of the concentration of glucose-6-phosphate.

Fig. 4. Regulation of (a) glycogen phosphorylase activity and (b) glycogen synthase 
activity by phosphorylation (covalent modification).

3.2. Hormonal control

Glycogen metabolism is tightly controlled by hormones. 

3.2.1. Hormonal control by epinephrine and glucagon

Epinephrine (adrenaline) stimulates glycogen degradation in skeletal 
muscle and liver. Glucagon stimulates glycogen degradation in liver. 

When blood glucose levels fall, glucagon is secreted by the α-cells of 
the pancreas and acts on the liver to stimulate glycogen breakdown to 
glucose, which is then released into the bloodstream to increase blood 
glucose levels again. Muscular contraction or nervous stimulation (the 
'fight or flight' response) causes the release of epinephrine from the 
adrenal medulla and this act on muscle to increase glycogen breakdown 
ready to supply the energy needs of the cells.

Mechanism has been proposed to explain how epinephrine and glucagon
regulate metabolism of glycogen. Hormones bind to a receptor in the 
plasma membrane of the target cells. Binding of the hormone to the 
receptor causes a conformational change in the protein which in turn 
activates an enzyme called adenylate cyclase (Fig.5). The receptor does not 
activate adenylate cyclase directly but rather by activating G-protein as an 
intermediary in the signaling process. 

Activated adenylate cyclase converts ATP to 3'5' cyclic AMP (cAMP). 
The cAMP binds to protein kinase A, also known as cAMP-dependent 
protein kinase and activates it (Fig.5). Enzyme protein kinase A consists of 
two regulatory subunits (R) and two catalytic subunits (C), making a 
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complex R2C2 that is normally inactive. The binding of two molecules of 
cAMP to each of the R subunits leads to dissociation of the complex into a 
2R complex and 2C subunits that are now catalytically active (Fig.6). Ca2+

ions activate protein kinase C in muscle.

Fig. 6. Structure and activation of protein kinase A.

The active protein kinase A activates phosphorylase kinase by 
phosphorylation, which can exist as an inactive dephosphorylated form and 
an active phosphorylated form. Activated phosphorylase kinase in turn 
phosphorylates inactive phosphorylase b to form the active 
phosphorylase a that now carries out a rapid degradation of glycogen 
(Fig.5). 

To prevent the operation of a futile cycle, it is essential that glycogen 
synthesis is switched off during epinephrine or glucagon stimulation of 
glycogen breakdown. This is achieved by the activated protein kinase A
that, as well as phosphorylating phosphorylase kinase, also phosphorylates 
glycogen synthase I, converting it to the inactive glycogen synthase D
form that now carries out a stop in synthesis of glycogen (Fig.5). 

Thus, epinephrine and glucagon activate glycogen degradation and 
inhibit glycogen synthesis. 

When epinephrine and glucagon levels in the bloodstream fall again, the 
hormone dissociates from the receptor, no more cAMP is made and 
existing cAMP is converted to 5'AMP (i.e., 'normal' AMP not the cyclic 
form) by cAMP phosphodiesterase, an enzyme that is constantly active in 
the cell. This decline in the cAMP level shuts off the activation cascade. 
The enzymes phosphorylase and glycogen synthase that had been 
phosphorylated are now dephosphorylated by protein phosphatase, 
restoring them to their original condition.

3.2.2. Hormonal control by insulin

Insulin is released into the bloodstream by the β-cells of the pancreas 
when blood glucose levels are high after feeding, and stimulates glycogen 
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synthesis to store excess glucose as glycogen. This control is also achieved 
via phosphorylation events (Fig.5). 

Insulin binds to and activates a receptor-protein kinase in the plasma 
membrane of target cells. This receptor has tyrosine kinase activity (i.e., it 
will phosphorylate selected tyrosine residues on target proteins). Its 
activation leads to the activation of an insulin-responsive protein kinase
then activates protein phosphatase by phosphorylation. Activated protein 
phosphatase ensures that glycogen synthase is dephosphorylated (and 
hence active) and that phosphorylase kinase is also dephosphorylated (and 
hence inactive). The net effect is to stimulate glycogen synthesis.

3.3. Calcium control of glycogen metabolism

During epinephrine or glucagon hormonal control, dephosphorylated 
phosphorylase kinase is activated by phosphorylation by protein kinase A. 
This then activates phosphorylase and stimulates glycogen degradation. 

However, there is also another way to activate dephosphorylated 
phosphorylase kinase, at least partially, and that is by a high concentration 
of Ca2+ ions (Fig.5). This is important in muscle contraction, which is 
triggered when Ca2+ is released from the internal store in the sarcoplasmic 
reticulum. Thus, as well as allosteric control and hormonal control during 
muscle contraction, both of which stimulate glycogen degradation, there is 
also calcium control.

Fig. 5. Scheme of regulation of glycogen synthesis and degradation in muscle and liver.
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4. Glycogenoses

Glycogenoses are glycogen storage diseases caused by inherited defects 
of one or more enzymes involved in glycogen synthesis or degradation.

Type
Organs 
involved

Deficiency of 
enzyme

Symptoms

I (E. von Gierke
disease)

Liver Glucose-6-
phosphatase

Hypoglycemia, 
lactoacidosis, 
hepatomegaly

II (I.C. Pompe’s 
disease)

Heart, liver, 
muscle

Lysosomal α-1,4-
glycosidase

Muscular weakness, 
heart hypertrophy

III (Cori’s disease) Liver, 
muscle

Debranching 
enzyme

Hypoglycemia, 
hepatomegaly

IV (Anderson’s 
disease)

Liver Branching enzyme Hypoglycemia, 
hepatomegaly

V (B. Mac Ardle’s 
disease)

Muscle Phosphorylase Cirrhosis, muscular 
exhaustion after 
loading, 
myoglobinuria

VI (Her’s disease) Liver Phosphorylase Hepatomegaly

II. Metabolism of fructose

Fructose could be taken in either free (fruit, honey), or in sucrose.
Sucrose is a disaccharide which when hydrolyzed by sucrase yields 
fructose and glucose. 

1. Pathways for the fructose metabolism 

Fructose undergoes two different pathways in different tissues.

Fate of fructose in the liver
Fructose is very rapidly absorbed by the liver and is metabolized by the 

fructose-1-phosphate pathway:
1. Fructose is phosphorylated to fructose-1-phosphate by enzyme 

fructokinase. Fructose-1-phosphate splits into glyceraldehyde and 
dihydroxyacetone phosphate by fructose-1-phosphate aldolase. The 
dihydroxyacetone enters into glycolysis at the triose phosphate isomerase
step.

2. The glyceraldehyde is phosphorylated by triose kinase to 
glyceraldehyde-3-phosphate and so also enters glycolysis.
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Fructose-1-phosphate pathway
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Fructokinase
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Triose kinase

Dihydroxyacetone
phosphate

Fructose Fructose-1-phosphate 

Glyceraldehyde Glyceraldehyde-3-phosphate

Alternative fate of fructose
To a lesser extent and also in other tissues (e.g., muscles and adipose 

tissue) is fructose phosphorylated by hexokinase to form fructose-6-
phosphate. Fructose-6-phosphate is direct intermediate of the glycolysis 
hence the connection to the glycolysis is faster. 

Hexokinase is capable of phosphorylating both glucose and fructose.
But it has for fructose high Km value, thus low affinity. In liver the cells 
contain mainly glucokinase instead of hexokinase which phosphorylates 
only glucose.

2. Defects in fructose metabolism

Fructokinase Aldolase
Fructose Fructose-1-phosphate

                            1 2
1. Essential fructosuria. Due to the deficiency of the enzyme hepatic 

fructokinase, fructose is not converted to fructose-1-phosphate. This is an 
asymptomatic condition with excretion of fructose in urine. Treatment 
involves the restriction of dietary fructose.

2. Hereditary fructose intolerance. This is due to the absence of the 
enzyme aldolase. Hereditary fructose intolerance causes intracellular 
accumulation of fructose-l-phosphate, severe hypoglycemia, vomiting, 
hepatic failure and jaundice. Fructose-1-phosphate inhibits liver glycogen 
phosphorylase and blocks glycogen degradation leading to hypoglycemia.
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III. Metabolism of galactose

The hydrolysis of the milk disaccharide lactose by lactase yields 
galactose and glucose.

Galactose and glucose are epimers that differ in their configuration at  
C-4. Thus, the entry of galactose into glycolysis requires an epimerization 
reaction. This occurs via the galactose-glucose interconversion pathway:

1. Galactose is phosphorylated by enzyme galactokinase to form
galactose-1-phosphate.

2. Galactose-1-phosphate uridylyl transferase catalyzes the transfer of 
uridyl group from UDP-glucose to galactose-1-phosphate to form UDP-
galactose and glucose-1-phosphate.

3. The UDP-galactose is converted back to UDP-glucose by UDP-
galactose-4-epimerase. Thus, overall, UDP-glucose is not consumed in the 
reaction pathway.

4. Finally the glucose-1-phosphate is converted to glucose-6-phosphate 
by phosphoglucomutase. The glucose-6-phosphate then enters glycolysis.
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Defects in galactose metabolism

Galactose metabolism is impaired leading to increased galactose levels 
in circulation (galactosemia) and urine (galactosuria). 

Galactosemia is a genetic disease caused by an inability to convert 
galactose to glucose. Most cases of galactosemia are due to a deficiency of 
the enzyme galactose-1-phosphate uridylyl transferase. Toxic substances 
accumulate such as galactitol, formed by the reduction of galactose, and 
lead to dire consequences for the individual. It is a rare congenital disease 
in infants, inherited as an autosomal recessive disorder. 

The accumulation of galactose-1-phosphate in various tissues like liver, 
nervous tissue, lens and kidney leads to impairment in their function. 
Children who have the disease fail to thrive, may vomit or have diarrhea 
after drinking milk, and often have an enlarged liver (hepatosplenomegaly)
and jaundice. The formation of cataracts in the eyes, loss of weight, mental 
retardation and an early death from liver damage are also possible. 

The therapy includes the supply of diet deprived of galactose and 
lactose, which causes all the symptoms to regress except mental 
retardation, which may be irreversible. 

Since such patients have normal levels of UDP-galactose 4-epimerase, 
they can still synthesize UDP-galactose from UDP-glucose and so can still 
synthesize, for example, oligosaccharides in glycoproteins that involve 
galactose residues.
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Lecture 16

DIAGNOSIS AND MONITORING
OF DIABETES MELLITUS

1. Urine testing

1.1. Glucose in urine

Glycosuria allows for a good first-line screening test for diabetes 
mellitus; most occupational health checks and hospital admissions will 
include a urinary glucose test. Normally glucose does not appear in the 
urine until the plasma glucose rises above 10 mmol/l or thereabouts.

However, in some healthy individuals, glucose may spill over into the 
urine at much lower plasma concentrations. These individuals are said to 
have a low renal threshold for glucose and have glycosuria without having 
diabetes mellitus. Conversely, the renal glucose threshold increases with 
age and as a result many diabetics will not have glycosuria. It is important 
when interpreting urinary glucose measurements to remember that the urine 
glucose level is a reflection of integrated glycemia over the time of the 
formation of the urine and does not reflect the exact level of blood glucose 
at the time of testing. A number of simple side room or home test kits are 
available for urine glucose measurement.

1.2. Ketones in urine/plasma

Ketone bodies (acetone, acetoacetate and 6-hydroxybutyrate) may 
accumulate in the plasma of a diabetic patient. Their presence is by no 
means diagnostic of ketoacidosis, a serious condition. Ketones may be 
present in a normal subject as a result of simple prolonged fasting. Dry 
reagent strips which detect acetoacetate but not 6-hydroxybutyrate might 
therefore provide an underestimate of ketonemia/ketonuria.

2. Blood glucose

Glucose is routinely measured in the laboratory on blood specimens, 
which have been collected into tubes containing fluoride, an inhibitor of 
glycolysis. Because of the need sometimes to obtain rapid blood glucose 
results and the widespread self-monitoring of diabetic patients, blood 
glucose is also assessed out with the laboratory using test strips. The 
modern tests employ specific enzymatic reactions and provide a fairly 
accurate measurement over the broad range of blood glucose 
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concentrations. The concentration of glucose can be read visually or with 
the aid of portable reflectance meters. It is important to follow the 
measuring procedure exactly. Improper storage of reagent strips can affect 
the results. Any grossly abnormal or unexpected results should be 
confirmed in the laboratory.

The World Health Organization has published guidelines for the 
diagnosis of diabetes mellitus on the basis of blood glucose results and the 
response to an oral glucose load. These are shown in Table 1 and are 
further discussed below.

2.1. Random blood glucose

Random blood glucose (RBG) is the only test required in an 
emergency. An RBG of less than 8 mmol/l should be expected in non-
diabetics. RBG higher than 11 mmol/l usually indicates diabetes mellitus 
(Table 1).

2.2. Fasting blood glucose

Fasting blood glucose (FBG) is measured after an overnight fast (at 
least 10 hours). An FBG is better than RBG for diagnostic purposes. In 
non-diabetics it is usually lower than 6 mmol/l. Fasting values of 6-8 
mmol/l should be interpreted as borderline. FBG equal to or above 8 
mmol/l on two occasions is diagnostic for diabetes mellitus. It is important 
in each case to recognize the differences between measurements performed 
on whole blood, plasma or capillary samples (Table 1).

Table 1. WHO criteria for the diagnosis of diabetes mellitus and impaired glucose 
tolerance (IGT).

Random glucose sample (mmol/l)
Diabetes likely Diabetes uncertain Diabetes unlikely

Venous plasma
Venous blood
Capillary plasma
Capillary blood

≥ 11.1
≥ 10.0
≥ 12.2
≥ 11.1

5,5 - < 11.1
4,4 - < 10.0
5,5 - < 12.2
4,4 - < 11.1

< 5.5
< 4.4
< 5.5
< 4.4

Standardized OGTT (mmol/l)
Diabetes IGT

Venous plasma

Venous blood

Capillary plasma

Capillary blood

Fasting
2h

Fasting
2h

Fasting
2h

Fasting
2h

≥ 7.8
≥ 11.1
≥ 6.7
≥ 10.0
≥ 7.8
≥ 12.2
≥ 6.7
≥ 11.1

< 7.8
7,8 - < 11.1

< 6.7
6,7 - < 10.0

< 7.8
8,9 - < 12.2

< 6.7
7,8 - < 11.1
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2.3. Oral glucose tolerance test (OGTT)

Classically, the diagnosis of diabetes is made on the basis of a patient's 
response to an oral glucose load. A baseline blood sample is first taken 
after an overnight fast. The patient is then given 75 g of glucose orally, in 
about 300 ml of water, to be drunk within 5 minutes. Plasma glucose levels 
are measured every 30 minutes for 2 hours. Urine may also be tested for 
glucose at time 0 and after 2 hours. The patient should be sitting 
comfortably throughout the test, should not smoke or exercise and should 
have been on a normal diet for at least 3 days prior to the test. Normal and 
diabetic responses to an oral glucose load are shown in Fig. 1.

Plasma glucose level (mmol/l)

Minutes after ingestion of 75 g glucose

Fig. 1. Plasma glucose levels following an oral glucose load in normal and diabetic 
subjects. (Gaw A. Clinical biochemistry, 2 ed., Churchill Livingstone, 1999)

Many oral glucose tolerance tests (OGTTs) are performed 
unnecessarily. There are relatively few indications for the test. These 
include: 1) borderline fasting or post-prandial blood glucose; 2) persistent 
glycosuria; 3) glycosuria in pregnant women; 4) pregnant women with a 
family history of diabetes mellitus and those who previously had large 
babies or unexplained fetal loss.

It is important to note that the OGTT is of little value in hospitalized 
patients or in patients immediately after a severe illness.

The interpretation of an OGTT is summarized in Table 1. In 
asymptomatic patients, OGTT should be interpreted as diagnostic of 
diabetes mellitus only when there is an increased 2 h glucose level, and the 
blood glucose is also equal to or greater than 11 mmol/l at some other point 
during the test. If the patient has normal fasting plasma glucose and only 
the 2 h value in the diabetic range, the test should be repeated after 
approximately 6 weeks. Impaired glucose tolerance should not be 
regarded as a disease. It signals that the patient is at an intermediate stage 
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between normality and diabetes mellitus and is at an increased risk of 
developing diabetes. Such patients should be followed up yearly, and 
dietary treatment may be used.

3. Long-term indices of diabetic control

A high concentration of glucose in the ECF leads to its non-enzymatic 
attachment to the lysine residues of a variety of proteins. This is called 
glycation. The extent of this process depends on the ambient glucose level. 
It is virtually irreversible at physiological hydrogen ion concentration and 
therefore the glucose molecule will remain attached until the protein 
molecule is degraded. The concentration of glycated protein is therefore a 
reflection of a mean blood glucose level prevailing in the extracellular fluid 
during the life of that protein.

3.1. Hemoglobin A1c or glycated hemoglobin

Glycated hemoglobin reflects the mean glycaemia over 2 months prior 
to its measurement, the half-life of hemoglobin. This test is accepted as a 
good index of diabetic control and is used routinely in most diabetic clinics 
to complement the information from single blood glucose levels, or indeed 
a patient's log of his or her own blood glucose measurements.

3.2. Microalbuminuria

Microalbuminuria may be defined as an albumin excretion rate 
intermediate between normality (2.5-25 mg/day) and macroalbuminuria 
(>250 mg/day). The small increase in urinary albumin excretion is not 
detected by simple albumin stick tests and requires confirmation by careful 
quantitation in a 24 h urine specimen. The importance of microalbuminuria 
in the diabetic patient is that it is a signal of early, reversible renal damage.

4. Diagnosis and monitoring of diabetes mellitus

1. The diagnosis of diabetes mellitus is made on the basis of blood 
glucose concentrations either alone or in response to an oral glucose load.

2. In asymptomatic patients the results of an oral glucose tolerance test 
should be interpreted as diagnostic of diabetes mellitus only when there is 
an increased 2 h glucose concentration, and the blood glucose is also equal 
to or greater than 11 mmol/l at some other point during the test.

3. HbA1c and fructosamine are measures of protein glycation and 
serve as indices of long-term glucose control.

4. Microalbuminuria is a measure of early, reversible, diabetic 
nephropathy.
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Lecture 17

LIPID METABOLISM. DIGESTION AND 
ABSORPTION OF LIPIDS. TRANSPORT OF LIPIDS

1. Lipids as biological substances

Lipids (Greek: ″lipos″ – fat) are of great importance to the body as the 
chief concentrated storage form of energy, besides their role in cellular 
structure and various other biochemical functions. As such, lipids are a
heterogeneous group of compounds and, therefore, it is rather difficult to 
define them precisely.

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

Lipids constitute about 15-20% of the body weight in humans. 
Triacylglycerols (formerly triglycerides) are the most abundant lipids
comprising 85-90% of body lipids. Most of the triacylglycerols (also called 
neutral fat or depot fat) are stored in the adipose tissue and serve as energy 
reserve of the body.

Functions of lipids:
1. Food material. Lipids are source of energy which is stored in the 

adipose tissues. 1 g of lipid produces 9.3 kcal of heat.
2. Structural component. Lipids are an important constituent of the 

cell membrane and regulate the membrane permeability (phospholipids and 
cholesterol).

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

4. Hormone synthesis. The sex hormones, adrenocorticoids, vitamin D 
are all synthesized from cholesterol.

5. Vitamin carriers. Lipids act as carriers of fat-soluble vitamins such 
as vitamin A, D and E.

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

2. Digestion and absorption of lipids

There is considerable variation in the daily consumption of lipids which 
mostly depends on the economic status and dietary habits. Adult ingests 
about 60-150 g of lipids per day. Of this, more than 90% is fat
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(triacylglycerol). The rest of the dietary lipid is made up of phospholipids, 
cholesterol, cholesteryl esters and free fatty acids.

Cholesterol Triacylglycerol

Phosphatidylcholine (lecithin)

Lipids are insoluble or sparingly soluble in aqueous solution. The 
digestive enzymes, however, are present in aqueous medium. This poses 
certain problems for the digestion and absorption of lipids. Fortunately, the 
digestive tract possesses specialized machinery to

1. Increase the surface area of lipids for digestion;
2. Solubilize the digested products for absorption.
The digestion of lipids is initiated in the stomach, catalyzed by acid-

stable lipase. This enzyme (also called lingual lipase) is believed to
originate from the glands at the back of tongue. Stomach contains a 
separate gastric lipase which can degrade fat containing short chain fatty 
acids at neutral pH. The digestion of lipids in the stomach of an adult is 
almost negligible, since lipids are not emulsified and made ready for lipase
action. Further, the low pH in the stomach is unfavorable for the action of 
gastric lipase. In case of infants, the milk fat (with short chain fatty acids) 
can be hydrolyzed by gastric lipase to some extent. This is because the
stomach pH of infants is close to neutrality, ideal for gastric lipase action.

Emulsification is the phenomenon of dispersion of lipids into smaller 
droplets due to reduction in the surface tension. This is accompanied by 
increase in the surface area of lipid droplets. Emulsification is essential for
effective digestion of lipids, since the enzymes can act only on the surface 
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of lipid droplets. More correctly, lipases act at the interfacial area between 
the aqueous and lipid phase.

The process of emulsification occurs by three complementary 
mechanisms:

1. Detergent action of bile salts.
2. Surfactant action of degraded lipids.
3. Mechanical mixing due to peristalsis.
1. Bile salts are the most effective biological emulsifying agents. They 

interact with lipid particles and the aqueous duodenal contents and convert 
them into smaller particles (emulsified droplets). Further, bile salts stabilize 
the smaller particles by preventing them from coalescing.

2. The initial digestive products of lipids (catalyzed by lipase) namely 
free fatty acids, monoacylglycerols promote emulsification. These
compounds along with phospholipids are known as surfactants. They are 
characterized by possessing polar and non-polar groups. Surfactants get 
absorbed to the water-lipid interfaces and increase the interfacial area of
lipid droplets. Thus, the initial action of the enzyme lipase helps in further 
digestion of lipids.

3. Besides the action of bile salts and surfactants, the mechanical 
mixing due to peristalsis also helps in the emulsification of lipids. The
smaller lipid emulsion droplets are good substrates for digestion.

The pancreatic enzymes are primarily responsible for the degradation of 
dietary triacylglycerols, cholesteryl esters and phospholipids.

Pancreatic lipase is the major enzyme that digests dietary fats
(triacylglycerols). This enzyme preferentially cleaves fatty acids 
(particularly long chain, above 10 carbons). The products are glycerol, 
mono- and diacylglycerols and free fatty acids. The activity of pancreatic 
lipase is inhibited by bile acids which are present along with the enzyme in 
the small intestine. This problem is overcome by a small protein, colipase. 
It is also secreted by pancreas as procolipase and converted to active form 
by trypsin. Colipase binds at the lipid-aqueous interface and helps to 
anchor and stabilize lipase. Lipid esterase is a less specific enzyme present 
in pancreatic juice. It acts on monoacylglycerols, cholesteryl esters, vitamin
esters, etc. to liberate free fatty acids. The presence of bile acids is essential 
for the activity of lipid esterase.

A specific enzyme namely pancreatic cholesterol esterase (cholesteryl 
ester hydrolase) cleaves cholesteryl esters to produce cholesterol and free 
fatty acids.

Phospholipases A1, A2, C and D are enzymes responsible for the 
hydrolysis of phospholipids. Phospholipase A1 cleaves the fatty acid at the 
1-st position of phospholipids; pancreatic juice is rich in phospholipase A2
which cleaves the fatty acid at the 2-nd position of phospholipids. The 
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products are a free fatty acids and a lysophospholipid. Phospholipase C 
cleaves the phosphorylated alcohol and phospholipase D cleaves the free 
alcohol. Products of phospholipids digestion are free fatty acids, glycerol, 
mono- and diacylglycerols, Н3РО4, alcohols (choline, ethanolamine, 
glycerol, inositol or serine).

Absorption of lipids

The primary products obtained from the lipid digestion are glycerol, 
mono- and diacylglycerols, free fatty acids and free cholesterol.

Besides their participation in digestion, bile salts are essential for 
absorption of lipids. Bile salts form mixed micelles with lipids. These
micelles are smaller in size than the lipid emulsion droplets (utilized for 
digestion, described above). The micelles have a disk like shape with lipids 
(mono- and diacylglycerols, fatty acids (>12 carbons), cholesterol) at the 
interior and bile salts at the periphery. The hydrophilic groups of the lipids 
are oriented to the outside (close to the aqueous environment) and the
hydrophobic groups to the inside. In this fashion, the bile salt micelles exert 
a solubilizing effect on the lipids.

The mixed micelles serve as the major vehicles for the transport of 
lipids from the intestinal lumen to the membrane of the intestinal mucosal 
cells, the site of lipid absorption. The lipid components pass through the 
unstirred fluid layer and are absorbed through the plasma membrane by 
diffusion. 

Absorption is almost complete for monoacylglycerols and free fatty 
acids which are slightly water soluble. However, for water insoluble lipids, 
the absorption is incomplete. For example, less than 40% of the dietary
cholesterol is absorbed.
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The micelle formation is also essential for the absorption of fat soluble 
vitamins, particularly vitamins A and K.

The efficiency of lipid absorption is dependent on the quantity of bile 
salts to solubilize digested lipids in the mixed micelles. It may, however, be 
noted that in the absence of bile salts, the lipid absorption occurs to a minor
extent. This is mostly due to the slightly water soluble nature of 
monoacylglycerols and free fatty acids. 

Further, short and medium chain fatty acids are not dependent on 
micelle formation for the absorption. The fatty acids of short and medium 
chain length (<12 carbons), after their absorption into the intestinal cells, 
do not undergo any modification. They enter the portal circulation and are 
transported to the liver in a bound form to albumin.

The long chain fatty acids are activated by thiokinase (fatty acylCoA 
synthetase) in the intestinal cells. The acylCoA derivatives so formed 
combine with mono- and diacylglycerols to produce triacylglycerols. 
Further, within the intestinal cells, cholesterol is converted to cholesteryl
ester, and phospholipids are regenerated from the absorbed free fatty acids, 
glycerol, mono- and diacylglycerols, Н3РО4, alcohols (choline, 
ethanolamine, glycerol, inositol or serine). The newly synthesized lipids are 
usually different from those consumed in the diet.

3. Bile acids

The terms bile salts and bile acids are often used interchangeably. At 
physiological pH, the bile acids are mostly present as anions. Bile salts are 
the biological detergents.

The bile acids possess 24 carbon atoms, 2 or 3 hydroxyl groups in the 
steroid nucleus and a side chain ending in carboxyl group. The bile acids 
are amphipathic in nature since they possess both polar and non-polar 
groups. They serve as emulsifying agents in the intestine and actively 
participate in the digestion and absorption of lipids.

Cholic acid and chenodeoxycholic acid are the primary bile acids and 
the former is found in the largest amount in bile. 

СООН                         ОН                   СООН

ОН                         ОН НО                           ОН
Chenodeoxycholic acid                      Cholic acid
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On conjugation with glycine or taurine, conjugated bile acids 
(glycocholic acid, taurocholic acid, etc.) are formed which are more 
efficient in their function as surfactants. In the bile, the conjugated bile 
acids exist as sodium and potassium salts which are known as bile salts.

С23Н26(ОН)3–СО–NН–СН2–СООН – glycocholic acid
С23Н26(ОН)3–СО–NН–СН2–СН2–SО3Н – taurocholic acid

The synthesis of primary bile acids takes place in the liver from 
cholesterol and involves a series of reactions. The step catalyzed by 7α-
hydroxylase is inhibited by bile acids and this is the rate limiting reaction.

In the intestine, a portion of primary bile acids undergoes 
deconjugation and dehydroxylation to form secondary bile acids
(deoxycholic acid and lithocholic acid). These reactions are catalyzed by 
bacterial enzymes in the intestine.

The conjugated bile salts synthesized in the liver accumulate in gall 
bladder. From there they are secreted with bile into the duodenum where 
they serve as emulsifying agents for the digestion and absorption of lipids
and lipid soluble vitamins. A large portion of the bile acids (primary and 
secondary) are reabsorbed and returned to the liver through portal vein. 
Thus, the bile salts are recycled and reused several times in a day. This is 
known as enterohepatic circulation. About 15-30 g of bile salts are 
secreted into the intestine each day and reabsorbed. However, a small 
portion of about 0.5 g/day is lost in the feces. An equal amount (0.5 g/day) 
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is synthesized in liver to replace the lost bile salts. The fecal excretion of 
bile salts is the only route for the removal of cholesterol from the body.

Role of bile acids in lipid digestion
1. Emulsification of dietary lipids.
2. Increase the effectiveness of pancreatic lipases.
3. Make PH optimum for lipase action.
4. Promote micelle formation for absorption of hydrophobic products 

of lipid digestion. 

Cholelithiasis

Bile salts and phospholipids are responsible for keeping the cholesterol 
in bile in a soluble state. Due to their deficiency (particularly bile salts), 
cholesterol crystals precipitate in the gall bladder often resulting in 
cholelithiasis  cholesterol gall stone disease.

Cholelithiasis may be due to defective absorption of bile salts from the 
intestine, impairment in liver function, obstruction of biliary tract, etc.

The patients of cholelithiasis respond to the administration of bile acid 
chenodeoxycholic acid, commonly known as chenodiol. It is believed that 
a slow but gradual dissolution of gall stones occurs due to chenodiol. For 
severe cases of cholelithiasis, surgical removal of gall bladder is the only 
remedy.

4. Transport of lipids

4.1. Structure and function of lipoproteins

Triacylglycerols, phospholipids and cholesteryl esters resynthesized in 
the intestinal cells are relatively insoluble in aqueous solution. Hence, they 
are transported around the body in the blood as components of 
lipoproteins. These globular, micelle-like particles consist of a 

hydrophobic core of triacylglycerols 
and cholesteryl esters surrounded by 
an amphipathic coat of protein, 
phospholipid and free cholesterol
(Fig.1). The protein components of 
lipoproteins are called 
apolipoproteins (or apoproteins). At 
least 10 different apoproteins are 
found in the different human 
lipoproteins. Their functions are to 

Apoprotein

Phospholipid

Free cholesterol

Cholesterol ester

Triacylgly-
cerol

Fig. 1. The structure of lipoprotein.
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help solubilize the hydrophobic lipids and to act as cellular targeting 
signals. 

Lipoproteins are classified into four groups on the basis of their physical 
and functional properties (Table 1):

1. Chylomicrons are the largest and least dense lipoproteins. They 
transport dietary (exogenous) triacylglycerols (TG) and cholesteryl 
esters (CE) from the intestines to other tissues in the body (Fig.2).

2. Very low density lipoproteins (VLDLs), intermediate density 
lipoproteins (IDLs) and low density lipoproteins (LDLs) are a group 
of related lipoproteins that transport internally produced (endogenous) 
triacylglycerols and cholesteryl esters from the liver to the peripheral 
tissues.

3. High density lipoproteins (HDLs) transport endogenous cholesteryl 
esters from the peripheral tissues to the liver.

(Gaw A. Clinical biochemistryt, 2 ed., Churchill Livingstone, 1999)

Fig. 2. Transport of lipoproteins.
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Table 1. Characteristics of the classes of lipoproteins (LP).

LP
Diameter

(g/ml)
% 

Protein
Major 
lipids

Function Apoproteins

Chylo-
microns
(CM)

80-120 1.5-2.5
TG
CE

Largest LP. Synthesized by 
gut after a meal. Main 
carrier of dietary 
triacylglycerols

A-I, B-48,
C-II, E

VLDLs
(pre-β-

LP)
30-80 5-10

TG, 
CE

Synthesized in the liver. 
Main carrier of 
endogenously produced 
triacylglycerols

B-100, 
C-II, E

LDLs
(β-LP)

18-25 20-25 CE,
Formed from VLDL in the 
circulation. Main carrier of 
cholesterol

B-100

HDLs
(α-LP)

5-12 40-55 CE

Smallest LP. Takes 
cholesterol from 
extrahepatic tissues to the 
liver for excretion

A-I, A-II, 
D, E

4.2. Exogenous lipid transport

Dietary lipid absorbed in the small intestine is incorporated into 
chylomicrons (CMs). CMs, the largest of the lipoproteins, are synthesized 
in the small intestine. They migrate to the plasma membrane of intestinal 
mucosal cells and then are released into the lymphatic vessels by 
exocytosis. CMs reach the bloodstream via the thoracic duct. 

CMs transport ingested triacylglycerols to other tissues, mainly skeletal 
muscle and adipose tissue, and transport ingested cholesterol to the liver 
(Fig.3). In the circulation at the target tissues the triacylglycerols of CM are 
hydrolyzed by the action of lipoprotein lipase (LPL). This enzyme is 
present in the capillaries of tissues and is activated by apoC-II, derived 
from HDL in the blood. The released fatty acids and monoacylglycerols are 
taken up by the tissues, and either used for energy production or re-
esterified to triacylglycerol for storage. As their triacylglycerol content is 
depleted, the CM become smaller and deflated and form cholesterol-rich 
chylomicron remnants, which are transported in the blood to the liver 
(Fig.3). Here they bind to a specific cell-surface remnant receptor and are 
taken up into the liver cells by receptor-mediated endocytosis. The 
cholesterol may be utilized by the liver to form cell membrane 
components or bile salts, or may be excreted in the bile. The liver 
provides the only route by which cholesterol leaves the body in significant 
amounts.
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Fig. 3. Transport of lipids.

4.3. Endogenous lipid transport

Triacylglycerols and cholesterol in excess of the liver’s own 
requirements are exported into the blood in the form of VLDL particles
containing apo-СII. VLDLs transport lipids to the tissues, again mainly 
adipose tissue and skeletal muscle. As with chylomicrons, the 
triacylglycerols in VLDLs are acted on by lipoprotein lipase and the 
released fatty acids taken up by the tissues. This results in the formation of 
an IDL which becomes LDL when further delipidated. LDL contains a 
core of about 1.500 esterified cholesterol molecules to supply the 
extrahepatic tissues (Fig.3). 

HDL particles are synthesized in the liver as nascent small, protein-rich 
particles containing relatively little cholesterol and cholesteryl esters. 
HDLs have the opposite function to that of LDLs in that they return the 
excess cholesterol formed in the peripheral tissues to the liver (Fig.3).
While it is being transported, cholesterol is acylated by plasma enzyme
lecithin cholesterol acyltransferase (LCAT). The cholesteryl esters formed 
are no longer amphipathic and can be transported in the core of the HDL
converting it from flat disc to a sphere – a mature HDL. This cholesterol-
rich HDL now returns to the liver. The liver is the only organ that can 
dispose of significant quantities of cholesterol, primarily in the form of bile 
salts.
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EICOSANOIDS

Prostaglandins (PGs), and their structurally related molecules 
prostacyclins, thromboxanes and leukotrienes, are collectively known as 
eicosanoids because they contain 20 carbon atoms (Greek: ″eikosi″ –
twenty). 

Eicosanoids are considered as locally acting hormones with a wide 
range of biochemical functions. These hormones are relatively short-lived 
and hence act locally near to their site of synthesis in the body. 

1. Historical resume

Prostaglandins were first discovered in human semen by Ulf von Euler 
(of Sweden) in 1930. These compounds were found to stimulate uterine 
contraction and reduce blood pressure. Von Euler presumed that they were 
synthesized by prostate gland and hence named them as prostaglandins. It 
was later realized that prostaglandins and other eicosanoids are synthesized 
in almost all the tissues (exception erythrocytes). By then, however, the 
name prostaglandins was accepted worldwide, and hence continued. The 
prostaglandins E and F were first isolated from the biological fluids. They 
were so named due to their solubility in ether (PG-E) and phosphate buffer 
(PG-F, F for "fosfat", in Swedish). All other prostaglandins discovered later 
were denoted by a letter-PG-A, PG-H, etc.

2. Structure of prostaglandins

Prostaglandins are derivatives of a hypothetical 20-carbon fatty acid 
namely prostanoic acid hence known as prostanoids. This has a 
cyclopentane ring (formed by carbon atoms 8 to 12) and two side chains, 
with carboxyl group on one side. Prostaglandins differ in their structure due 
to substituent group and double bond on cyclopentane ring. A subscript 
numeral indicates the number of double bonds in the two side chains. A 
subscript α denotes that the hydroxyl group at C9 of the ring and the 
carboxyl group are on the same side of the ring.

Prostanoic acid                                       Prostaglandin PG-E2
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3. Synthesis of prostaglandins

Arachidonic acid ((20:4;5,8,11,14) – eicosatetraenoic acid) is the 
precursor for most of the prostaglandins in humans. This polyunsaturated 
fatty acid is a derivative of linoleic acid (18:2;9,12). 

14            11              8               5                    COOH

       20
Arachidonic acid

The biosynthesis of prostaglandins occurs in the endoplasmic reticulum
in the following stages:

1. Release of arachidonic acid from membrane bound phospholipids by 
phospholipase A2.

2. Oxidation and cyclization of arachidonic acid to prostaglandin H2.
3. Prostaglandin H2 serves as the immediate precursor for the synthesis 

of a number of prostaglandins, including prostacyclins and thromboxanes.
The above pathway is known as cyclic pathway of arachidonic acid

(Fig.1). In the linear pathway of arachidonic acid, leukotrienes are 
synthesized (Fig.1).

Fig. 1. Cyclic and linear pathways of arachidonic acid.

The enzyme cyclooxygenase is capable of undergoing self-catalyse 
destruction to switch off prostaglandin synthesis.
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4. Inhibition of prostaglandin synthesis

A number of structurally unrelated compounds can inhibit prostaglandin 
synthesis. 

Corticosteroids (e.g., cortisol) prevent the formation of arachidonic
acid by inhibiting the enzyme phospholipase A2 (Fig.1).

Many non-steroidal anti-inflammatory drugs inhibit the synthesis of 
prostaglandins, prostacyclins and thromboxanes. They do so by blocking 
the action of the enzyme cyclooxygenase. Aspirin (acetyl salicylic acid) 
has been used since nineteenth century as an antipyretic (fever-reducing) 
and analgesic (pain relieving). The mechanism of action of aspirin 
however, was not known for a long period. It was only in 1971 John Vane
discovered that aspirin inhibits the synthesis of prostaglandins by
irreversibly inhibiting the enzyme cyclooxygenase (Fig.1).

5. Degradation of prostaglandins

Almost all the eicosanoids are metabolized rapidly. The lung and liver 
are the major sites of prostaglandin degradation. Two enzymes, namely 
15α-hydroxyprostaglandin dehydrogenase and 13-prostaglandin reductase, 
convert hydroxyl group at C15 to keto group and then to C13 and C14

dihydroderivative.

6. Biochemical actions of prostaglandins

Prostaglandins act as local hormones in their function. They, however, 
differ from the true hormones in many ways. Prostaglandins are produced 
in almost all the tissues in contrast to hormonal synthesis which occurs in 
specialized glands. Prostaglandins are not stored and they are degraded to 
inactive products at the site of their production. Further, prostaglandins are 
produced in very small amounts and have low half-lives.

Prostaglandins are involved in a variety of biological functions. The 
actions of prostaglandins differ in different tissues. Sometimes, 
prostaglandins bring about opposing actions in the same tissue.

Overproduction of prostaglandins results in many symptoms which 
include pain, fever, nausea, vomiting and inflammation.

Prostaglandins mediate the regulation of blood pressure, inflammatory 
response, blood clotting, reproductive functions, response to pain, fever,
modulate synaptic transmission between nerve cells, and induce sleep, etc.

1. Regulation of blood pressure. The prostaglandins (PG-E, PG-A and 
PG-I2) are vasodilator in function. This result in increased blood flow and 
decreased peripheral resistance to lower the blood pressure. 

Prostaglandins serve as agents in the treatment of hypertension.
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2. Reproduction. Prostaglandins have widespread applications in the 
field of reproduction. PG-E2 and PG-F2 are used for the medical
termination of pregnancy and induction of labor. Prostaglandins are 
administered to cattle to induce estrus and achieve better rate of
fertilization.

3. Regulation of gastric secretion. In general, prostaglandins (PG-E) 
inhibit gastric secretion. 

Prostaglandins are used for the treatment of gastric ulcers. However, 
prostaglandins stimulate pancreatic secretion and increase the motility of
intestine which often causes diarrhea.

4. Influence on immune system. Macrophages secrete PG-E which 
decreases the immunological functions of B- and T-lymphocytes.

5. Effects on respiratory function. PG-E is a bronchodilator whereas 
PG-F acts as a constrictor of bronchial smooth muscles. Thus, PG-E and
PG-F oppose the actions of each other in the lungs. 

PG-E1 and PG-E2 are used in the treatment of asthma.
6. Influence on renal functions. PG-E increases glomerular filtration 

rate and promotes urine output. Excretion of Na+ and K+ is also increased 
by PG-E.

7. Effects on metabolism. Prostaglandins influence certain metabolic 
reactions, probably through the mediation of cAMP. PG-E decreases
lipolysis, increases glycogen formation and promotes calcium mobilization 
from the bone.
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8. Platelet aggregation and thrombosis. The prostaglandins, namely 
prostacyclins (PG-I2), inhibit platelet aggregation. On the other hand,
thromboxanes (TX-A2) and prostaglandin E2 promote platelet aggregation 
and blood clotting that might lead to thrombosis. PG-I2, produced by 
endothelial cells lining the blood vessels, prevents the adherence of 
platelets to the blood vessels. TX-A2 is released by the platelets and is
responsible for their spontaneous aggregation when the platelets come in 
contact with foreign surface, collagen or thrombin. Thus, prostacyclins and 
thromboxanes are antagonists in their action. In the overall effect PG-I2 
acts as a vasodilator, while TX-A2 is a vasoconstrictor. The balance 
between PG-I2 and TX-A2 is important in the regulation of hemostasis and
thrombosis.

9. Pain and fever. It is believed that pyrogens (fever producing agents) 
promote prostaglandin biosynthesis leading to the formation of PG-E2 in 
the hypothalamus, the site of regulation of body temperature. PG-E2 along 
with histamine and bradykinin cause pain. Migraine is also due to PG-E2.

Aspirin and other non-steroidal drugs (e.g., ibuprofen) inhibit 
prostaglandin synthesis and thus control fever and relieve pain.

10. Inflammation. The prostaglandins PG-E1 and PG-E2 induce the 
symptoms of inflammation (redness, swelling, edema, etc.) due to arteriolar 
vasodilation. This led to the belief that prostaglandins are natural mediators 
of inflammatory reactions of rheumatoid arthritis (involving joints), 
psoriasis (skin), conjunctivitis (eyes), etc.

Corticosteroids are frequently used to treat these inflammatory 
reactions, since they inhibit prostaglandin synthesis.

7. Leukotrienes

Leukotrienes are synthesized by leucocytes, mast cells, lung, heart, 
spleen, etc. by lipoxygenase pathway of arachidonic acid (Fig.1). The
synthesis of different leukotrienes (A4, B4, C4, D4 and E4) through the 
intermediate, 5-hydroperoxyeicosatetraenoic acid (5-HPETE).

Anaphylaxis is a violent and fatal allergic reaction. It is now known that 
leukotrienes (C4, D4 and E4) are the components of slow-reacting
substances of anaphylaxis (SRS-A), released after immunological 
challenge. SRS-A is 100-1000 times more potent than histamine or
prostaglandins in its action as a stimulant of allergic reactions that results in 
respiratory distress, low blood pressure and shock.

Leukotrienes are implicated in asthma, inflammatory reactions, 
hypersensitivity (allergy) and heart attacks.

Leukotrienes cause contraction of smooth muscles, bronchoconstriction, 
vasoconstriction, adhesion of white blood cells and release of lysosomal 
enzymes.
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8. Dietary marine lipids in relation of prostaglandins, 
leukotrienes and heart diseases

Eskimos of Greenland have a low incidence of coronary heart diseases, 
despite the fact that they consume high quantities of fat and cholesterol.
This is due to the high intake of marine lipids containing unsaturated fatty 
acids. The most predominant unsaturated fatty acid in the fish foods
consumed by Eskimos is 5,8,11,14,17-eicosapentaenoic acid (EPA). EPA is 
the precursor for leukotrienes-5 series which are much lower in their 
activity than the leukotriene-4 series, produced from arachidonic acid. 
Further eicosapentaenoic acid inhibits the formation thromboxanes (TX-
A2) which promotes platelet aggregation and thrombosis. The diet rich in 
marine lipids (with EPA) decreases plasma cholesterol and triacylglycerols.
These factors, along with reduced synthesis of TX-A2 are believed to be 
responsible for the low incidence of heart attacks in Eskimos.



Lecture 19

192

19
Lecture 19

OXIDATION OF FATTY ACIDS AND
GLYCEROL 

1. Structure, properties and role of fatty acids

A fatty acid consists of a hydrocarbon chain and a terminal carboxylic 
acid group. Most fatty acids found in biology have an even number of 
carbon atoms arranged in an unbranched chain. Chain length usually ranges 
from 14 to 24 carbon atoms, with the most common fatty acids containing 
16 or 18 carbon atoms. A saturated fatty acid has all of the carbon atoms in 
its chain saturated with hydrogen atoms (a). This gives the general formula 
CH3(CH2)nCOOH, where n is an even number. Monounsaturated fatty 
acids have one double bond in their structure (b and c), while 
polyunsaturated fatty acids have two or more double bonds (d). The double 
bonds in polyunsaturated fatty acids are separated by at least one methylene 
group.
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The properties of fatty acids depend on their chain length and the 
number of double bonds. Shorter chain length fatty acids have lower 
melting temperatures than those with longer chains. Unsaturated fatty acids 
have lower melting temperatures than saturated fatty acids of the same 
chain length, whilst the corresponding polyunsaturated fatty acids have 
even lower melting temperatures.

Fatty acids are named according to the number of carbon atoms in the 
chain and the number and position of any double bonds. Some of the more 
common fatty acids are palmitate (C16:0), stearate (C18:0), oleate (C18:1), 
linoleate (C18:2) and arachidonate (C20:4). The double bonds in a fatty 
acid are usually in the cis-configuration (Table 1).

Table 1. The names and formulas of some common fatty acids.

Fatty acid Formula
No. of double 

bonds
No. of 

carbon atoms
Palmitate CH3(CH2)14COO- None 16
Stearate CH3(CH2)16COO- None 18
Oleate CH3(CH2)7CH=CH(CH2)7COO- 1 18

Linoleate CH3(CH2)4(CH=CHCH2)2(CH2)6COO- 2 18
Linolenate CH3CH2(CH=CHCH2)3(CH2)6COO- 3 18

Arachidonate CH3(CH2)4(CH=CHCH2)4(CH2)2COO- 4 20

Fatty acids have four major biological roles:
1. Fatty acids act as fuel molecules, being stored as triacylglycerols, 

and oxidized to generate energy.
2. Fatty acids are used to make glycerophospholipids and sphingolipids

that are essential components of biological membranes.
3. Numerous proteins are covalently modified by fatty acids. Myristate 

(C14:0) and palmitate (C16:0) are directly attached to some proteins, while 
phosphatidylinositol is covalently linked to the C-terminus of other proteins 
via a complex glycosylated structure.

4. Derivatives of fatty acids serve as hormones (such as the 
prostaglandins) and intracellular second messengers (such as DAG and 
IP3). 

2. Fatty acid oxidation

Oxidation of long-chain fatty acids occurs in the mitochondria in 
eukaryotes and in the cytosol in prokaryotes. 

The fatty acids are first converted to their acylСoA derivatives and then 
degraded by the successive removal of two-carbon units from the end of 
the fatty acid as acetylCoA. The pathway produces FADH2 and NADH 
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directly. The acetylCoA produced can also enter the citric acid cycle and 
produce further FADH2 and NADH. The FADH2 and NADH are then 
oxidized by the electron transport chain to yield energy in the form of ATP.

Fatty acids are oxidized by most of the tissues in the body (e.g., liver, 
kidney, skeletal and cardiac muscles) for energy requirement. However, 
brain, erythrocytes and adrenal medulla cannot utilize fatty acids.

Fatty acid oxidation is also accompanied by the production of water, 
referred to metabolic water. Use of metabolic water is an adaptation, and is 
accompanied by reduced output of urine.

Thus, fatty acid oxidation occurs in three stages:

1. Activation of fatty acids in the cytosol and transport into 
mitochondria; 

2. β-Oxidation pathway;
3. AcetylCoA oxidation via the citric acid cycle.

2.1. Activation of fatty acid in the cytosol to acylCoA

Fatty acid oxidation occurs in the mitochondrial matrix of eukaryotes. 
Before entering the mitochondrial matrix, the fatty acid is activated by 
forming a thioester link with CoA. This reaction is catalyzed by acylCoA 
synthase (also called fatty acid thiokinase), which is present on the outer 
mitochondrial membrane, and uses a molecule of ATP. The overall 
reaction is irreversible due to the subsequent hydrolysis of PPi to two 
molecules of H3PO4.
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Transport of acylCoA into mitochondria

Small- and medium chain acylCoA molecules (up to 10 carbon atoms) 
are readily able to cross the inner mitochondrial membrane by diffusion. 
However, longer chain acylCoAs do not readily cross the inner 
mitochondrial membrane, and require a specific transport mechanism. 

To achieve this, the longer chain acylCoAs are conjugated to the polar 
carnitine molecule, which is found in both plants and animals. This 
reaction, catalyzed by an enzyme on the outer face of the inner 
mitochondrial membrane, carnitine acyltransferase I, removes the CoA 
group and substitutes it with a carnitine molecule (Fig.1). The acylcarnitine 
is then transported across the inner mitochondrial membrane by a 
carnitine/acylcarnitine translocase. 

This integral membrane transport protein transports acylcarnitine 
molecules into the mitochondrial matrix and free carnitine molecules out. 
Once inside the mitochondrial matrix the acyl group is transferred back on 
to CoA, releasing free carnitine, by the enzyme carnitine acyltransferase II
which is located on the matrix side of the inner mitochondrial membrane.

(Nelson D.L. Lehninger Principles of Biochemistry., 6th ed., Freeman and Company, 2013)

Fig. 1. Transport of fatty acids across the inner mitochondrial membrane.

2.2. β-Oxidation pathway

The individual reactions involved in the oxidation of fatty acids, by
β-pathway oxidation are as follows:

1. Dehydrogenation of the fatty acylCoA to enoylCoA forming a trans-
Δ2-double bond on the fatty acyl chain and producing FADH2 catalyzed by 
acylCoA dehydrogenase.
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CH3 C
O

2. Hydration of the trans-Δ-enoylCoA to form 3-hydroxyacylCoA 
catalyzed by enoylCoA hydratase.

3. Dehydrogenation of 3-hydroxyacylCoA to 3-ketoacylCoA producing 
NADH catalyzed by hydroxyacylCoA dehydrogenase.

4. Cleavage, or thiolysis, of 3-ketoacylCoA by HSCoA molecule, 
giving acetylCoA and an acylCoA shortened by two carbon atoms 
catalyzed by β-ketothiolase.
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Thus, the oxidation of individual fatty acids occurs as a repeating 
sequence of four reactions: dehydrogenation (by FAD), hydration, 
dehydrogenation (by NAD+) and thiolysis. These four reactions form one 
'round' of fatty acid oxidation and their overall effect is to remove two-
carbon units sequentially in the form of acetylCoA from the fatty acid 
chain. 
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The cleavage of the Δ2 (or β) bond of the fatty acyl chain gives fatty 
acid oxidation its alternative name, β-oxidation. 

The shortened acylCoA then undergoes further cycles of β-oxidation 
until the last cycle, when the acylCoA with four carbon atoms is split into 
two molecules of acetylCoA. 

Thus, a CI6-saturated acylCoA, such as palmitoylCoA, would be 
completely degraded into eight molecules of acetylCoA by seven rounds of 
oxidation, leading to the overall equation:

 palmitoylCoA + 7 FAD + 7 NAD+ + 7 CoA + 7 H2O    →
→    8 acetylCoA + 7 FADH2 + 7 NADH + 7 H+

Mitochondria contain three acylCoA dehydrogenases, which act on 
short-, medium- and long chain acylCoAs, respectively. In contrast, there is 
just one each of the enzymes enoylCoA hydratase, hydroxyacylCoA 
dehydrogenase and β-ketothiolase which all have a broad specificity with 
respect to the length of the acyl chain.

In animals the acetylCoA produced from fatty acid oxidation cannot be 
converted into pyruvate or oxaloacetate. Although the two carbon atoms 
from acetylCoA entering the citric acid cycle, are both oxidized to CO2.

Thus, animals cannot convert fatty acids into glucose. In contrast, 
plants have two additional enzymes, isocitrate lyase and malate synthase, 
that enable them to convert the carbon atoms of acetylCoA into 
oxaloacetate. This is accomplished via the glyoxylate pathway, a route 
involving enzymes of both the mitochondrion and the glyoxysome, a 
specialized membranous plant organelle. 

Oxidation of unsaturated fatty acids

Due to the presence of double bonds, the unsaturated fatty acids are not 
reduced to the same extent as saturated fatty acids. Therefore, oxidation of 
unsaturated fatty acids, in general, provides less energy than that of 
saturated fatty acids. Most of the reactions involved in the oxidation of 
unsaturated fatty acids are the same as found in the β-oxidation of saturated 
fatty acids. However, the presence of double bonds poses problem for 
β-oxidation to proceed. This is overcome by two additional enzymes 
isomerase and epimerase.

Oxidation of fatty acids having an odd number of carbon atoms

The β-oxidation of saturated fatty acids containing odd number of 
carbon atoms proceeds in the same manner, as described above for even 
carbon fatty acids. The only difference is that these fatty acids give rise to 



Lecture 19

198

acetylCoA (two carbon atoms) and propionylCoA (three carbon atoms) in 
the final round of fatty acid oxidation. 

PropionylCoA formed is converted to succinylCoA as follows:

The succinylCoA can continue in the citric acid cycle.

2.3. Regulation of β-oxidation

The major point of control of β-oxidation is the availability of fatty 
acids. The major source of free fatty acids in the blood is from the 
breakdown of triacylglycerol stores in adipose tissue, which is regulated by 
the action of hormone-sensitive triacylglycerol lipase. Fatty acid oxidation 
and fatty acid synthesis are coordinately controlled so as to prevent a futile 
cycle.

2.4. Energy yield

For each round of β-oxidation, 1 FADH2, 1 NADH and 1 acetylCoA 
molecule are produced. Each NADH generates 3 ATP molecules, and each 
FADH2 generates 2 ATPs during oxidative phosphorylation. In addition, 
each acetylCoA yields 12 ATPs on oxidation by the citric acid cycle. The 
total yield for each round of fatty acid oxidation is therefore 17 ATP 
molecules.

The complete degradation of palmitoylCoA (C16:0) requires 7 rounds 
of oxidation and hence produces 7×5 = 35 ATP molecules. A total of          
8 acetylCoA molecules are produced and hence another 8×12 = 96 ATP. 
Thus, the total ATP yield per molecule of palmitate degraded is 35+96 = 
131 ATP. However, 1 ATP is hydrolyzed to AMP and PPi in the activation 
of palmitate to palmitoylCoA, resulting in two high-energy bonds being 
cleaved. Thus, the net yield is 130 ATPs (Table 2).
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Table 2. Calculation of the ATP yield from the complete oxidation of palmitate.

Step in complete oxidation of palmitate ATP
7×5 ATP for oxidation of NADH and FADH2 produced by each round 
of β-oxidation

35

8×12 ATP for the oxidation of acetylCoA by the citric acid cycle                              96

ATP equivalents for the activation of palmitate                                                           -1
Total = 130

Also calculation of the ATP yield from the complete oxidation of fatty 
acid may be carried out according to the formula:

[5 × (n/2 - 1) + n/2 × 12] – 1, where
5 – number of ATP produced in each round of oxidation by oxidation of 
NADH (3 ATP) and FADH2 (2 ATP) in oxidative phosphorylation;
(n/2 - 1) – number of oxidation rounds; 
n/2 – number of acetylCoA; 
12 – number of ATP produced by acetylCoA oxidation in the citric acid 
cycle;
-1 – number of ATP used for the fatty acid activation.

The yield of ATP is reduced slightly for unsaturated fatty acids, since 
the additional metabolic reactions which enable them to be degraded by the 
β-oxidation pathway either involve using NADPH or bypass an FADH2-
producing reaction.

3. Glycerol oxidation

Sources of glycerol: 

1. Dietary triacylglycerol (TG) hydrolysis by pancreatic lipase.
2. TG hydrolysis in chylomicrons and VLDL by lipoprotein lipase in 

capillaries of adipose tissue and muscle.
3. TG hydrolysis in IDL by hepatic TG lipase in blood stream.
4. TG hydrolysis by intracellular lipases in adipose tissue.

Oxidation of glycerol occurs in the liver, intestine, and kidney to 
generate energy. 

In the cytosol glycerol is activated by enzyme glycerol kinase to 
glycerol-3-phosphate. The latter then is transported into the mitochondrion
via glycerol-phosphate shuttle. Glycerol-3-phosphate dehydrogenase
present on outer surface of inner mitochondrial membrane converts
glycerol-3-phosphate to dihydroxyacetone phosphate. Dihydroxyacetone
phosphate escapes into the cytosol and gets converted to glycerol-3-
phosphate. Glycerol-3-phosphate may enter glycolysis or gluconeogenesis.
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Glycerol oxidation 

Cytosol

                                Mitochondrion

Cytosol

Energy yield of glycerol oxidation to CO2 and H2O 

1. Glycerol activation - 1 ATP 
2. Glycerolphosphate dehydrogenase reaction                 + 2 ATP
3. Conversion of glyceraldehyde-3-phosphate to pyruvate: 

 substrate level phosphorylation                                  + 2 ATP
 NADH·H+ malate-oxaloacetate shuttle + 3 ATP 

4. Oxidative decarboxylation of pyruvate         + 3 ATP
5. AcetylCoA oxidation via CAC. + 12 ATP

Total = 21 ATP
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SYNTHESIS OF LIPIDS

1. AcetylCoA sources and utilization pathways

Sources of acetylCoA:
1. -Oxidation of fatty acids. 
2. Catabolism of ketogenic amino acids (e.g., leucine, lysine, 
phenylalanine, etc).
3. Oxidative decarboxylation of pyruvate formed in glycolysis.

Pathways of acetylCoA utilization:
1. Oxidation via citric acid cycle to CO2 and H2O with loss of energy. 
2. Ketone body synthesis. 
3. Fatty acid synthesis.
4. Cholesterol synthesis. 

2. Ketone body synthesis

When the level of acetylCoA from β-oxidation of fatty acids increases 
in excess of that required for entry into the citric acid cycle, the acetylCoA 
is converted into acetoacetate and D-3-hydroxybutyrate by a process 
known as ketogenesis. D-3-hydroxybutyrate, acetoacetate and its 
nonenzymic breakdown product acetone are referred to collectively as 
ketone bodies.

The synthesis of ketone bodies occurs in the liver. The enzymes for 
ketone body synthesis are located in the mitochondrial matrix.

1. Two molecules of acetylCoA initially condense to form 
acetoacetylCoA in a reaction catalyzed by thiolase, an enzyme involved in 
the final step of β-oxidation of fatty acids.

2. The acetoacetylCoA reacts with another molecule of acetylCoA to 
form 3-hydroxy-3-methylglutarylCoA (HMGCoA). HMGCoA synthase, 
catalyzing this reaction, regulates the synthesis of ketone bodies.
(HMGCoA is also the starting point for cholesterol biosynthesis).

3. HMGCoA is then cleaved to form acetoacetate and acetylCoA by
HMGCoA lyase. 

4. The acetoacetate is then either reduced to D-3-hydroxybutyrate by 
hydroxybutyrate dehydrogenase in the mitochondrial matrix or undergoes a 
slow, spontaneous decarboxylation to acetone. 
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Ketogenesis

Role of ketone bodies

The ketone bodies, being water-soluble, are easily transported from the 
liver to various tissues. The two ketone bodies – acetoacetate and 
β-hydroxybutyrate serve as important sources of energy for the peripheral 
tissues such as skeletal muscle, cardiac muscle, renal cortex, brain, etc. 

β-Hydroxybutyrate is first converted to acetoacetate (reversal of 
synthesis) and metabolized. Acetoacetate is activated to acetoacetylCoA by 
mitochondrial enzyme thiophorase (succinylCoA-acetoacetate-CoA 
transferase). The coenzymeA is donated by succinylCoA. Thiophorase is
absent in liver, hence acetoacetate is not utilized by the liver. Thiolase
cleaves acetoacetylCoA to two molecules of acetylCoA that enter CAC.

HMGCoA lyase
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The production of ketone bodies and their utilization become more 
significant when glucose is in short supply to the tissues, as observed in 
starvation, and diabetes mellitus.

During prolonged starvation, ketone bodies are the major fuel source for 
the brain and other parts of central nervous system. It should be noted that 
the ability of the brain to utilize fatty acids for energy is very limited. The 
ketone bodies can meet 50-70% of the brain's energy needs. 

In normal individuals, there is a constant production of ketone bodies by 
liver and their utilization by extrahepatic tissues. The concentration of 
ketone bodies in blood is maintained around 1 mg/dl. Their excretion in 
urine is very low. When the rate of synthesis of ketone bodies exceeds the 
rate of utilization, their concentration in blood increases, this is known as 
ketonemia. The term ′ketonuria′ represents the excretion of ketone bodies 
in urine. The overall picture of ketonemia and ketonuria is commonly 
referred to as ketosis. Smell of acetone in breath is a common feature in 
ketosis. Ketosis is most commonly associated with starvation and severe 
uncontrolled diabetes mellitus. Increase ketone bodies concentration in
blood would cause acidosis. 

2. Fatty acid synthesis

Fatty acids are synthesized by the sequential addition of two-carbon 
units. However, this process is not simply a reversal of the β-oxidation.
Fatty acid synthesis involves a separate series of reactions to build up long 
chain hydrocarbons from acetylCoA units. The important differences 
between fatty acid synthesis and oxidation are:
1. Fatty acid synthesis takes place in the cytosol of both eukaryotes and 

prokaryotes, in contrast with their oxidation, which takes place 
primarily in the mitochondrial matrix of eukaryotes.

2. The reductant in fatty acid synthesis is NADPH, whereas the oxidants in 
fatty acid oxidation are NAD+ and FAD.

3. Intermediates in fatty acid synthesis are covalently linked to the acyl 
carrier protein (ACP), whereas intermediates in fatty acid oxidation 
are covalently attached to the coenzyme A.

4. The enzymes of fatty acid synthesis in higher organisms are joined in 
a single, multifunctional polypeptide chain called fatty acid synthase. 
In contrast, the enzymes of oxidation do not seem to be associated.
Synthesis of fatty acids occurs predominantly in liver, kidney, adipose 

tissue and lactating mammary glands.

Fatty acid synthesis occurs in three stages:

1. AcetylCoA transport into the cytosol;
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2. Formation of malonylCoA;
3. The elongation steps of fatty acid synthesis. 

2.1. Transport of acetylCoA from mitochondrion into the cytosol

Fatty acids are synthesized in the cytosol, but acetylCoA is produced by
oxidation of pyruvate and fatty acids and degradation of carbon skeleton of 
ketogenic amino acids in the mitochondria. Thus, the acetylCoA must be 
transferred from the mitochondrion into the cytosol to allow fatty acid 
synthesis to occur. 

However the inner mitochondrial membrane is not readily permeable to 
this molecule. This problem is overcome by the condensation of acetylCoA 
with oxaloacetate to form citrate. This is then transported into the cytosol 
where it is cleaved to regenerate acetylCoA and oxaloacetate by ATP-
citrate lyase in an energy-requiring process (Fig.1).

The oxaloacetate, which also cannot cross the inner mitochondrial 
membrane, is returned to the mitochondrial matrix through conversion first 
to malate (catalyzed by malate dehydrogenase) and then to pyruvate 
(catalyzed by NADP+-linked malate enzyme) (Fig.1). This latter 
decarboxylation reaction generates NADPH, which can be used in fatty 
acid synthesis. The remaining NADPH required for fatty acid synthesis is 
provided by the pentose phosphate pathway. 

Once back in the mitochondrial matrix, pyruvate is carboxylated to form 
oxaloacetate by pyruvate carboxylase with the hydrolysis of a further 
molecule of ATP (Fig.1).

Fig. 1. Transport of acetylCoA from the mitochondrial matrix into the cytosol.
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2.2. Formation of malonylCoA

The first committed step in fatty acid biosynthesis is the carboxylation 
of acetylCoA to form malonylCoA. This reaction is catalyzed by the 
enzyme acetylCoA carboxylase which contains vitamin biotin as a 
prosthetic group. Reaction is an energy requiring process, which is 
irreversible. One ATP molecule is hydrolyzed.

CH3 – C  SCoA

O

Acetyl CoA

+ СО2 + ATP

СООН – CH2 – C  SCoA + АDP + Рi

O


Malonyl CoA

Acetyl CoA carboxylase
Vit Biotin

2.3. The elongation steps of fatty acid synthesis

The elongation steps of fatty acid synthesis are catalyzed by a 
multifunctional enzyme known as fatty acid synthase (FAS) complex or
palmitate synthase complex.

In eukaryotic cells the fatty acid synthase exists as a dimer composed of
two identical subunits (monomers). Each monomer possesses the activities 
of seven different enzymes and an acyl carrier protein (ACP) bound to 
4'-phosphopantetheine-SH (Fig.2).

Fatty acid synthase functions as a single unit catalyzing all the seven 
reactions. The two subunits lie in antiparallel (head-to-tail) orientation. The 
-SH group (the central sulfhydryl group) of ACP phosphopantetheine of 
one subunit is in close proximity to the -SH group (the peripheral 
sulfhydryl group) of cysteine residue (of the enzyme ketoacyl synthase) of 
the other subunit (Fig.2).

Each monomer of FAS contains all the enzyme activities of fatty acid 
synthesis. But only the dimer is functionally active. This is because the 
functional unit consists of half of each subunit interacting with the 
complementary half of the other. Thus, the FAS structure has both
functional division and subunit division. The two functional subunits of 
FAS independently operate and synthesize two fatty acids simultaneously.

In eukaryotes the elongation of fatty acids beyond C16 palmitate is 
carried out by enzymes located on the cytosolic surface of the smooth 
endoplasmic reticulum (SER).
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Fig. 2. The structure of the palmitate synthase complex.

The elongation cycle of fatty acid synthesis has 6 reactions for each 
round of synthesis. For the first round of synthesis these are:

1. The two carbon fragment of acetylCoA is transferred to the 
peripheral SH-group of cysteine residue of the enzyme ketoacyl synthase,
and malonate from malonylCoA is transferred to the central SH-group of 
phosphopantetheine of ACP catalyzed by the enzyme transacylase. 

2. The acetyl unit is then transferred from the peripheral SH-group to
malonyl group bound to ACP to form β-ketoacyl-ACP (reaction of 
condensation). The malonyl moiety loses CO2. The decarboxylation is 
accompanied by loss of free energy which allows the reaction to proceed
forward. This reaction is catalyzed by ketoacyl synthase.

3. Ketoacyl reductase reduces ketoacyl group of β-ketoacyl-ACP to 
hydroxyacyl group to form β-hydroxyacyl-ACP. The reducing equivalents 
are supplied by NADPH (reaction of reduction).

4. β-Hydroxyacyl-ACP undergoes dehydration to form enoylacyl-ACP
by hydroxyacyl dehydratase. A molecule of water is eliminated and a 
double bond is introduced between α and β-carbons.

5. A second NADPH-dependent reduction, catalyzed by enoyl reductase
occurs to produce acyl-ACP. The four-carbon unit attached to ACP is
butyryl group.

6. The carbon chain attached to ACP is transferred to the peripheral SH-
group and the reactions 2-6 are repeated 6 more times. 

Each time, the fatty acid chain is lengthened by a two-carbon unit 
(obtained from malonylCoA). At the end of 7 cycles, the fatty acid 
synthesis is complete and a 16-carbon fully saturated fatty acid namely
palmitate bound to ACP is produced. This molecule is not accepted by the 
ketoacyl synthase, and so cannot be elongated further by this process. The 
enzyme palmitoyl thioesterase separates palmitate from fatty acid synthase. 
This completes the synthesis of palmitate.
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The elongation steps of fatty acid synthesis
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- SН – peripheral SН-group
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1

The overall stoichiometry for the synthesis of palmitate is:

8 acetylCoA + 7 ATP + 14 NADPH + 6 H+ →
→ palmitate + 14 NADP+ + 8 CoA + 6 H2O + 7 ADP + 7 Pi

Ketoacyl
synthase

- СО2

The cycle now repeats with 
malonyl-ACP adding two-carbon 
units in each cycle to the 
lengthening acyl-ACP chain. This 
continues until the 16-carbon 
palmitoyl-ACP is formed.

- H2O

Ketoacyl 
reductase

Hydroxyacyl 
dehydratase

Enoyl reductase
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2.4. Regulation of fatty acid synthesis

The rate-limiting enzyme for fatty acid synthesis is acetylCoA 
carboxylase which catalyzes the formation of malonylCoA. AcetylCoA
carboxylase is subject to both phosphorylation and allosteric regulation.

AcetylCoA carboxylase is inactivated by phosphorylation by an AMP-
activated protein kinase. Thus, when the energy charge of the cell is low 
(high AMP, low ATP), for example in energy starvation conditions,
acetylCoA carboxylase is inactive and signals that fatty acid biosynthesis 
would be inappropriate. It is reactivated by dephosphorylation by protein 
phosphatase 2A. Glucagon and epinephrine inhibit fatty acid synthesis by 
reducing protein phosphatase 2A activity, whereas insulin stimulates fatty 
acid synthesis by activating the phosphatase. AcetylCoA carboxylase is 
also allosterically regulated: citrate activates the enzyme, whereas 
palmitoylCoA inhibits it.

2.5. Synthesis of long chain fatty acids from palmitate

Further chain elongation can take place by separate mechanisms:
1. Mitochondrial. PalmitoylCoA is carried by carnitine into 

mitochondrial matrix where the fatty acid chain elongation is almost a 
reversal of β-oxidation of fatty acids. AcetylCoA molecules are 
successively added to fatty acid to lengthen the chain. The reducing 
equivalents are derived from NADPH.

2. Microsomal. The microsomal chain elongation is more predominant 
and involves successive additions of malonylCoA with the participation of 
NADPH in endoplasmic reticulum (microsomes). These reactions are 
similar to that catalyzed by palmitate synthase complex. A specific group 
of enzymes, namely elongases, bring about fatty acid chain elongation.

2.6. Synthesis of unsaturated fatty acids

In eukaryotes the SER has enzymes able to introduce double bonds into 
fatty acylCoA molecules in an oxidation-reaction that uses molecular 
oxygen. This reaction is catalyzed by a membrane-bound complex of three 
enzymes: NADPH-cytochrome b5 reductase, cytochrome b5 and 
desaturase:

saturated fatty acylCoA + NADPН2 + О2 →
→ mono-unsaturated acylCoA + 2Н2О + NADP+

The reaction may be repeated to introduce more than one double bond 
into a fatty acid. Mammals lack the enzymes to insert double bonds at 
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carbon atoms beyond C-9 in the fatty acid chain. Thus, they cannot 
synthesize linoleate and linolenate, both of which have double bonds later 
in the chain than C-9 (linoleate has cis, cis-Δ9,Δ12-double bonds, and 
linolenate has all-cis-Δ9,Δ12,Δ15-double bonds). Hence in mammals 
linoleate and linolenate are called essential fatty acids since they have to 
be supplied in the diet. 

These two unsaturated fatty acids are also the starting points for the 
synthesis of other unsaturated fatty acids, such as arachidonate. This 
C20:4 fatty acid is the precursor of several biologically important 
molecules, including the prostaglandins, prostacyclins, thromboxanes and 
leukotrienes.

3. Biosynthesis of cholesterol

About 800 mg of cholesterol is synthesized per day in adults. Almost all 
the tissues of the body participate in cholesterol biosynthesis. The largest 
contribution is made by liver (80%), intestine (10%), skin (5%), and other
tissues (adrenal cortex, reproductive tissue, etc. – 5%). The enzymes 
involved in cholesterol synthesis are found in the cytosol and microsomal 
fractions of the cell. 

Animals are able to synthesize cholesterol de novo by an elegant series 
of reactions in which all 27-carbon atoms of cholesterol are derived from 
acetylCoA. The acetate units are first converted into C5 isoprene units, 
which are then condensed to form a linear precursor to the cyclic 
cholesterol. The reducing equivalents are supplied by NADPH while ATP 
provides energy. 

The synthesis of cholesterol consists of 3 stages:
1. Production of isoprene units. 
2. Condensation of isoprene units to squalene.
3. Modification and formation of cholesterol.
In the first stage of cholesterol biosynthesis two molecules of acetylCoA 

condense to form acetoacetylCoA. Another molecule of acetylCoA is then 
added to produce 3-hydroxy-3-methylglutarylCoA (HMGCoA). These 
reactions are similar to that of ketone body synthesis. But this process takes 
place in the liver, where the HMGCoA in the mitochondria is used to form 
ketone bodies during starvation, whereas that in the cytosol is used to 
synthesize cholesterol in the fed state (under the influence of cholesterol).

HMGCoA is then reduced to mevalonate by HMGCoA reductase. This 
is the committed step in cholesterol biosynthesis because HMGCoA 
reductase is rate-limiting enzyme. Mevalonate is converted into 
isopentenyl pyrophosphate by three consecutive reactions each involving 
ATP, with CO2 being released in the last reaction. Isopentenyl 
pyrophosphate isomerizes then to dimethylallyl pyrophosphate.
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1-st stage. Production of isoprene units.

HMGCoA reductase
+ 2 NADPH2
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2-nd stage. Condensation of isoprene units to squalene.
                                                condensation

3 C5 isoprene units                            Farnesyl (15 С atoms)
                                                condensation

2 Farnesyl                          Squalene (30 С atoms) 

3-d stage. Modification and formation of cholesterol.
Cholesterol is formed from lanosterol by the removal of three methyl 

groups, the reduction of one double bond by NADPH, and the migration of 
the other double bond from 8, 9 position to 5, 6 position.

cyclization
Squalene                Lanosterol (30 С atoms) 

                      Lanosterol                       Cholesterol (27 С atoms)
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Cholesterol

3.1. Regulation of cholesterol biosynthesis

Cholesterol can be obtained either from the diet or it can be synthesized 
de novo, mainly in the liver. Cholesterol is transported round the body in 
lipoprotein particles. The rate of synthesis of cholesterol is dependent on 
the cellular level of cholesterol. 

High levels of cholesterol and its metabolites control cholesterol 
biosynthesis by:

1. feedback-inhibiting the activity of HMGCoA reductase, the enzyme 
which catalyzes the committed step in cholesterol biosynthesis;

2. decreasing the amount of HMGCoA reductase by reducing the 
synthesis and translation of its mRNA;

3. decreasing the amount of HMGCoA reductase by increasing its rate 
of degradation.

In addition HMGCoA reductase, like acetylCoA carboxylase in fatty 
acid synthesis, is inactivated by phosphorylation by an AMP-activated 
protein kinase, retained in this form under the influence of glucagon during 
starvation.
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HMGCoA reductase is a regulatory enzyme. The rate of HMGCoA 
reductase synthesis in the liver is maximum at midnight and minimum in 
the morning hours. 

The activity of HMGCoA reductase (or its content in liver cells) is 
increased by ionizing radiation, the administration of insulin and thyroid 
hormones, as well as by hypophysectomy, that lead to an increased in 
cholesterol synthesis and an increase in its level in the blood. In contrast, 
the inhibition of cholesterol synthesis, associated with the effect on 
HMGCoA reductase, is observed in starvation, thyroidectomy, with the 
administration of glucagon and glucocorticoids, as well as with large doses 
of nicotinic acid.

HMGCoA reductase can be inhibited therapeutically by administering 
the drugs statins, which competitively inhibit the enzyme and hence 
decrease the rate of cholesterol biosynthesis. Therefore these compounds 
are routinely used for the treatment of hypercholesterolemia (high levels 
of blood cholesterol).

4. Synthesis of triacylglycerols

Triacylglycerols are a type of lipids that play a major role as an energy
source when they are metabolized in the human body. They store energy
for later use.

Triacylglycerol synthesis mostly occurs in liver and adipose tissue and 
to a lesser extent in other tissues (intestine, lactating mammary glands).

Triacylglycerols are synthesized from fatty acylCoAs and glycerol-3-
phosphate formed from activated glycerol. 

Two mechanisms are involved for the glycerol activation:
1. In the liver, intestine, kidney glycerol is activated by glycerol kinase

to form glycerol-3-phosphate. Glycerol kinase is absent in adipose tissue.
2. In the liver, adipose tissue and muscle glucose serves as a precursor 

for glycerol-3-phosphate. Dihydroxyacetone phosphate produced in 
glycolysis is reduced by glycerol-3-phosphate dehydrogenase to glycerol-
3-phosphate.

Glycerol-3-phosphate formed acylated by glycerol-3-phosphate 
acyltransferase to form first lysophosphatidic acid. This is then reacted 
with a further acylCoA molecule to form phosphatidic acid. Removal of the 
phosphate group by phosphatase from phosphatidic acid generates 
diacylglycerol (DAG), which is further acylated with a third acylCoA 
molecule to form triacylglycerol.

Phosphatidic acid (phosphatidate) is also used in the synthesis of 
membrane phospholipids.
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Synthesis of triacylglycerols

The three fatty acids found in triacylglycerol are not of the same type. A 
saturated fatty acid is usually present on carbon 1, an unsaturated fatty acid 
is found on carbon 2, and carbon 3 may have either.

5. Synthesis of glycerophospholipids

Glycerophospholipids are a specialized group of lipids performing a 
variety of functions: membrane structure and supply of arachidonic acid for 
the synthesis of prostaglandins, etc. 

They are synthesized from phosphatidic acid, intermediate in the 
production of triacylglycerols. 

Glycerophospholipid synthesis occurs in the smooth endoplasmic 
reticulum mostly in liver, intestine, testes and mammary glands.
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Synthesis of glycerophospholipids
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MOBILIZATION OF FAT. OBESITY

1. Adipose tissue

Adipocytes of adipose tissue – predominantly found in the subcutaneous 
layer and in the abdominal cavity – are specialized for storage of 
triacylglycerols. The fat is stored in the form of globules dispersed in the 
entire cytoplasm.

There are two types of adipose tissues: 
1. White adipose tissue. The fat is mostly stored and this tissue is 

metabolically less active.
2. Brown adipose tissue. The stored fat is relatively less but the tissue

is metabolically very active. Brown adipose tissue possesses high
proportion of mitochondria and cytochromes but low activity of ATP 
synthase. This is an active centre for the oxidation of fatty acids and 
glucose and is responsible for the diet-induced thermogenesis.

The peculiarity of mitochondria of brown adipose tissue is that the 
oxidation and phosphorylation are not coupled. Mitochondrial oxidation 
produces more heat and less ATP. A specific protein, namely 
thermogenin, has been isolated in the inner membrane of these
mitochondria. Thermogenin functions like an uncoupler and dissipates the 
energy in the form of heat, and thus blocks the formation of ATP.

Brown adipose tissue is mostly found in hibernating animals, and the 
animals exposed to cold, besides the newborn. In adult humans, though not 
a prominent tissue, it is located in the thoracic region. It is significant to 
note that brown adipose tissue is almost absent in obese persons. Some 
individuals are fortunate to have active brown adipose tissue. They eat and
liberate it as heat with the result that they do not become obese.

2. Anatomic differences in fat deposition

The anatomic distribution of body fat has a major influence on
associated health risks. Excess fat located in the central abdominal area of
the body is called android, "apple-shaped", or upper body obesity, and is
associated with a greater risk for hypertension, insulin resistance, diabetes, 
dislipidemia and coronary heart disease. It is defined as a waist to hip ratio 
of more than 0.8 for women and more than 1.0 for men. In contrast, fat
distributed in the lower extremities around the hips or gluteal region is call
gynoid, "pear-shaped", or lower body obesity. It is defined as a waist to hip
ratio of less than 0.8 for women and less than 1.0 for men. The pear shape
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is relatively benign health wise, and is commonly found in females.
Alternatively, some experts feel that waist circumference is better predictor
of risk. Values greater than 40 inches in men and greater than 35 inches in
women are at increased risk for coronary artery disease.

3. Mobilization of fat from adipose tissue

Triacylglycerol (TG) is the stored fat in the adipose tissue. The enzyme 
namely hormone sensitive triacylglycerol lipase, removes the fatty acid 
either from carbon 1 or 3 of the triacylglycerols to form diacylglycerol. The 
other two fatty acids of TG are cleaved by additional lipases specific for 
diacylglycerol and monoacylglycerol. The complete degradation of
triacylglycerol to glycerol and free acids is known as lipolysis.

Hormone-sensitive TG-lipase is so named because its activity is mostly 
controlled by hormones. Lipase is present in an inactive form 'b' and is 
activated (phosphorylated) by a cAMP dependent protein kinase to lipase 
'a'. Several hormones, such as epinephrine (most effective), norepinephrine,
glucagon, thyroxine, ACTH, etc., enhance the activity of adenylate cyclase
and thus increase lipolysis. On the other hand, insulin decreases cAMP 
levels and thereby inactivates lipase. Caffeine promotes lipolysis by
increasing cAMP levels through its inhibition on phosphodiesterase
activity (Fig.1).

Fig. 1. Control of lipolysis in adipose tissue through cyclic AMP.
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As is evident from the foregoing discussion, increased levels of cAMP 
promote lipolysis. In contrast, cAMP decreases fatty acid synthesis by
inhibiting acetylCoA carboxylase activity. It should be therefore kept in
mind that lipolysis and lipogenesis are not simultaneously operative.

The adipose tissue lacks the enzyme glycerol kinase, hence glycerol
produced in lipolysis cannot be phosporylated here. It is transported to liver 
where it is activated to glycerol-3-phosphate. The latter may be used for the 
synthesis of triacylglycerols and phospholipids. Glycerol-3-phosphate may 
also enter glycolysis by getting converted to dihydroxyacetone phosphate.

The fatty acids released by lipolysis in the adipocytes enter the
circulation and are transported in a bound form to albumin. The free fatty 
acids enter various tissues and are utilized for the energy. About 95% of the 
energy obtained from fat comes from the oxidation of fatty acids. Certain 
tissues, however, cannot oxidize fatty acids, e.g., brain, erythrocytes.

4. Obesity

Obesity is an abnormal increase in the body weight due to excessive fat 
deposition.

Men and women are considered as obese if their weight due to fat (in 
adipose tissue), respectively, exceeds more than 20% and 25% of body 
weight. Overeating, coupled with lack of physical exercise, contribute to 
obesity. 

Obesity is associated with many health complications, e.g., type II 
diabetes, coronary heart disease, hypertension, stroke, arthritis, gall bladder 
disease. Hence treatment of obesity assumes a lot of significance in the 
prevention of these diseases. There is strong evidence to suggest that 
obesity has genetic basis. Thus, a child born to two obese people has about 
25% chances of being obese. 

One gene, namely ob gene, expressed in adipocytes (of white adipose 
tissue) producing a protein called leptin is closely associated with obesity. 
Leptin is regarded as a body weight regulatory hormone. It binds to a 
specific receptor in the brain and functions as a lipostat. When the fat stores 
in the adipose tissue are adequate, leptin levels are high. This signals to 
restrict the feeding behavior and limit fat deposition. Further, leptin 
stimulates lipolysis and inhibits lipogenesis. Any genetic defect in leptin or 
its receptor will lead to extreme overeating and massive obesity. Treatment 
of such obese individuals with leptin has been shown to reverse obesity. 
During starvation, leptin levels fall which promote feeding, and fat 
production and its deposition.
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CHOLESTEROL METABOLISM. 
BIOCHEMISTRY OF ATHEROSCLEROSIS

1. Cholesterol metabolism

Cholesterol is found exclusively in animals, hence it is often called as 
animal sterol. Cholesterol is amphipathic in nature, since it possesses both
hydrophilic and hydrophobic regions in the structure.
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Cholesterol

Cholesterol is essential to life, as it performs a number of important 
functions:

1). It is a structural component of plasma membrane.
2). It is the metabolic precursor for the synthesis of all other steroids in 

the body:
1. Bile acids,
2. Corticosteroids,
3. Sex hormones,
4. Vitamin D. 

A little more than half the cholesterol of the body arises by synthesis 
(about 800 mg/d), and the remainder is provided by the average diet
400 mg/d. The liver and intestine account for approximately 10% each of 
total synthesis in humans. Virtually all tissues containing nucleated cells 
are capable of cholesterol synthesis, which occurs in the endoplasmic 
reticulum and the cytosol.
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The three pools of cholesterol

Cholesterol, mg/day

Cholesterol synthesized – 800 mg Dietary cholesterol – 400 mg

A pool B pool C pool
(liver, blood, intestine)          (brain, connective tissue)

cholesterol 30 g cholesterol 50 g cholesterol 60 g
fast exchangeable slow exchangeable           very slow exchangeable
       1 g/day

steroid secretion of bile fecal
hormones   sebaceous glands   acids      sterols
100 mg            100 mg    500 mg   500 mg

2. Transport of cholesterol

2.1. Direct cholesterol transport mediated by LDL from liver to tissues

VLDLs synthesized in the liver transport lipids (triacylglycerols (TGs) 
and cholesteryl esters (Ch-e)) to the tissues, mainly adipose tissue and 
skeletal muscle. The TGs in VLDLs are acted on by lipoprotein lipase. The 
VLDL remnants remain in the blood, first as IDLs. TGs in IDLs are then 
acted on by hepatic triacylglycerol lipase to form LDLs. LDLs transport 
remaining Ch-e to extrahepatic cells (Fig.1). The uptake of LDL by 
extrahepatic tissues occurs through receptor-mediated endocytosis.

LDLs are also cleared from the circulation by other less well defined 
scavenger routes which are important at high LDL levels and the main way 
in which cholesterol is incorporated into atheromatous plaques. 

The LDL receptor, transmembrane glycoprotein on the surface of the 
target cells, spans the cell membrane and is concentrated in special 
membrane recesses, called 'coated' pits. It binds to lipoproteins containing 
apolipoproteins B and E, and internalizes them for breakdown within the 
cell. Receptors are then recycled to the cell surface. 

The number and function of receptors dictate the level of circulating 
LDL. When the cell has sufficient cholesterol, the synthesis of receptors is 
down-regulated; when the cell is cholesterol depleted, the receptors 
increase in number. 

Inherited malfunction or absence of these receptors leads to familial 
hypercholesterolemia. 
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Fig. 1. Direct and reverse transport of cholesterol.

Stages of LDL receptor-mediated endocytosis

1. Apoprotein B-100 on the surface of an LDL particle specifically binds 
to a LDL receptor on the plasma membrane of the target extrahepatic 
cells. 

2. LDL-receptor complex is taken up by the cell through endocytosis
(Fig.2). 

3. Once in the lysosomes, the LDLs are digested by lysosomal enzymes, 
with the cholesteryl esters being hydrolyzed by a lysosomal lipase to 
release the free cholesterol and protein component being hydrolyzed to 
free amino acids. 

4. The LDL receptor itself returns unscathed to the plasma membrane.

(Gaw A. Clinical biochemistry, 2 ed., Churchill Livingstone, 1999)

Fig. 2. The LDL receptor pathway.
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Receptor-mediated endocytosis protects cell from excess cholesterol

1). Any excess of cholesterol is re-esterified for storage by acylCoA-
cholesterol-acyltransferase (ACAT) (Fig.2). 

2). To prevent the buildup of cholesterol and its ester derivatives in the 
cell, high levels of cholesterol:

1. decrease the synthesis of the LDL receptor, thereby reducing the rate 
of uptake of cholesterol by receptor-mediated endocytosis;

2. inhibit the cellular biosynthesis of cholesterol through inhibition of 
hydroxymethylglutaryl (HMG) CoA reductase.

Unregulated pathways of cellular cholesterol uptake

1. Nonspecific endocytosis of LDL by ″scavenger″ receptors on 
macrophages. 

2. Receptor-mediated pathway (through receptors not having high 
specificity to certain apoproteins).

3. Physico-chemical exchange of cholesterol between cellular
membrane and LDL. 

These pathways of cholesterol transport can cause accumulations of 
cholesterol in a cell.

2.2. Reverse cholesterol transport mediated by HDL

HDLs play a predominant role in the reverse cholesterol (Ch) transport, 
which mediates the removal of Ch from peripheral cells for transport back 
to the liver (Fig.1). HDLs are secreted from the liver as nascent, disc-
shaped particles that consist of phospholipids and apoA-1, with very little 
Ch. 

In the extrahepatic cells Ch may be transferred from the membrane to 
HDLs by means of passive diffusion. In HDL Ch is converted into 
cholesteryl esters (Ch-e) by the plasma enzyme lecithin-cholesterol-
acyltransferase (LCAT) associated with HDL. The LCAT catalyses 
esterification of -OH group on Ch by the addition of a fatty acid chain from 
the 2-nd position of phosphatidylcholine (lecithin) present in the membrane 
of the cells. ApoA promotes the activity of LCAT. Ch-e formed is then 
pushed inside HDL (i.e., hydrophobicity of the Ch-e results in its relocation 
from the surface to the core of the lipoprotein), making the newly 
synthesized HDL spherical. The HDLs, with Ch-e trapped inside, are taken 
up directly by the liver. This process is thought to be antiatherogenic, and 
an elevated HDL-cholesterol level has been shown to confer a decreased 
risk of coronary heart disease on an individual.
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In the liver, the Ch-e are degraded to Ch. The latter is utilized for the 
synthesis of bile acids or excreted into bile.

3. Clinical disorders of lipid metabolism

Lipoprotein disorders are some of the commonest metabolic diseases 
seen in clinical practice. They may present with their various sequelae 
which include: 1). Coronary heart disease (CHD); 2). Acute pancreatitis; 
3). Failure to thrive and weakness; 4). Cataracts.

Inherited disorders of lipoproteins are encountered in some individuals 
resulting in primary hyper- or hypolipoproteinemias. These are due to 
genetic defects in lipoprotein metabolism and transport. The secondary 
acquired lipoprotein disorders are due to some other diseases (e.g.,
diabetes mellitus, nephritic syndrome, atherosclerosis, hypothyroidism,
etc.), resulting in abnormal lipoprotein pattern which often resembles the 
primary inherited condition.

3.1. Classification

Currently there is no satisfactory comprehensive classification of 
lipoprotein disorders. Genetic classifications have been attempted but are 
becoming increasingly complex as different mutations are discovered 
(Table 1).

Table 1. Some genetic causes of dyslipidemia.

Disease Genetic defect Fredrickson Risk

Familial hyper-
cholesterolemia

Reduced numbers of 
functional LDL
receptors

IIa or IIb CHD

Familial hyper-
triglyceridemia

Possibly single gene 
defect

IV or V

Familial combined 
hyperlipidemia

Possibly single gene 
defect

IIa, IIb, 
IV or V

CHD

Lipoprotein lipase 
deficiency

Reduced levels of 
functional LPL

I Pancreatitis

Apo-C-II
deficiency

Inability to synthesize
apo C-II (cofactor for 
lipoprotein lipase)

I Pancreatitis

Abetalipopro-
teinemia

Inability to synthesize
apo B Normal

Fat soluble vitamin 
deficiencies, neurological
deficit

Analphalipopro-
teinemia

Inability to synthesize
apo A Normal

Neurological deficit. 
Cholesteryl ester storage in 
abnormal sites  
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3.1.1. Primary hyperlipoproteinemia

Elevation in one or more of the lipoprotein fractions constitutes
hyperlipoproteinemias. Some authors use hyperlipidemias or dyslipidemias 
instead of hyperlipoproteinemias.

The Fredrickson or World Health Organization classification is the most 
widely accepted for the primary hyperlipidemias. It relies on the findings of 
plasma analysis, rather than genetics. As a result, patients with the same 
genetic defect may fall into different groups, or may change grouping as 
the disease progresses or is treated (Table 1). The major advantage of this 
classification is that it is widely accepted and gives some guidance for 
treatment.

The six types of hyperlipoproteinemia defined in the Fredrickson 
Classification are not equally common. Types I and V are rare, while types 
IIa, IIb and IV are very common. Type III hyperlipoproteinemia, also 
known as familial dysbetalipoproteinemia, is intermediate in frequency, 
occurring in about 1/5.000 of the population (Table 2).

Table 2. Fredrickson (WHO) classification of dyslipidemia. (This is based on the 
appearance of a fasting plasma sample after standing for 12 hours at 4' C and analysis 
of its cholesterol and triglyceride content).

Phenotype
Increased plasma

lipoprotein(s)
Cholesterol Triacylglycerols

LDL-
Ch

HDL-
Ch

I Chylomicrons N ()  N or  N or 
IIa LDL  N  N or 

IIb
LDL

VLDL    N or 

III IDL   N or  N or 
IV VLDL N or   N N or 

V
VLDL 

Chylomicrons N or   N N or 

3.1.2. Secondary hyperlipoproteinemia

Secondary hyperlipoproteinemia is a well-recognized feature of a 
number of diseases (Table 2), which divide broadly into two categories: 

1. Clinically obvious diseases such as renal failure, nephrotic syndrome 
and cirrhosis of the liver. 

2. Covert conditions which may present as hyperlipidemia. These 
include hypothyroidism, diabetes mellitus and alcohol abuse.
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Table 2. Common causes of secondary hyperlipidemia.

Disease
Usual dominant lipid 

abnormality
Diabetes mellitus Increased triglyceride

Alcohol excess Increased triglyceride
Chronic renal failure Increased triglyceride
Drugs, e.g., thiazide 
diuretics 
nonselective β-blockers 

Increased triglyceride

Hypothyroidism Increased cholesterol
Nephrotic syndrome Increased cholesterol

3.2. Atherogenic profiles

The casual association of certain forms of hyperlipidemia and CHD is 
clearly the major stimulus for the measurement of plasma lipids and 
lipoproteins in clinical practice. The most common lipid disorder linked 
with atherogenesis and an increased risk of CHD is an elevated plasma 
LDL cholesterol level, but increasingly it is being recognized that 
individuals with low plasma HDL cholesterol and hypertriglyceridemia 
are also at increased risk. The factors affecting LDL and HDL levels are 
shown in Tables 3 and 4.

Table 3. The factors affecting LDL level.

Increased LDL Decreased LDL

Aging Newborns
Dietary intake of saturated fatty 
acids

Dietary intake of polyunsaturated fatty 
acids

High cholesterol fat diet Low cholesterol fat diet
Low fiber diet High fiber diet
Alcohol abuse Moderate alcohol consumption
Pregnancy Labor
Obesity Weight loss
Diabetes mellitus
Hypothyroidism
Cushing's syndrome
Uremia
Nephrosis
Familial hyperlipidemias

Effective treatment
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Table 4. The factors affecting HDL level.

Increased HDL Decreased HDL

Consumption of protein (fish)
Consumption of unsaturated fatty acids 
(vegetable and fish oils)

Vegetarianism, carbohydrate diet

Moderate alcohol intake No alcohol intake
Strenuous physical exercise No strenuous physical exercise
Reduction in body weight Obesity
Estrogens Progestins, androgens
Hypothyroidism Effective treatment

Diabetes mellitusEffective treatment
Smoking

4. The management of hyperlipidemia

The management of hyperlipidemia is an important aspect of coronary 
heart disease risk factor correction. Modifying hyperlipidemia together 
with the other non-lipid risk factors has been repeatedly shown to reduce 
the risk of developing CHD and to delay or even reverse the progression of 
established CHD. Risk factors for CHD fall into two groups (Tables 5 and 
6).

Table 5. Risk factors for atherosclerosis and coronary heart disease.

Traditional risk factors Novel risk factors
Increasing age
Family history of hypertension
Smoking tobacco
Total cholesterol, high plasma level
LDL cholesterol, high serum level
HDL cholesterol, low serum level
Family history of premature CHD
Triacylglycerol, high serum level

Antioxidants, low intake
Fibrinogen, high serum level
Homocysteine, high plasma level
Dimethylarginine, high plasma level
Lipoprotein (a), high serum level
Physical inactivity
Trans fatty acids, high intake

Table 6. Risk factors for atherosclerosis and coronary heart disease.

Smoking Regardless of the cigarettes number
Abdominal obesity Waist circumference: men > 102 cm,

                               women > 88 cm
Overweight Body mass index (BMI) = weight (in 

kilograms) / height (in meters2) = 30 and >
Arterial hypertension > 140/90 mmHg



Lecture 22

226

Antihypertensive drugs
Arterial hypertension oscillation for young

Hypodynamia Less than 10 hours per week of physical 
activity during leisure time

Diabetes mellitus Fasting glucose > 6,5 mmol/l (125 mg/dl)
Age Men > 45 years old

Women > 55 years old or with premature 
menopause without estrogen replacement

Early onset of coronary 
heart disease in the 
immediate family

Myocardial infarction 
Men < 55 years old, 
Women < 65 years old

Hypercholesterolemia Total cholesterol > 5 mmol/l (150 mg/dl)
LDL-Ch ≥ 3,0 mmol/l (115 mg/dl)

Hypertriacylglycerolemia, 
low HDL-Ch 

TG ≥ 1,7 mmol/l (150 mg/dl)
HDL-Ch < 1 mmol/l (40 mg/dl)

5. Dietary management

The first-line management of any primary hyperlipidemia should always 
be dietary modification. This may be time-consuming and difficult but its 
importance should not be underestimated. Dietary management as a sole 
therapy should be pursued for 3-6 months before its effect is evaluated. 
This diagram illustrates the standard lipid-lowering dietary guidelines, 
which are currently recommended, but these obviously require some 
translation for patient use.

In essence, it is recommended that red meat and dairy consumption be 
reduced while that of vegetables, fruit and pulses is increased together with 
more fish (especially oily fish such as mackerel, salmon and tuna). In 
addition to modifying the composition of the diet, weight reduction to 
achieve ideal body weight coupled with exercise are important as these will 
frequently improve glucose tolerance and lower; blood pressure in addition 
to their effects on plasma lipids.

6. Drug therapy

Drug therapy for hyperlipidemia, if required, should be viewed as an 
adjunct to dietary management and other lifestyle changes. There is 
currently a range of lipid-lowering drugs available with a variety of actions 
(Table 7). The commonest drugs for the treatment of primary 
hypercholesterolemia are the bile acid sequestrant resins and the HMGCoA
reductase inhibitors (the 'statins'). The commonest drugs for the treatment 
of primary hypertriglyceridemia or combined hyperlipidemia are the 
fibrates or nicotinic acid and its derivatives. 
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Table 7. Lipid-lowering drugs.

Drug group Principal actions

Bile acid 
sequestrant resins

Block bile acid reabsorption and lower total and LDL 
cholesterol

HMG CoA 
reductase inhibitors    

Inhibit cholesterol biosynthesis and lower total and LDL 
cholesterol

Fibrates Activate lipoprotein lipase and lower triglyceride, total and 
LDL cholesterol

Nicotinic acid and 
derivatives

May increase HDL cholesterol. Inhibit lipolysis within 
adipocytes and lower triglycerides. Increase HDL cholesterol

7. Atherosclerosis

Atherosclerosis (Greek: ″athere″  mush) is a complex disease
characterized by thickening or hardening of arteries due to the 
accumulation of lipids in the inner arterial wall. It is a disease in which 
plaque builds up on the insides of arteries.

Plaque is made up of fat, cholesterol, calcium, free and esterified 
collagen, fibrous tissue, proteoglycans and other substances found in the 
blood. Over time, plaque hardens and narrows arteries. The flow of 
oxygen-rich blood to organs and other parts of body is reduced.

Infarction is the term used to indicate the stoppage of blood flow 
resulting in the death of affected tissue. If the coronary arteries become 
narrow, blood flow to the heart can slow down or stop, causing chest pain 
(stable angina), shortness of breath, heart attack, and other symptoms are 
the most commonly affected leading to myocardial infarction or heart 
attacks. Pieces of plaque can break apart and move through the 
bloodstream. This is a common cause of heart attack (atherosclerosis that 
affects the arteries supplying blood to the heart  coronary artery disease) 
and stroke (due to atherosclerosis that affects arteries to the brain).

7.1. The development of atherosclerosis by various mechanisms

These mechanisms include:
1. physical stresses from turbulent blood flow (particularly in people who 

have high blood pressure).
2. inflammatory stresses involving the immune system, certain infections, 

or chemical abnormalities in the bloodstream (high cholesterol, 
diabetes). The infections may be due to bacteria (Chlamydia
pneumoniae or Helicobacter pylori) or to viruses (cytomegalovirus and 
others).
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23 Lecture 23

METABOLISM OF PROTEINS AND 
AMINO ACIDS. NITROGEN BALANCE. DIGESTION OF 

PROTEINS. ABSORPTION OF AMINO ACIDS

Proteins are the most abundant organic molecules of the living system. 
They occur in every part of the cell and constitute about 50% of the cellular 
dry weight. Proteins form the fundamental basis of structure and function 
of life.

Functions of proteins:
1. Proteins are the fundamental basis of cell structure and its function.
2. All the enzymes, several hormones, immunoglobulins, transport 

carriers, etc., are proteins.
3. Proteins are involved in the maintenance of osmotic pressure, clotting 

of blood, muscle contraction, etc.
4. During starvation, proteins (amino acids) serve as the major suppliers 

of energy. It may be noted that the structural proteins themselves serve as 
'storage proteins' to meet the emergency energy needs of the body. This is 
in contrast to lipids and carbohydrates which have the respective storage 
forms triacylglycerols (in adipose tissue) and glycogen (in liver and
muscle).

1. Nitrogen balance

Dietary protein is almost an exclusive source of nitrogen to the body. 
Therefore, the term nitrogen balance truly represents the protein (16% of 
which is nitrogen) utilization and its loss from the body.

Nitrogen balance is determined by comparing the intake of nitrogen 
(chiefly by proteins) and the excretion of nitrogen (mostly undigested 
protein in feces; urea and ammonia in urine). A normal healthy adult is in 
nitrogen equilibrium since the daily dietary intake (I) is equal to the loss 
through urine (U), feces (F) and sweat (S).

I = U + F + S
Thus, an individual is said to be in a nitrogen balance if the intake and 

output of nitrogen are the same. There are two other situations – a positive 
and a negative nitrogen balance.

Positive nitrogen balance is a state in which the nitrogen intake is 
higher than the output. Some amount of nitrogen is retained in the body 
causing a net increase in the body protein. Positive nitrogen balance is 
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observed in growing children, pregnant women or during recovery after 
serious illness.

Negative nitrogen balance is a situation in which the nitrogen output is 
higher than the input. The result is that some amount of nitrogen is lost 
from the body depleting the body protein. Prolonged negative nitrogen 
balance may even lead to death. This is sometimes observed in children 
suffering from kwashiorkor or marasmus. Negative nitrogen balance may 
occur due to inadequate dietary intake of protein (deficiency of even a 
single essential amino acid) or destruction of tissues or serious illness. In 
all these cases, the body adapts itself and increases the breakdown of tissue 
proteins causing loss of nitrogen from the body.

Other factors influencing nitrogen balance: growth hormone and insulin 
promote positive nitrogen balance while corticosteroids result in negative 
nitrogen balance; cancer and uncontrolled diabetes cause negative nitrogen 
balance.

2. Nutritional importance of proteins

The nutritional importance of proteins is based on the content of 
essential amino acids. There are ten essential amino acids – arginine, 
valine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine,
tryptophan and threonine. Of these two – namely arginine and histidine –
are semi-essential. Cysteine and tyrosine can, respectively, spare the
requirement of methionine and phenylalanine.

3. Mutual supplementation of proteins

The animal proteins are superior in their nutritive value compared to the 
proteins of vegetable origin. Further, some of the essential amino acids are 
limiting in certain foods. For example, rice and wheat proteins are limiting 
in lysine and threonine while the protein of Bengal gram is limited in 
sulfur-containing amino acids (methionine and cysteine).

It is fortunate that humans have the habit of consuming a mixed diet, 
with different foods, simultaneously. This helps to overcome the deficiency 
of certain essential amino acids in one food by being supplemented from 
the others. This phenomenon is referred to as mutual supplementation. 

The nutritive value of protein of a particular food can be enhanced by 
appropriate combination with other foods. Due to the consumption of 
mixed diets, dietary deficiency of essential amino acids is most uncommon.
Further, the principle of mixed diet takes care to supply adequate quantities 
of essential amino acids to the people subsisting on pure vegetarian diets. It 
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has to be remembered that the effect of mutual supplementation in proteins 
is best observed with the same meal (or at least on the same day).

4. Requirement of proteins

The requirement of protein is dependent on its nutritive value, caloric 
intake and physiological states (growth, pregnancy, lactation) of the 
individual. For an adult, 0.8-1.0 g protein/kg body weight/day is adequate. 
The requirement should be nearly double for growing children, pregnant 
and lactating women.

5. Digestion of proteins

The proteins subjected to digestion and absorption are obtained from 
two sources dietary and endogenous.

The intake of dietary protein is in the range of 50-100 g/day. About 30-
100 g/day of endogenous protein is derived form the digestive enzymes and 
worn out cells of the digestive tract. The digestion and absorption of 
proteins is very efficient in healthy humans, hence very little protein (about 
5-10 g/day) is lost through feces. Dietary proteins are denatured on cooking 
and therefore, easily digested.

Proteins are degraded by a class of enzymes namely hydrolases which 
specifically cleave the peptide bonds, hence known as peptidases.

They are divided into two groups:
1. Endopeptidases (proteases) which hydrolyze internal peptide bonds 

within the main polypeptide structure and release peptide fragments, e.g.,
pepsin, trypsin.

2. Exopeptidases which act on the peptide bonds of terminal amino 
acids. Exopeptidases are subdivided into carboxypeptidases (act on C-
terminal amino acid) and aminopeptidases (act on N-terminal amino acid).

The proteolytic enzymes responsible for the digestion of proteins are 
produced by the stomach, the pancreas and the small intestine. Proteins are 
not digested in the mouth due to the absence of proteases in saliva.

The digestion of protein begins in the stomach. The gastric secretion is 
known as gastric juice. It is a clear, pale yellow fluid of 0.2-0.5% HCl, 
with a pH of about 1.0. The gastric juice is 97-99% water. The remainder 
consists of mucin and inorganic salts, the digestive enzymes (pepsin and
rennin).

The parietal (oxyntic) cells of gastric gland are the source of gastric 
hydrochloric acid HCl. As a result of contact with gastric HCl, proteins are 
denatured; i.e., the tertiary protein structure is lost as a result of the 
destruction of hydrogen bonds. This allows the polypeptide chain to unfold, 
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making it more accessible to the actions of proteolytic enzymes 
(proteases). The low pH also has the effect of destroying most 
microorganisms entering the gastrointestinal tract. 

Pepsin (Greek: ″pepsis″ – digestion) is produced in the chief cells as the 
inactive zymogen, pepsinogen. This is activated to pepsin by HCl, which 
splits off a protective polypeptide to expose active pepsin and by pepsin, 
which rapidly activates further molecules of pepsinogen (autocatalysis). 
Pepsin transforms denatured protein into proteoses and then peptones, 
which are large polypeptide derivatives. Pepsin is an acid-stable 
endopeptidase optimally active at a very low pH (2.0). It is specific for 
peptide bonds of proteins formed between two aromatic amino acids
(tyrosine, phenylalanine, or tryptophane) or by amino groups of aromatic 
amino acids and dicarboxylic amino acids (glutamate or aspartate). Pepsin 
digestion of proteins results in peptides and a few amino acids which act as 
stimulants for the release of the hormone cholecystokinin from the 
duodenum.

Rennin (chymosin, rennet) is found in the stomach of infants and 
children and causes the coagulation of milk. It is important in the digestive 
processes of infants, because it prevents the rapid passage of milk from the 
stomach. In the presence of calcium, rennin changes casein of milk 
irreversibly to a paracasein, which can be effectively digested by pepsin. 
Rennin is reported to be absent from the stomach of adults. 

The stomach contents, or chyme, are intermittently introduced during 
digestion into the duodenum through the pyloric valve. The alkaline
content of pancreatic and biliary secretions neutralizes the acid of the 
chyme and changes the pH of this material to the alkaline side; this shift of 
pH is necessary for the activity of the enzymes contained in pancreatic and 
intestinal juice but it inhibits further action of pepsin.

Pancreatic secretion is a nonviscid watery fluid that is similar to saliva 
in its content of water and contains some protein and other organic and 
inorganic compounds – mainly Na+, K+, HCO3

-, and Cl-, but Ca2+, Zn2+, 
HPO4

2- and SO4
2- are also present in small amounts. The pH of pancreatic 

secretion is distinctly alkaline, 7.5-8.0 or higher.
The proteolytic action of pancreatic secretion is due to the 3 enzymes

trypsin, chymotrypsin, and elastase, which attack proteins and 
polypeptides released from the stomach, to produce polypeptides, 
peptides, or both. Trypsin, chymotrypsin and elastase are endopeptidases
active at neutral pH. Gastric HCl is neutralized by pancreatic NaHCO3 in 
the intestine and this creates favourable pH for the action of proteases.

The amino acid serine is essential at the active site of proteases to bring 
about the catalysis of all the three pancreatic proteases, hence these 
enzymes are referred to as serine proteases.
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The proteases of pancreatic juice are secreted as zymogens 
(proenzymes) and then converted to active forms. These processes are 
initiated by the release of two polypeptide hormones, namely 
cholecystokinin and secretin from the intestine. 

Activation of trypsinogen is due to another proteolytic enzyme, 
enterokinase, secreted by the intestinal (mostly duodenal) mucosal 
epithelial cells. This hydrolyzes peptide bond in the trypsinogen, releasing 
a small hexapeptide that allows the molecule to unfold as active trypsin. 
Once trypsin is formed, it will attack not only additional molecules of 
trypsinogen but also the other zymogens in the pancreatic secretion, 
chymotrypsinogen, proelastase, and procarboxypeptidase, liberating 
chymotrypsin, elastase, and carboxypeptidase, respectively. 

Trypsin is specific for peptide bonds of proteins, the carboxylic group
of which is contributed by basic amino acids (arginine or lysine), and 
chymotrypsin is specific for peptide bonds formed by carboxylic groups of 
aromatic amino acids. Elastase, in spite of its name, has rather broad 
specificity in attacking bonds next to small amino acid residues such as 
glycine, alanine, and serine. 

The pancreatic carboxypeptidases (A and B) are metalloenzymes that 
are dependent on Zn2+ for their catalytic activity; hence they are sometimes 
called Zn-proteases. They also possess certain degree of substrate 
specificity in their action. Carboxypeptidases A and B are exopeptidases:
carboxypeptidase A acts on peptide bonds of -COOH terminal aromatic and 
other amino acids, except basic amino acids and proline; carboxypeptidase
B acts on peptide bonds of -COOH terminal amino acid, the amino group 
of which is contributed by arginine or lysine. 

The combined action of pancreatic proteases results in the formation of 
free amino acids and small peptides (2-8 amino acids).

The intestinal juice secreted by the glands of Brunner and of 
Lieberkiihn contains digestive enzymes, including the following: 
aminopeptidase, which is a non-specific exopeptidase attacking peptide 
bonds next to N-terminal amino acids of polypeptides and oligopeptides
one by one to produce free amino acids and smaller peptides; and 
dipeptidases of various specificity, some of which may be within the 
intestinal epithelium. The latter complete digestion of dipeptides to free 
amino acids.

6. Absorption of amino acids 

Under normal circumstances, the dietary proteins are almost completely 
digested to their constituent amino acids, and these end products of protein 
digestion are then rapidly absorbed from the intestine into the portal blood. 
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The free amino acids, dipeptides and to some extent tripeptides are 
absorbed by intestinal epithelial cells. The di- and tripeptides, after being 
absorbed are hydrolyzed into free amino acids in the cytosol of epithelial 
cells. The activities of dipeptidases are high in these cells. Therefore, after 
a protein meal, only the free amino acids are found in the portal vein.

The small intestine possesses an efficient system to absorb free amino 
acids. The natural L-amino acids but not the D-amino acids are actively 
transported across the intestine from the mucosa to the serosa; vitamin B6

(pyridoxal phosphate) may be involved in this transfer. This active 
transport of the L-amino acids is energy-dependent (against a concentration 
gradient), in contrast to D-amino acids which takes place by a simple 
diffusion.

Amino acids are primarily absorbed by a similar mechanism, as 
described for the transport of glucose. It is basically a Na+-dependent
active process linked with the transport of Na+. As the Na+ diffuses along 
the concentration gradient, the amino acid also enters the intestinal cell. 
Both Na+ and amino acids share a common carrier and are transported 
together. The energy is supplied indirectly by ATP.

Of the Na+-dependent carriers, there is a neutral amino acid carrier, a 
phenylalanine and methionine carrier, and a carrier specific for amino acids 
such as proline and hydroxyproline. Na+-independent carriers specializing 
in the transport of neutral and lipophilic amino acids (e.g., phenylalanine 
and leucine) or of cationic amino acids (e.g., lysine) have been 
characterized.

Another transport system to explain the mechanism of amino acid 
transfer across membrane in the intestine and kidney has been put forth. 
This is known as γ-glutamyl cycle or Meister cycle (Fig.1) and involves a 
tripeptide namely glutathione (γ-glutamylcysteinylglycine). Three ATP are 
utilized for the transport of a single amino acid by this cycle. For this 
season, Meister cycle is not a common transport system for amino acid. 
However, this cycle is operative for rapid transport of cysteine and 
glutamine. The γ-glutamyl cycle appears to be important for the 
metabolism of glutathione, since this tripeptide undergoes rapid turnover in 
the cells. There may be more physiological significance of γ-glutamyl 
cycle.

For a short period, immediately after birth, the small intestine of infants 
can absorb intact proteins and polypeptides. The uptake of proteins occurs 
by a process known as endocytosis or pinocytosis. The macromolecules 
are ingested by formation of small vesicles of plasma membrane followed 
by their internalization. The direct absorption of intact proteins is very 
important for the transfer of maternal immunoglobulins (γ-globulins) to the 
offspring. The intact proteins and polypeptides are not absorbed by the 
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adult intestine. However, the macromolecular absorption in certain 
individuals appears to be responsible for antibody formation that often 
causes food allergy.

Fig. 1. γ-Glutamyl cycle.

7. Biosynthesis of amino acids

Plants and microorganisms can synthesize all of the 20 standard amino 
acids. Mammals, however, cannot synthesize all 20 and must obtain some 
of them in their diet. Those amino acids that are supplied in the diet are 
referred to as essential (see above), whereas the remainders that can be 
synthesized by the organism are termed nonessential. This designation 
refers to the needs of an organism under a particular set of conditions. In 
humans the nonessential amino acids are Ala, Asn, Asp, Cys, Glu, Gln, 
Gly, Pro, Ser and Tyr. 

The pathways for the biosynthesis of amino acids are diverse and often 
vary from one organism to another. However, they all have an important 
feature in common: their carbon skeletons come from key intermediates in 
central metabolic pathways. The amino acids can be grouped together into 
six biosynthetic pathways depending on the intermediate from which they 
are derived (Fig.2). The primary amino group usually comes from 
transamination of glutamate.

(Abdul-Rasheed OF/ OMJ, 25(4), 2010)
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Fig. 2. Biosynthetic families of amino acids.

8. Amino acid degradation

As there is no store for excess amino acids, and as proteins are 
constantly being turned over, amino acids have to be continually degraded. 
The α-amino group is removed first and the resulting carbon skeleton is 
converted into one or more major metabolic intermediates and used as 
metabolic fuel. 
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The carbon skeletons of the 20 standard amino acids are funneled into 
only seven molecules: pyruvate, acetylCoA, acetoacetylCoA, 
α-ketoglutarate, succinylCoA, fumarate and oxaloacetate (Fig.3).

Fig. 3. Fates of the amino acid carbon skeletons.

Amino acids that are degraded to pyruvate, α-ketoglutarate, 
succinylCoA, fumarate and oxaloacetate are termed glucogenic as they can 
give rise to the net synthesis of glucose. This is because the citric acid cycle 
intermediates and pyruvate can be converted into phosphoenolpyruvate and 
then into glucose via gluconeogenesis. 

In contrast, amino acids that are degraded to acetylCoA or 
acetoacetylCoA are termed ketogenic because they give rise to ketone 
bodies. AcetylCoA or acetoacetylCoA can also be used to synthesize lipids. 
Of the standard set of 20 amino acids, only Leu and Lys are solely 
ketogenic. Ile, Phe, Trp and Tyr are both ketogenic and glucogenic as some 
of their carbon atoms end up in acetylCoA or acetoacetylCoA, whereas 
others end up in precursors of glucose. The remaining 14 amino acids are 
classified as solely glucogenic.
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Lecture 24

TRANSAMINATION AND DEAMINATION OF 
AMINO ACIDS

1. Transamination

Prior to the metabolism of amino acid carbon skeletons into a major 
metabolic intermediate, the α-amino group of the amino acid has first to be 
removed by a process known as transamination. 

Transamination is the transfer of α-amino group from amino acid to 
the α-keto group of keto acid (pyruvate, oxaloacetate, α-ketoglutarate) to 
form corresponding amino acid and α-keto acid.

The enzymes that catalyze these reactions are called transaminases (or
aminotransferases) and in mammals are found predominantly in the liver.
The coenzyme of all transaminases is pyridoxal phosphate, which is 
derived from pyridoxine (vitamin B6), and which is transiently converted 
into pyridoxamine phosphate during transamination.

N

CH2OH

CH2OHHO

H3C
N

C

CH2OPO3H2HO

H3C

OH

N

CH2NH2

CH2OPO3H2HO

H3C

      Pyridoxine              Pyridoxal phosphate               Pyridoxamine phosphate

In the absence of substrate, the aldehyde group of pyridoxal phosphate 
forms a covalent Schiff base linkage (imine bond) with the amino group in 
the side-chain of a specific lysine residue in the active site of the enzyme. 
On addition of substrate, the α-amino group of the incoming amino acid 
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displaces the amino group of the active site lysine and a new Schiff base 
linkage is formed with the amino acid substrate. The resulting amino acid-
pyridoxal phosphate-Schiff base that is formed remains tightly bound to the 
enzyme by multiple noncovalent interactions.

1.1. Mechanism of transamination

Transamination occurs in two stages:
1. Transfer of the amino group from amino acid to the coenzyme 

pyridoxal phosphate to form pyridoxamine phosphate and α-keto acid.
2. The amino group of pyridoxamine phosphate is then transferred to 

α-keto acid to produce a new amino acid and the enzyme with pyridoxal 
phosphate is regenerated.
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COOH

N CHPP PP
- Н2О
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Role of the transamination:
1. Synthesis of the nonessential amino acids.
2. Transamination is the first stage of the indirect deamination of amino 

acids.
3. Transamination unifies the catabolic pathways of carbohydrates, 

lipids and proteins.

Pyridoxal phosphate is not just used as the coenzyme in transamination 
reactions, but is also the coenzyme for several other reactions involving 
amino acids including decarboxylations, deaminations, racemizations and 
aldol cleavages.

The reactions catalyzed by transaminases are anergonic as they do not 
require an input of metabolic energy. They are also freely reversible, the 
direction of the reaction being determined by the relative concentrations of 
the amino acid – keto acid pairs. All amino acids except Lys, Thr, Pro 
participate in transamination.

1.2. Diagnostic importance of transaminases

Alanine transaminase (ALT) is elevated in acute hepatitis of viral or 
toxic origin, jaundice and cirrhosis of liver (normal 3-40 IU/l). Aspartate 
transaminase (AST) activity in serum is increased in myocardial infarction 
and also in liver diseases (normal 4-45 IU/l). It may be noted that ALT is 
more specific for the diagnosis of liver diseases while AST is for heart 
diseases. This is mainly because of their cellular distribution – ALT is a
cytosomal enzyme while AST is found in cytosol and mitochondria. 

1.3. Indirect deamination of amino acids

Deamination of the most amino acids proceeds indirectly. The amino 
acids undergo transamination to finally concentrate nitrogen in glutamate. 
Glutamate is the only amino acid that undergoes oxidative deamination to a
significant extent to liberate free NH3 for urea synthesis.

Thus, glutamate serves as a collection centre for amino groups from 
amino acids.

                     + α-Ketoglutarate
Amino acid + Pyruvate → -Keto acid + Ala                     Pyruvate + Glu

+ α-Ketoglutarate
Amino acid + Oxaloacetate → -Keto acid + Asp         Oxaloacetate + Glu

Amino acid + α-Ketoglutarate → -Keto acid + Glu
Glutamate

                                        dehydrogenase
Glu                            α-Ketoglutarate + NH3
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2. Oxidative deamination of amino acids

Oxidative deamination is the removal of amino group from the amino 
acids as ammonia (NH3) coupled with oxidation.

This takes place mostly in liver and kidney. The purpose of oxidative
deamination is to provide NH3 for urea synthesis and α-keto acids for a 
variety of reactions, including energy generation.

In the process of transamination, the amino groups of most amino acids 
are transferred to α-ketoglutarate to produce glutamate. Glutamate rapidly
undergoes oxidative deamination, catalyzed by glutamate dehydrogenase
to liberate NH3.

COOH

CH2

CH2

CH NH2

COOH

COOH

CH2

CH2

C

COOH

O

aminotransferase

Glutamate α-Ketoglutarate

Glutamate dehydrogenase catalyzed reaction is important as it 
reversibly links up glutamate metabolism with citric acid cycle through 
α-ketoglutarate.

Enzyme glutamate dehydrogenase is unique in that it can utilize either 
NAD+ or NADP+ as a coenzyme. In the biosynthesis of glutamate, the 
NADP+ form of the coenzyme is used, whereas NAD+ is used in its 
degradation.

Glutamate dehydrogenase is a zinc-containing mitochondrial enzyme, 
consisting of six identical subunits. This enzyme is controlled by allosteric 
regulation. GTP and ATP inhibit whereas GDP and ADP activate 
glutamate dehydrogenase. Hence, when the energy charge of the cell is low 
(i.e., there is more ADP and GDP than their triphosphate forms) glutamate 
dehydrogenase is activated and the oxidation of amino acids increases. The 
resulting carbon skeletons are then utilized as metabolic fuel, feeding into 
the citric acid cycle and ultimately giving rise to energy through oxidative 
phosphorylation. Steroid and thyroid hormones inhibit glutamate 
dehydrogenase.

The major route for the deamination of amino acids is transamination 
followed by the oxidative deamination of glutamate. However, a minor 
route also exists that involves direct deamination of the amino acids by 
L-amino acid oxidase and D-amino acid oxidase. These enzymes are 
flavoproteins, possessing FMN and FAD, respectively. They act on the 

Glutamate 
dehydrogenase

NAD+

+ NH3+  H2O

NADH
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corresponding amino acids (L and D) to produce α-keto acids and NH3. 
Enzymes utilize FMN and FAD as coenzymes, with the resulting FMNH2

and FADH2 being reoxidized by molecular O2, a process that also generates 
the toxic H2O2. H2O2 is later decomposed by catalase.

R

HC NH2

COOH

R

C NH

COOH

R

C O

COOH

Amino acid                   Imino acid                 α-Keto acid 

The activity of L-amino acid oxidase is much low (10%) while that of 
D-amino acid oxidase is high in tissues (mostly liver and kidney). L-amino 
acid oxidase is located in peroxisomes whereas D-amino acid oxidase – in 
microsomes.

L-amino acid oxidase does not act on glycine and dicarboxylic acids.
This enzyme, due to its very low activity, does not appear to play any 
significant role in the amino acid metabolism.

D-amino acids are found in plants and microorganisms. They are,
however, not present in the mammalian proteins. But D-amino acids are 
regularly taken in the diet and metabolized by the body. They are converted 
by D-amino acid oxidase to the respective α-keto acids. The α-keto acids so 
produced undergo transamination to be converted to L-amino acids which 
participate in various metabolisms. Thus, D-amino acid oxidase is 
important as it initiates the first step for the conversion of unnatural 
D-amino acids to L-amino acids in the body. The keto acids formed from       
D-amino acids may also be oxidized to generate energy or serve as 
precursors for glucose and lipid synthesis. 

FMN (FAD)

FMN (FAD)Н2

FMN (FAD) + Н2О2

+ О2

+ Н2О + NН3
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25 Lecture 25

AMMONIA DETOXIFICATION

Ammonia (NH3) is constantly being liberated in the metabolism of 
amino acids (mostly) and other nitrogenous compounds. At the 
physiological pH, ammonia exists as ammonium (NH4

+).

Sources of ammonia

Ammonia derived from:
1. Deamination of the amino acids by amino acid oxidases.
2. Deamination of the glutamate by glutamate dehydrogenase.
3. Deamination of the biogenic amines by amino oxidases.
4. Deamination of the purines and pyrimidines.
5. The action of the intestinal bacteria (urease) on urea.

Ammonia, derived mainly from deamination of the α-amino nitrogen of 
amino acids, is toxic to all animals. Human tissues therefore initially 
detoxify ammonia by converting it to glutamine for transport to the liver. 
Deamination of glutamine in the liver releases ammonia, which then is 
efficiently converted to the nontoxic, nitrogen-rich compound urea. 
Efficient biosynthesis of urea is essential for health. 

Where liver function is seriously compromised, e.g., in individuals with
massive cirrhosis or severe hepatitis, ammonia accumulates in the blood 
and generates clinical signs and symptoms. Rare but injurious metabolic 
disorders of all five urea cycle enzymes have been reported. Appropriate 
management of those few infants born with a deficiency in the activity of 
an enzyme of the urea cycle requires an understanding of the biochemistry 
of urea synthesis. Future advances in gene therapy offer promise for 
treating these metabolic diseases.

Ammonia produced is absorbed into the portal venous blood, which thus 
contains higher levels of ammonia than does systemic blood. Since a 
healthy liver promptly removes this ammonia from the portal blood, 
peripheral blood is virtually ammonia-free. This is essential, since even 
traces of ammonia are toxic to the central nervous system. Should portal 
blood bypass the liver, ammonia in the systemic blood may rise to toxic 
levels. This follows severely impaired hepatic function or development of 
collateral communications between the portal and systemic veins, as may 
occur in cirrhosis. Symptoms of ammonia intoxication include tremor, 
slurred speech, blurred vision, and in severe cases, coma and death. These 
symptoms resemble those of hepatic coma, which occurs when blood and 
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brain ammonia levels are elevated. Treatment stresses measures designed 
to reduce blood ammonia levels.

Detoxification of ammonia is divided into two types:
1.  Local detoxification  ammonia is converted into a nontoxic 

compounds (glutamine, alanine) before export from extrahepatic tissues 
into the blood and thence to the liver or kidneys.

2. General detoxification  ammonia is converted to urea via the urea 
cycle in the liver and to ammonium salts in the kidneys.

1. Local detoxification of ammonia

Ways of ammonia local detoxification:

1). Formation of ammonia transport forms in the tissues

1. Glutamine is important for ammonia transport from the tissues.
While NH3 is constantly produced in the tissues, it is rapidly removed 

from the circulation by the liver and converted to glutamate, glutamine, and 
ultimately to urea. NH3 thus normally is present only in traces in peripheral 
blood (10-20 μg/dl). 

Tissues such as brain, muscle, retina, kidneys or liver detoxify NH3

formed by combination with glutamate to yield glutamine. Glutamine 
serves as a storage and transport form of NH3 from the tissues to the liver.
It is present at the highest concentration (8 mg/dl in adults) in blood among 
the amino acids. Glutamine is freely diffusible in tissues, hence easily 
transported.

Glutamine synthetase is responsible for the synthesis of glutamine from 
glutamate and NH3. This is a mitochondrial enzyme present in high 
quantities in renal tissue. Synthesis of the amide bond of glutamine is 
accomplished at the expense of hydrolysis of one equivalent of ATP to 
ADP and Pi. The reaction is thus strongly favored in the direction of 
glutamine synthesis and requires also Mg2+ ions.

COOH

CH2

CH2

CH NH2

COOH

C

CH2

CH2

CH NH2

COOH

O

NH2

Glutamate Glutamine

Glutamine 
synthetase

+ NH3 + ATP

- ADP - Pi
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Although brain tissue can form urea, this tissue does not appear to play 
a significant role in NH3 removal. In brain tissue, the major mechanism for 
detoxification of NH3 is glutamine formation. However, if blood NH3

levels are elevated, the supply of blood glutamate available to the brain is 
inadequate for formation of glutamine. The brain therefore also must 
synthesize glutamate from α-ketoglutarate via the glutamate dehydrogenase 
reaction. 

                  α-Ketoglutarate                                      Glutamate

This would rapidly deplete citric acid cycle intermediates unless they 
were replaced by CO2 fixation, converting pyruvate to oxaloacetate. 
Fixation of CO2 into amino acids indeed occurs in brain tissue. After 
infusion of NH3, citric acid cycle intermediates are diverted to the synthesis 
of α-ketoglutarate and subsequently of glutamine.

2. Alanine is important for ammonia transport from the muscle to 
liver by glucose-alanine cycle.

Vigorously contracting skeletal muscles operate anaerobically and 
produce not only NH3 from protein degradation but also large amounts of 
pyruvate from glucose by glycolysis. Both these products must find their 
way to the liver  ammonia for its conversion into urea for excretion and 
pyruvate for its incorporation into glucose and subsequent return to the 
muscles. 

In muscle NH3 is collected in glutamate by reductive amination of 
α-ketoglutarate (Fig.1). Glutamate transfers its α-amino group to pyruvate, 
a readily-available product of muscle glycolysis, by the action of alanine 
transaminase (ALT). Alanine synthesized passes into the bloodstream and 
is carried to the liver. During a reversal of this alanine transaminase
reaction, alanine transfers its amino group to α-ketoglutarate, forming
glutamate and pyruvate. Transamination with oxaloacetate by aspartate 
transaminase (AST) moves amino groups from glutamate to aspartate, 
another nitrogen donor in urea synthesis. Pyruvate formed is the starting 
material for gluconeogenesis.

2). Detoxification of ammonia in tissues by amidation of glutamyl 
and aspartyl residues in proteins.

COOH
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CH2

C

COOH

C
O

COOH

CH2

CH2

CH NH2
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NADPH

- NADP+
+ H2O
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NH3 + -KG

NADPН+Н+
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+
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MUSCLE

GLU

Glutamate 
dehydrogenase

PYRUVATE

OXALOACETATE

Fig. 1. Glucose-alanine cycle.

2. General detoxification of ammonia

2.1. Formation of urea 

Deamination of glutamine, coming from tissues, in the liver releases 
ammonia. This reaction, catalyzed by glutaminase, strongly favors 
glutamate formation. NH3 is then converted to the urea.

Urea is synthesized in the liver by the urea cycle. It is then secreted into 
the bloodstream and taken up by the kidneys for excretion in the urine. 

The urea cycle was the first cyclic metabolic pathway to be discovered 
by Hans Krebs and Kurt Henseleit in 1932, 5 years before Krebs 
discovered the citric acid cycle. The overall reaction of the pathway is:

NH3 + CO2 + H2O + 3ATP + aspartate 
urea + 2ADP + AMP + 2Pi + PPi + fumarate

One of the nitrogen atoms of urea is derived from the ammonia, the 
other is provided by the amino acid aspartate, while the carbon atom 
comes from CO2. Ornithine, a non-proteinogenic amino acid, is the carrier 
of these nitrogen and carbon atoms. 

Before the urea cycle begins NH3 produced in mitochondria is 
condensed with CO2 to form carbamoyl phosphate by an enzyme 
carbamoyl phosphate synthetase. The reaction requires the use of two ATP
molecules, hydrolysis of which makes this reaction essentially irreversible. 
The carbamoyl phosphate then enters the urea cycle.
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Steps of the urea cycle:

1. The next reaction also occurs in the mitochondria and involves the 
transfer of the carbamoyl group from carbamoyl phosphate to ornithine by 
ornithine transcarbamoylase. This reaction forms another non-
proteinogenic amino acid citrulline, which then has to be transported out of 
the mitochondrion into the cytosol for use in the rest of the steps of the 
cycle.

2. The carbonyl group of citrulline is then condensed with the amino 
group of aspartate by the enzyme argininosuccinate synthetase to form 
argininosuccinate. This reaction is driven by the hydrolysis of ATP to AMP 
and PPi, with subsequent hydrolysis of the pyrophosphate. Thus, both of 
the high-energy bonds in ATP are ultimately cleaved.

3. The carbon skeleton of aspartate is then removed from 
argininosuccinate in the form of fumarate by argininosuccinase, leaving the 
nitrogen atom on the other product arginine. 

4. Arginine is hydrolyzed by arginase to form urea and regenerated 
ornithine. The ornithine is then transported back to the mitochondrion to 
begin the urea cycle again by combining with another molecule of 
carbamoyl phosphate.

Urea cycle
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The urea and citric acid cycles are linked

The fumarate formed by argininosuccinase links the urea cycle to the 
citric acid cycle. Fumarate, an intermediate of this latter cycle, enters the 
mitochondria, where the combined activities of fumarase and malate 
dehydrogenase convert it into oxaloacetate. Aspartate, which acts as a 
nitrogen donor in the urea cycle, is formed from oxaloacetate by 
transamination from glutamate; the other product of this transamination is     
α-ketoglutarate, another intermediate of the citric acid cycle. Because the 
reactions of the urea and citric acid cycles are inextricably intertwined, 
together they have been called the "Krebs bicycle" (Fig.2).

Fig. 2. "Krebs bicycle".
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2.2. Synthesis of ammonium salts

Glutamine also serves as a source of ammonia for excretion by the 
kidney. Ammonia derived by renal glutaminase from intracellular renal 
glutamine and from glutamine coming from the tissues is protonated to 
form ammonium (NH4

+). NH4
+ reacts with the anions of the different acids:

phosphoric acid, sulfuric acid, carbonic acid, hydrochloric acid, oxalic acid, 
uric acid, etc.

NН3 + Н+ → NН4
+

NН4
+ +   PO4

3-, SO4
2-, Cl-, CO3

2-

Ammonium salts formed are normally excreted in urine (1-1.2 g/day).
Excretion of the ammonia produced by renal tubular cells into the urine 

facilitates cation conservation and regulation of acid-base balance. 
Ammonium salt production increases in metabolic acidosis and decreases 
in metabolic alkalosis.

3. Hyperammonemia

A block in any of the urea cycle enzymes leads to elevation in plasma 
ammonium concentration, termed hyperammonemia. 

The most common cause of such a block is a genetic defect that 
becomes apparent soon after birth, when the afflicted baby becomes 
lethargic and vomits periodically. If left untreated, hyperammonemia could 
be toxic and cause irreversible brain damage, coma and death.

The reasons for this are not entirely clear but may be because the excess 
ammonia leads to an increase in the acidic amino acids glutamate and 
glutamine, which may directly cause damage to the brain. These reactions 
result via depletion of the citric acid cycle intermediate α-ketoglutarate, 
which may then compromise energy production, especially in the brain.

NH3 NH3

α-Ketoglutarate             Glutamate            Glutamine
Glutamate Glutamine

dehydrogenase synthetase
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26
23

Lecture 26

DECARBOXYLATION OF AMINO ACIDS

Decarboxylation of amino acids is the removal of carboxylic group 
from the amino acids as CO2 to form the biogenic amines.

.

Biogenic amine

The enzymes that catalyze these reactions are called decarboxylases
which are dependent on pyridoxal phosphate. Decarboxylases are found in 
the liver, kidneys and brain.

Examples of reactions:

1. Thryptamine and tyramine synthesis.

CH2

CHH2N COOH

CH2 CH2 NH2

NH NH
CO2

Tryptophan                                            Thryptamine

Tyramine

OH

CH2

CHH2N COO

OH

CH2 CH2 NH2

CO2

Tyrosine

Thryptamine and tyramine have blood pressure elevating property.

2. Serotonin synthesis.

HO

NH NH

CH2

CHH2N COOH

HO CH2 CH2 NH2

CO2

 5-Hydroxytryptophan Serotonin

Tyramine

CH

NH 2

R COOH CH2NH2 + CO 2R
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Serotonin is found in various cells within the central nervous system. It 
has a potent effect on the metabolism in the brain. Primarily, serotonin is a 
stimulator of brain activity (excitation); hence its deficiency causes 
depression. Serotonin is also important in nerve impulse transmission 
(neurotransmitter).

Serotonin is also present in the blood, gastric mucosa, intestine and 
blood platelets. It is a powerful vasoconstrictor and results in smooth 
muscle contraction in bronchioles and arterioles. Serotonin regulates sleep, 
behavioural patterns, blood pressure, mood, body temperature, and pain 
perception, etc. It is necessary for the motility of gastrointestinal tract 
(peristalsis) and also evokes the release of peptide hormones from it. 

3. Histamine synthesis.

N NCH2

CHH2N COOH

NH

CH2 CH2 NH2

NH
CO2

Histidine Histamine

Histamine is formed in the gut and is a mediator of allergic and 
inflammatory reactions, a neurotransmitter in several areas of the brain, and 
also may be related to traumatic shock. Besides histamine is vasodilator 
and lowers blood pressure. It causes also bronchoconstriction and in the
stomach stimulates the secretion of HCl and pepsin.

4. γ-Aminobutyric acid (GABA) synthesis.

COOH

CH2

CH2

CHH2N COOH

COOH

CH2

CH2

CH2 NH2

CO2

 Glutamic acid                                      γ-Aminobutyric acid

γ-Aminobutyric acid is one of the major inhibitory neurotransmitters in 
the nervous system. It regulates the activity of neurons by discouraging the 
transmission signals. The binding of GABA to its receptor results in an 
increase in permeability of the nerve cell post-synaptic membrane to 
chloride ions. Decreased GABA levels will cause convulsions. 
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5. Taurine synthesis.

H2N CH

CH2 SH

COOH H2N CH COOH

CH2SO3H

CH2 NH2

CH2SO3H+ O2

CO2
CysCysteine Cysteic acid                               Taurine

Taurine conjugates with bile acids to increase their hydrophilicity.

6. Polyamine synthesis.

CH2 NH2

CH2

CH2

CHH2N COOH

CH2 NH2

CH2

CH2

CH2 NH2

CO2

CH2

CH NH2

CH2

CH2

H2N COOH

CH2 NH2

CH2

CH2

CH2

CH2 NH2

CO2

Ornithine Putrescine Lysine                      Cadaverine

Putrescine and cadaverine are polyamines since they possess multiple 
amino groups. Putrescine is converted to spermidine and then spermine 
which were originally detected in human semen (sperms). Since spermine
and putrescine are basic in nature and posses multiple positive charges, 
they are readily associated with nucleic acids (DNA and RNA). They are 
involved in the synthesis of DNA, RNA and proteins and, therefore, they 
are essential for cell growth and differentiation. The excretion of 
polyamines is found to be elevated in almost all types of cancers. 
Diagnostically, putrescine is an ideal marker for cell proliferation whereas
spermidine is suitable for the assessment of cell destruction. Cadaverine is 
toxic in large doses. Elevated levels of cadaverine have been found in the 
urine of some patients with defects in lysine metabolism.

7. Dopamine synthesis.

OH OH

OH

CH2 CH2 CH2 CH2

CO2

O O

OH

OH

H2N - CH- COOH         H2N - CН - COOH           H2N - CН-COOH                         CH2NH2

Phenylalanine                Tyrosine                          DOPA                             Dopamine

Dopamine is utilized in the brain as excitatory neurotransmitter.
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Detoxification of biogenic amines

Biogenic amines are metabolized to less active degradation products. 
This detoxification system includes specific enzymes: monoamine oxidases 
(MAO) and diamine oxidase (DAO) that are complex enzymes localized in 
mitochondria. Prosthetic group of MAO is FAD; prosthetic groups of DAO
are pyridoxal phosphate and Cu2+.

Amines are inactivated by oxidative deamination: 

R                                 R R
 + FAD   +H2 

CH2NH2 CH = NH C = O + NH3

FADН2 
Amine +О2 Imine Н

Aldehyde 
FAD + Н2О2

The aldehydes formed are oxidized to fatty acids that are oxidized to 
end products.

Certain drugs decrease the activity of monoamine oxidases, for 
example, MAO-inhibitor is iproniazid.
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27 Lecture 27

METHYLATION AND TRANSMETHYLATION

Methylation is the addition of a methyl groups (-CH3) on a substrate.

Functions of methylation:
1. Formation of low-molecular weight compounds – choline, 

adrenaline, creatine, thymidine nucleotides.
2. Inactivation of biologically active substances – catecholamines, 

hormones.
3. Detoxication of xenobiotics. 
4. Maturation of DNA, RNA.

Transmethylation is the transfer of methyl groups from the sources of 
methyl groups to a substrate of methylation with aid of donors (or carriers) 
of methyl groups.

Sources of methyl groups are serine, choline, betaine.
When serine (the major source of a one-carbon unit in the form of a 

methylene group, which it transfers reversibly to THFA) is converted to 
glycine, N5,N10-methylene-THFA is formed. This is the most predominant 
entry of one carbon units into one carbon pool. N5,N10-methylene-THFA is 
reduced to N5-methyl-THFA.

Choline and betaine also contribute to the formation of N5-methyl-
THFA.

Donors (or carriers) of methyl groups are active form of folic acid –
tetrahydrofolic acid (THFA) and active form of methionine –
S-adenosylmethionine (S-АМ) (Fig.1).

Fig. 1. Scheme of the transmethylation.
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Structure of the folic acid 
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5,6,7,8 - Tetrahydrofolic acid 

Tetrahydrofolic acid (THFA) is a versatile coenzyme that actively 
participates in one carbon metabolism. The methyl group (-CH3) covalently 
binds with THFA at position N5 to form N5-methyl-THFA. THFA may 
transfers the other one-carbon units (e.g., –СН2–, –СН=) at position N5 and 
N10 of pteroyl structure to form derivatives: N5,N10-methylene-THFA, 
N5,N10-methenyl-THFA, etc. 

S-Adenosylmethionine (S-AM) serves as a universal donor of methyl 
groups in numerous biological reactions. It is formed through the action of 
the activated methyl cycle (Fig.2).

Fig. 2. The activated methyl cycle.
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Formation of S-adenosylmethionine

The synthesis of S-adenosylmethionine (S-AM) occurs by the transfer 
of an adenosyl group from ATP to sulfur atom of methionine. This reaction 
is catalyzed by methionine S-adenosyltransferase. 

The activation of methionine is unique as the sulfur becomes a 
sulfonium atom (S+) by the addition of a third carbon. S-AM is highly 
reactive due to the presence of a positive charge. 

The enzymes involved in the transfer of methyl group are collectively 
known as methyltransferases. S-AM transfers the methyl group to an 
substrate and gets itself converted to S-adenosylhomocysteine (S-AH). The 
loss of free energy in this reaction makes the methyl transfer essentially 
irreversible. 
                                                      Methyltransferase

S-AM + substrate                   S-AH + substrate-CH3

Regeneration of methionine

S-Adenosylhomocysteine is hydrolyzed to homocysteine and adenosine. 
This is then methylated by N5-methyl-THFA by the enzyme homocysteine 
methyltransferase to form methionine. This reaction is dependent on 
methylcobalamin (vitamin B12). The resulting methionine is then activated 
to S-adenosylmethionine.
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Examples of methylation reactions

I. Synthesis of creatine.

There are two steps in creatine synthesis:
1). The first reaction is transamidination from arginine to glycine to 

form guanidoacetate (glycocyamine). This occurs in the kidney and 
pancreas, but not in the liver or in heart muscle. 

2). Synthesis of creatine is completed by methylation of guanidoacetate
by S-AM in the liver. Creatine is in turn phosphorylated by creatine kinase
to form creatine phosphate in the muscle. Creatinine is formed by 
spontaneous cyclization of creatine or creatine phosphate.

Creatine is present in muscle, brain, and blood both as creatine 
phosphate and in the free state. Traces of creatine are normally present in 
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urine. 
Creatine phosphate provides a reservoir of high energy phosphate in 

muscle cells as the energy source. 
Creatinine, the anhydride of creatine, is formed largely in muscle by 

irreversible nonenzymatic dehydration of creatine and creatine phosphate. 
The 24-hour excretion of creatinine in the urine of a given subject is 
remarkably constant from day to day and proportionate to muscle mass.

II. Synthesis of adrenalin by methylation of noradrenalin in the 
adrenal medulla.

Noradrenalin Adrenalin

III. Synthesis of phosphatidylcholine by methylation of 
phosphatidylethanolamine.

Phosphatidylethanolamine             Phosphatidylcholine 
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28 Lecture 28

METABOLISM OF PHENYLALANINE
AND TYROSINE

1. Metabolism of phenylalanine and tyrosine in norm

Phenylalanine (Phe) and tyrosine (Tyr) are structurally related aromatic 
amino acids. Phenylalanine is an essential amino acid while tyrosine is 
non-essential. Besides its incorporation into proteins, the only function of 
phenylalanine is its conversion to tyrosine. Tyrosine is incorporated into 
proteins and is involved in the synthesis of a variety of biologically 
important compounds – adrenalin, noradrenalin, dopamine, thyroid 
hormones and pigment melanin.

Phenylalanine is first hydroxylated by phenylalanine hydroxylase to 
form tyrosine. The coenzyme for this enzyme is the reductant 
tetrahydrobiopterin which is oxidized to dihydrobiopterin. Phenylalanine 
hydroxylase is classified as a monooxygenase as one of the atoms of O2

appears in the product and the other in H2O. The tyrosine is then 
transaminated by tyrosine transaminase to p-hydroxyphenylpyruvate in the 
liver, which is in turn hydroxylated into homogentisate by                                
p-hydroxyphenylpyruvate hydroxylase. This hydroxylase is an example of a 
dioxygenase, as both atoms of O2 become incorporated into the product. 
The homogentisate is then oxidized by homogentisate oxidase, another 
dioxygenase, before fumarate and acetoacetate are produced in a final 
reaction. The fumarate can feed into the citric acid cycle, whereas 
acetoacetate can be used to form ketone bodies (Fig.1). Thus, 
phenylalanine and tyrosine are each both glucogenic and ketogenic.

Tyrosine is a precursor of adrenalin and noradrenalin, which are formed 
in cells of neural origin. Although dioxyphenylalanine (DOPA) is an 
intermediate in the formation of both pigment melanin and noradrenalin,
different enzymes carry out the tyrosine hydroxylation reactions in 
different cell types. In melanocytes formation of the DOPA for the melanin 
synthesis requires enzyme tyrosinase. The enzyme tyrosine hydroxylase
forms DOPA in neuronal and adrenal cells on the pathway to noradrenalin
and adrenalin production. Dopa decarboxylase, a pyridoxal phosphate-
dependent enzyme, forms dopamine. The latter is subjected to further 
hydroxylation by dopamine oxidase, a copper-dependent enzyme that
seems to utilize vitamin C to generate noradrenalin. In the adrenal medulla, 
phenylethanolamine-N-methyltransferase utilizes S-adenosylmethionine to 
methylate the primary amine of noradrenalin to form adrenalin (Fig.1).

Tyrosine is also a precursor of the triiodothyronine (T3) and thyroxine 
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(T4), produced in the thyroid gland (enzyme peroxidase) (Fig.1).

Fig. 1. Metabolism of phenylalanine and tyrosine. 
(1-7 – disorders of tyrosine (phenylalanine) metabolism).
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2. Disorders of tyrosine (phenylalanine) metabolism

1. Phenylketonuria (PKU) is the most common metabolic disorder in 
amino acid metabolism. The incidence of PKU is 1 in 10.000 births. It is
due to the deficiency of the hepatic enzyme phenylalanine hydroxylase
(Fig.1), caused by an autosomal recessive gene. In recent years, a variant 
of PKU  due to a defect in dihydrobiopterin reductase (relatively less) 
has been reported. This enzyme deficiency impairs the synthesis of 
tetrahydrobiopterin required for the action of phenylalanine hydroxylase. 
The net outcome in PKU is that phenylalanine is not converted to tyrosine.

PKU primarily causes the accumulation of phenylalanine in tissues and 
blood, and results in its increased excretion in urine. Due to disturbances in 
the routine metabolism, phenylalanine is diverted to alternate pathways,
resulting in the excessive production of phenylpyruvate, phenylacetate, 
phenyllactate and phenylglutamine (Fig.1). All these metabolites are
excreted in urine in high concentration in PKU. Phenylacetate gives the 
urine a mousey odour. The name phenylketonuria is coined due to the fact 
that the metabolite phenylpyruvate is keto acid excreted in urine in high 
amounts. 

The disturbed metabolism of phenylalanine resulting in the increased 
concentration of phenylalanine and its metabolites in the body causes many 
clinical and biochemical manifestations. Neonatal vomiting, failure to walk 
or talk, failure of growth, seizures and tremor are the characteristic findings
in PKU. If untreated, severe mental retardation occurs, with a life 
expectancy of on average 20 years, the patients show very low IQ (below 
50). The biochemical basis of mental retardation in PKU is not well
understood. There are, however, many explanations offered. Accumulation 
of phenylalanine in brain impairs the transport and metabolism of other
aromatic amino acids (tryptophan and tyrosine). The synthesis of serotonin 
(an excitatory neurotransmitter) from tryptophan is insufficient. This is due 
to the competition of phenylalanine and its metabolites with tryptophan that 
impairs the synthesis of serotonin. Defect in myelin formation is observed
in PKU patients. Accumulation of phenylalanine competitively inhibits 
tyrosinase and impairs melanin formation. The result is hypopigmentation 
that causes light skin color, fair hair, blue eyes, etc.

PKU is mostly detected by screening the newborn babies for the 
increased plasma levels of phenylalanine (PKU 20-65 mg/dl; normal 1-2
mg/dl). This is usually carried out by Guthrie test, which is a bacterial 
(Bacillus subtilis) bioassay for phenylalanine. The test is usually performed 
after the baby is fed with breast milk for a couple of days. Phenylpyruvate
in urine can be detected by ferric chloride test (a green color is obtained).
This test is not specific, since many other compounds give a false positive
test.
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The maintenance of plasma phenylalanine concentration within the
normal range is a challenging task in the treatment of PKU. This is done by 
selecting foods with low phenylalanine content and/or feeding synthetic 
amino acid preparations, low in phenylalanine. Dietary intake of 
phenylalanine should be adjusted by measuring plasma levels. Early
diagnosis (in the first couple of months of baby's life) and treatment for 4-5 
years can prevent the damage to brain. However, the restriction to protein 
diet should be continued for many more years in life. Since the amino acid 
tyrosine cannot be synthesized in PKU patients, it becomes essential and 
should be provided in the diet in sufficient quantity. In some seriously 
affected PKU patients, treatment includes administration of 
5-hydroxytryptophan and DOPA to restore the synthesis of serotonin and 
catecholamines.

2. Tyrosinemia type II
This disorder also known as Richner Hanhart syndrome, is due to a 

defect in the enzyme tyrosine transaminase. The result is a blockade in the 
routine degradative pathway of tyrosine. Accumulation and excretion of 
tyrosine and its metabolites, namely p-hydroxyphenylpyruvate, 
p-hydroxyphenyllactate, p-hydroxyphenylacetate, N-acetyltyrosine and 
tyramine are observed. Tyrosinemia type II is characterized by skin
(dermatitis) and eye lesions and, rarely, mental retardation. A disturbed
self-coordination is seen in these patients.

3. Neonatal tyrosinemia
The absence of the enzyme p-hydroxyphenylpyruvate hydroxylase

causes neonatal tyrosinemia. This is mostly a temporary condition and 
usually responds to ascorbic acid. It is explained that the substrate
inhibition of the enzyme is overcome by the presence of ascorbic acid.
Manifestations of neonatal tyrosinemia are chronic degenerative changes in 
liver and kidney. Consumption of low protein diet is recommended.

4. Alkaptonuria (″Black urine disease″)
Alkaptonuria has great historical importance. It was first described by 

Lusitanus in 1649 and characterized in 1859. Garrod conceived the idea of 
inborn errors of metabolism from his observation on alkaptonuria. The 
prevalence of this autosomal recessive disorder is 1 in 25.000.

The defective enzyme in alkaptonuria is homogentisate oxidase in 
tyrosine metabolism. Homogentisate accumulates in tissues and blood, and 
is excreted into urine. Homogentisate, on standing, gets oxidized to the 
corresponding quinones, which polymerize to give black or brown colour. 
For this reason, the urine of alkaptonuric patients resembles coke in colour. 
Homogentisate gets oxidized by polyphenol oxidase to benzoquinone 
acetate which undergoes polymerization to produce a dark pigment called
alkapton. 

Alkapton deposition occurs in connective tissue, bones and various 



Lecture 28

262

organs (nose, ear, etc.) resulting in a condition known as ochronosis. Many 
alkaptonuric patients suffer from arthritis and this is believed to be due to
the deposition of pigment alkapton (in the joints), produced from 
homogentisate. 

Change in colour of the urine on standing to brown or dark has been the 
simple traditional method to identify alkaptonuria. Alkaptonuria is not a 
dangerous disorder and, therefore, does not require any specific treatment. 
However, consumption of protein diet with relatively low phenylalanine
content is recommended.

5. Tyrosinosis (or tyrosinemia type I)
This is due to the deficiency of the enzymes fumarylacetoacetate 

hydroxylase and/or maleylacetoacetate isomerase. Tyrosinosis is a rare but
serious disorder. It causes liver failure, rickets, renal tubular dysfunction
and polyneuropathy. Tyrosine, its metabolites and many other amino acids 
are excreted in urine. In acute tyrosinosis, the infant exhibits diarrhea, 
vomiting, and 'cabbage-like' odor. Death may even occur due to liver
failure within one year. For the treatment, diets low in tyrosine, 
phenylalanine and methionine are recommended.

6. Albinism
Albinism (Greek: ″albino″  white) is an inborn error, due to the lack 

of synthesis of the pigment melanin. It is an autosomal recessive disorder
with a frequency of 1 in 20.000.

The most common cause of albinism is a defect in tyrosinase, the 
enzyme most responsible for the synthesis of melanin. The most important
function of melanin is the protection of the body from sun radiation. Lack 
of melanin in albinos makes them sensitive to sunlight. Increased
susceptibility to skin cancer (carcinoma) is observed. Photophobia 
(intolerance to light) is associated with lack of pigment in the eyes.
However, there is no impairment in the eyesight of albinos.

7. Parkinson's disease is a common disorder in many elderly people, 
with about 1% of the population above 60 years being affected (a 
frequency of 1 in 200). It is characterized by muscular rigidity, tremors, 
akinesia, expressionless face, lethargy, involuntary movements, etc. 

The exact biochemical cause of this disorder has not been identified. 
Parkinson's disease is, however, linked with a decreased production of 
dopamine due to the decreased activity of the enzymes tyrosine 
hydroxylase and DOPA decarboxylase. The disease is due to degeneration 
of certain parts of the brain (substantia nigra and locus coeruleus), leading 
to the impairment in the synthesis of dopamine. 

Dopamine cannot enter the brain, hence its administration is of no use. 
DOPA is used in the treatment of Parkinson's disease. In the brain, DOPA 
is decarboxylated to dopamine which alleviates the symptoms of this 
disorder. Unfortunately, dopamine synthesis occurs in various other tissues 
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and results in side-effect such as nausea, vomiting, hypertension, etc.
Administration of DOPA analogs that inhibit dopa decarboxylase (in 

various tissues) but not enter brain (due to blood-brain barrier) are found to 
be effective. Carbi-dopa and γ-methyl-dopa (dopa analogs) are 
administered along with dopa for the treatment of Parkinson's disease. 

8. Tyrosine is involved in the synthesis of the thyroid hormones, T3 and 
T4 in the thyroid. The conversion of iodide to active iodine is an essential 
step for its incorporation into thyroid hormones. This reaction is catalyzed 
by the enzyme peroxidase. Due to the deficiency of this enzyme goiter and 
hypothyroidism are observed.
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29 Lecture 29

STRUCTURE OF NUCLEIC ACIDS.
METABOLISM OF NUCLEOTIDES

I. Structure of nucleic acids

1. Nitrogenous bases, nucleosides, nucleotides

The bases in nucleic acids (deoxyribonucleic acid, DNA and 
ribonucleic acid, RNA) have carbon-nitrogen ring structures. Because they 
are nitrogen-containing molecules they are called nitrogenous bases.

There are two types of ring structure. Adenine and guanine are
purines, each having double carbon-nitrogen ring but with different side-
chains. Thymine, cytosine and uracil are pyrimidines, each having a 
single carbon-nitrogen ring and also differ in their side-chains.

When nitrogenous base is attached to ribose or deoxyribose, it is called 
nucleoside. 

In RNA, the nucleosides have ribose as the sugar component and so are 
ribonucleosides. In DNA the sugar is deoxyribose (i.e., the 2'-OH group in 
ribose is replaced by a hydrogen atom; hence 'deoxy') and so the 
nucleosides are deoxynucleosides. For DNA these are deoxyadenosine,  
deoxyguanosine, deoxythymidine and deoxycytidine. In each case, the  
C-1 of the sugar is linked to the base via one of its nitrogen atoms. If the 
base is a pyrimidine, the nitrogen at the 1 position (i.e., N-1) is involved in 
bonding to the sugar. If the base is a purine, the bonding is to the N-9 
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position of the base.
A nucleotide is a phosphate ester of a nucleoside. It consists of a 

phosphate group linked to a nucleoside at the hydroxyl group attached to 
the C-5 of the sugar, that it is a nucleoside-5'-phosphate or a 
5'-nucleotide. The primed number denotes the atom of the sugar to which 
the phosphate is bonded. 

In DNA the nucleotides have deoxyribose as the sugar and hence are 
called deoxynucleotides. Deoxynucleotides may have a single phosphate 
group (deoxynucleoside-5'-monophosphates, dNMPs), two phosphate 
groups (deoxynucleoside-5'-diphosphates, dNDPs) or three phosphate 
groups (deoxynucleoside-5'-triphosphates, dNTPs). 

Deoxynucleoside triphosphates are the precursors for DNA synthesis. 
These are deoxyadenosine-5'-triphosphate (dATP), deoxyguanosine-5'-
triphosphate (dGTP), deoxycytidine-5'-triphosphate (dCTP) and 
deoxythymidine-5'-triphosphate (dTTP). In each case the 'd' in the 
abbreviation indicates that the sugar in the nucleotide is deoxyribose.

During DNA synthesis, two of the phosphates of each deoxynucleotide 
are split off as pyrophosphate so that only a single phosphate is 
incorporated into DNA.
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2. DNA structure

2.1. Primary structure of DNA

A single strand of DNA is a polymer of different nucleotides joined 
covalently between the phosphate group of one and the deoxyribose sugar 
of the next (Fig.1).

For any one nucleotide, the phosphate linked to the hydroxyl group at 
the 5' position of the sugar is in turn bonded to the hydroxyl group on the 3' 
carbon of the sugar of the next nucleotide (Fig.1). Since each phosphate-
hydroxyl bond is an ester bond, the linkage between the two 
deoxynucleotides is a 3'5' phosphodiester bond. 

Thus, in a DNA chain, all of the 3' and 5' hydroxyl groups are involved 
in phosphodiester bonds except for the first and the last nucleotide in the 
chain. The first nucleotide has a 5' phosphate not bonded to any other 
nucleotide and the last nucleotide has a free 3' hydroxyl. Thus, each DNA 
chain has a 5' end and a 3' end.

Fig. 1. A single strand of DNA.

2.2. Secondary structure of DNA

In 1953 James Watson and Francis Crick worked out the three-
dimensional structure of DNA. They deduced that DNA is composed of 
two strands wound round each other to form a double helix (Fig.2b), with 
the bases on the inside and the sugar-phosphate backbones on the outside.

In the double helix the two DNA strands are organized in an 
antiparallel arrangement (i.e., the two strands run in opposite directions, 
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one strand is oriented 5'→3' and the other is oriented 3'→5') (Fig.2b).
The bases of the two strands form hydrogen bonds to each other: A pairs 

with T and G pairs with C. This is called complementary base pairing
(Fig.2a). Thus, a large two-ringed purine is paired with a smaller single-
ringed pyrimidine and the two bases fit neatly in the gap between the sugar-
phosphate strands and maintain the correct spacing. There would be 
insufficient space for two large purines to pair and too much space for two 
pyrimidines to pair, which would be too far apart to bond. The G:C and 
A:T base pairing also maximizes the number of effective hydrogen bonds 
that can form between the bases; there are three hydrogen bonds between 
each G:C base pair and two hydrogen bonds between each A:T base pair
(Fig.2a). Thus, A:T and G:C base pairs form the most stable conformation 
both from steric considerations and from the point of view of maximizing 
hydrogen bond formation.

Fig. 2. (a) The DNA base pairs. Hydrogen bonds are shown as dashed lines; (b) the 
DNA double helix. (Koolman J. Color atlas of biochemistry, 3d ed., Thieme, 2012)

2.3. Tertiary structure of DNA

2.3.1. Nucleosomes

In order to fit eukaryotic DNA into the nucleus, it must be packaged 
into a highly compacted structure known as chromatin. In the first step of 
this process DNA packing is achieved by the binding of the chromosomal 
DNA to histone proteins.

Histones are basic proteins: about 25% of their amino acids are lysine 
or arginine so histones have a large number of positively charged amino 
acid side chains. These positively charged groups therefore bind to the 
negatively charged phosphate groups of DNA. There are five main types of 

(a) (b)
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histones called H1, H2A, H2B, H3 and H4. Overall, in chromosomes, the 
ratio of DNA to histones on a weight basis is approximately 1:1. 

Histones strongly bound to DNA form complexes called nucleosomes. 
The nucleosome is the smallest structural component of chromatin and is a 
basic unit of DNA packaging in eukaryotes. 

Each nuclesome is composed of a double-stranded DNA segment about 
140 base pairs long wound a little less than two times (1.8 turns) in 
sequence around eight histone proteins. Here, a histone octamer is formed 
from two molecules each of histones H2A, H2B, H3 and H4 (Fig.3).

Overall the packing ratio is about 7 that is the DNA length is shortened 
about sevenfold by winding around the nucleosome.

Multiple nucleosomes form a linear fashion along the DNA molecule. 
This ultimately produces the 11 nm fiber, which is traditionally described, 
based on its appearance, as ″beads-on-a-string″ (Fig.4). The ″beads″ are 
nucleosomes. The ″string″ is linear double-stranded DNA between adjacent 
nucleosomes and is called linker DNA (Fig.4), which is usually bound to 
the H1 histone. The length of the linker DNA is typically about 55 base 
pairs but varies from organism to organism in the range 8-114 base pairs. 

Fig. 3. Nucleosome consisting of the DNA double helix wound 1.8 times round a histone 
octamer. (Hames B. D. Biochemistry, 3 ed., Taylor and Francis Group, 2005)

Fig. 4. ″Beads-on-a-string″.

2.3.2. Solenoid

The level of compaction attained through the formation of the 11 nm 
nucleosome fiber is insufficient to package the whole genome into the 
nucleus. Instead, this fiber forms the basis for other higher order chromatin 
structures that are established through additional folding and bending 
events.
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Thus, the next level of DNA packing is the additional coiling the 
continuous string of nucleosomes in a helical structure called the 30 nm 
fiber (Fig.5). 

The fiber is formed by a H1 histone binding to the linker DNA of each 
nucleosome at the point where it enters and leaves the nucleosome. The 
histone H1 molecules interact with each other, pulling the nucleosomes 
together. One possibility is that the nucleosomes wind up into a higher 
order helix with six nucleosomes per turn to form a solenoid (term 
′solenoid′ in physics is used for a wire coiled on a central axis) (Fig.6).
This would give a fiber three nucleosomes wide, which is indeed the 
diameter observed. 

In such solenoid the linear length of the DNA has been reduced by a 
further factor of 6 (equivalent to six nucleosomes per turn of the solenoid). 
Coupled with the packing ratio of 7 for the nucleosome (see above), this 
gives a packing ratio for the solenoid of approximately 6×7 (i.e., about 40).

Fig. 5. The packaging of nucleosome fiber.

30 nm chromatin fiber forms loops averaging 300 nm in length. The 
300 nm fibers are compressed and folded to produce a 250 nm wide fiber, 
which is tightly coiled into the chromatid of a chromosome.

Fig. 6. The string of nucleosomes is compacted to form solenoid structure.
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3. RNA structure

3.1. Primary structure of RNA

Similar to that of DNA, RNA is a long polymer consisting of a linear 
sequence of nucleotides linked together by 3'5' phosphodiester bonds. 

However, there are some differences:
1. The bases in RNA are adenine, guanine, uracil and cytosine. Thus,

thymine in DNA is replaced by uracil in RNA. However, like thymine, 
uracil can form base pairs with adenine.

2. The sugar in RNA is ribose rather than deoxyribose as in DNA.
The corresponding ribonucleosides are adenosine, guanosine, cytidine 

and uridine. The corresponding ribonucleotides are adenosine-5'-
triphosphate (ATP), guanosine-5'-triphosphate (GTP), cytidine-5'-
triphosphate (CTP) and uridine-5'-triphosphate (UTP).

As with DNA, the nucleotide sequence of RNA is also written as a base 
sequence in the 5'→3' direction. 

3.2. Secondary structure of RNA

Most RNA molecules are single-stranded but an RNA molecule may 
contain regions which can form complementary base-pairing where the 
RNA strand loops back on itself (Fig.7). If so, the RNA will have some 
double-stranded regions. Ribosomal RNAs (rRNAs) and transfer RNAs 
(tRNAs) exhibit substantial secondary structure, as do some messenger 
RNAs (mRNAs).

(Hames B. D. Biochemistry, 3 ed., Taylor and Francis Group, 2005)

Fig. 7. An example of self-complementarity in RNA forming an internal double-stranded 
region; hydrogen bonding between bases is shown by the symbol•.
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Ribosomal RNA

Ribosomal RNA (rRNA) is the RNA component of the ribosome, and 
is essential for protein synthesis.

It constitutes the predominant material within the ribosome, which is 
approximately 60% rRNA and 40% protein by weight, or 3/5 of ribosome 
mass. Even the structure of a ribosome is determined by the three-
dimensional shape of its rRNA core. Proteins present in the ribosome serve 
to stabilize this structure through interactions with the core.

Both prokaryotic and eukaryotic ribosome contains at least one large 
rRNA and at least one small rRNA and 50 or more proteins. In the 
nucleolus, the large and small rRNAs combine with ribosomal proteins to 
form the large subunit (LSU) and small subunit (SSU) of the ribosome. 
Ribosomal subunits come together during mRNA translation. The LSU 
rRNA acts as a ribozyme, catalyzing peptide bond formation between the 
two amino acids.

A prokaryotic 70S ribosome is made of a 50S and a 30S subunit. The 
50S LSU has 23S and 5S rRNAs complexed with 34 polypeptides whereas 
the 30S SSU contains 16S rRNA and 21 polypeptides. (Subunits are named 
according to their rate of sedimentation, measured in Svedberg units [S]).

A eukaryotic 80S ribosome is made of a 60S and a 40S subunit. The 
60S LSU has 28S, 5.8S and 5S rRNAs complexed with approximately 49 
polypeptides whereas the 40S SSU contains 18S rRNA and about 33 
polypeptides.

Molecules of rRNA are transcribed in a nucleolus, which contains the
genes that encode rRNA. The encoded rRNAs differ in size, being 
distinguished as either large or small. In eukaryotes, anywhere from 50 to 
5.000 sets of rRNA genes and as many as 10 million ribosomes may be 
present in a single cell. In contrast, prokaryotes generally have fewer sets 
of rRNA genes and ribosomes per cell. For example, in the bacterium
Escherichia coli, seven copies of the rRNA genes synthesize about 15.000 
ribosomes per cell.

The primary function of rRNA is in protein synthesis – in binding to 
mRNA and tRNA to ensure that the codon sequence of the mRNA is 
translated accurately into amino acid sequence in proteins. To achieve this, 
rRNA has a distinctive three-dimensional shape involving internal loops 
and helices that creates specific sites within the ribosome – the A, P and E. 
The P site is for binding a growing polypeptide, the A site anchors an 
incoming tRNA charged with an amino acid. After peptide bond formation, 
the tRNA binds briefly to the E site before leaving the ribosome. 

In addition rRNA also has sites for binding to some ribosomal proteins 
and careful analysis has demarcated the exact residues in both the RNA and 
protein.
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Transfer RNA

Transfer RNAs (tRNAs) play an important role in protein synthesis. 
Each tRNA becomes covalently bonded to a specific amino acid to form 
aminoacyl-tRNA which recognizes the corresponding codon in mRNA 
and ensures that the correct amino acid is added to the growing polypeptide 
chain. The tRNAs are small molecules, only 74-95 nt long, which form 
distinctive cloverleaf secondary structures (Fig.8a) by internal base 
pairing. The stem-loops of the cloverleaf are known as arms (Fig.8a):

1. The anticodon arm is a stem loop structure that exposes the three 
nucleotides (triplet) of the anticodon which forms base-pairs with the 
complementary codon in mRNA representing the amino acid during protein 
synthesis.

2. The D or DHU arm (with its D loop) is named for its content of the 
base dihydrouracil, modified pyrimidine. 

3. The T or TψC arm (with its T loop) is named for the presence of 
this triplet sequence and contains another modified pyrimidine, 
pseudouracil (denoted ψ) in the sequence TψC.

4. The extra arm of tRNA, variable arm (optional arm) is the most 
′variable′ in length in tRNA, from 3-21 bases.

5. The acceptor arm is a short duplex that terminates in the 3'-CCA 
sequence to which an amino acid is linked.

The three dimensional structure of tRNA (Fig.8b) is even more 
complex because of additional interactions between the various units of 
secondary structure.

Fig. 8. (a) Cloverleaf secondary structure of tRNA; (b) tertiary structure of tRNA.
(Hames B. D. Biochemistry, 3 ed., Taylor and Francis Group, 2005)
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II. Metabolism of nucleotides

1. Metabolism of purine nucleotides

1.1. Biosynthesis of purine nucleotide

Sources of individual atoms in purine ring.
Many compounds contribute to the purine ring of the nucleotides:
1. N1 of purine is derived from amino group of aspartate.
2. C2 and C8 arise from formate of N10-formyl-THFA.
3. N3 and N9 are obtained from amide group of glutamine.
4. C4, C5 and N7 are contributed by glycine.
5. C6 directly comes from CO2.

Purine bases are not synthesized as such, but they are formed as 
ribonucleotides. The purines are built upon a pre-existing ribose-5-
phosphate. Liver is the major site for purine nucleotide synthesis. 
Erythrocytes, polymorphonuclear leukocytes and brain cannot produce 
purines.

1. Ribose-5-phosphate, produced in the pentose phosphate pathway 
(PPP) of carbohydrate metabolism, is the starting material for purine 
nucleotide synthesis. It reacts with ATP to form 
phosphoribosylpyrophosphate (PRPP).

2. Glutamine transfers its amide nitrogen to PRPP to replace 
pyrophosphate and produce 5-phosphoribosylamine. The enzyme PRPP 
glutamyl amidotransferase is controlled by feedback inhibition of 
nucleotides (IMP, AMP and GMP). This reaction is the 'committed step' in 
purine nucleotide biosynthesis.

3. The final reaction leads to the product obtained is inosine 
monophosphate (IMP), the parent purine nucleotide from which other 
purine nucleotides can be synthesized.

Folic acid is essential for the synthesis of purine nucleotides. Its
deficiency indirectly reduces the synthesis of purines and, therefore, the 
nucleic acids (DNA and RNA).
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Biosynthesis of purine nucleotide
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1.2. Degradation of purine nucleotides

The end product of purine metabolism in humans is uric acid.
1. The nucleotide monophosphates (AMP, IMP and GMP) are 

converted to their respective nucleoside forms (adenosine, inosine and
guanosine) by the action of nucleotidase.

2. The amino group, either from AMP or adenosine, can be removed to 
produce IMP or inosine, respectively by adenosine deaminase.

3. Inosine and guanosine are respectively, converted to hypoxanthine
and guanine (purine bases) by purine nucleoside phosphorylase. Adenosine 
is not degraded by this enzyme, hence it has to be converted to inosine.

4. Guanine undergoes deamination by guanase to form xanthine.
5. Xanthine oxidase is an important enzyme that converts 

hypoxanthine to xanthine, and xanthine to uric acid. This enzyme contains
FAD, molybdenum and iron, and is exclusively found in liver and small 
intestine. Xanthine oxidase liberates H2O2 which is harmful to the tissues.
Catalase cleaves H2O2 to H2O and O2.
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Uric acid (2,6,8-trioxypurine) is the final excretory product of purine 
metabolism in humans. Uric acid can serve as an important antioxidant by 
getting itself converted (nonenzymatically) to allantoin. It is believed that 
the antioxidant role of ascorbic acid in primates is replaced by uric acid, 
since these animals have lost the ability to synthesize ascorbic acid. Most 
animals (other than primates) however, oxidize uric acid by the enzyme 
uricase to allantoin. Allantoin is then converted to allantoic acid and 
excreted in some fishes. 

2. Metabolism of pyrimidine nucleotides

2.1. Biosynthesis of pyrimidine nucleotides

The synthesis of pyrimidines is a much simpler process compared to 
that of purines. Aspartate, glutamine (amide group) and CO2 contribute to 
atoms in the formation of pyrimidine ring. 

Pyrimidine ring is first synthesized and then attached to ribose-5-
phosphate. This is in contrast to purine nucleotide synthesis where in 
purine ring is built upon a pre-existing ribose-5-phosphate. 

1. Glutamine transfers its amido nitrogen to CO2 to produce carbamoyl 
phosphate. This reaction is ATP-dependent and is catalyzed by cytosomal 
enzyme carbamoyl phosphate synthetase II (CPS II). CPS II is the 
regulatory enzyme of pyrimidine synthesis. It is activated by PRPP and 
ATP and inhibited by UDP and UTP. Carbamoyl phosphate synthetase I 
(CPS I) is a mitochondrial enzyme which synthesizes carbamoyl phosphate 
from ammonia and CO2 and, in turn urea. 

2. Carbamoyl phosphate condenses with aspartate to form carbamoyl 
aspartate. This reaction is catalyzed by aspartate transcarbamoylase.

3. Dihydroorotase catalyses the pyrimidine ring closure with a loss of 
H2O. 

4. The next step in pyrimidine synthesis is an NAD+ dependent 
dehydrogenation by enzyme dihydroorotate dehydrogenase, leading to the 
formation of orotate. 

5. Ribose-5-phosphate is now added to orotate to produce orotidine 
monophosphate (OMP). This reaction is catalyzed by orotate 
phosphoribosyltransferase. 

6. OMP undergoes decarboxylation by OMP decarboxylase to uridine 
monophosphate (UMP).

7. By an ATP-dependent nucleoside phosphate kinase reaction, UMP is 
converted to UDP which serves as a precursor for the synthesis of dUMP, 
dTMP, UTP and CTP. 

8. UDP undergoes an ATP-dependent nucleoside diphosphate kinase
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reaction to produce UTP.
9. Cytidine triphosphate (CTP) is synthesized from UTP by amination. 

CTP synthetase is the enzyme and glutamine provides the nitrogen.
10. Ribonucleoside diphosphate reductase converts UDP to dUDP by a 

thioredoxin-dependent reaction. 
11. Thymidylate synthetase catalyses the transfer of a methyl group from 

N5,N10-methylene-THFA to produce deoxythymidine monophosphate 
(dTMP). 
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2.2. Degradation of pyrimidine nucleotide

The pyrimidine nucleotides undergo similar reactions
(dephosphorylation, deamination and cleavage of glycosidic bond) like that 
of purine nucleotides to liberate the nitrogenous bases cytosine, uracil and 
thymine. The bases are then degraded to highly soluble products 
β-alanine and β-aminoisobutyrate. These are the amino acids which 
undergo transamination and other reactions to finally produce acetylCoA 
and succinylCoA.
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3. Disorders of nucleotide metabolism

3.1. Disorders of purine metabolism

Gout is a metabolic disease associated with overproduction of uric acid
(end product of purine metabolism). At the physiological pH, uric acid is 
found in a more soluble form as sodium urate. In severe hyperuricemia,
crystals of sodium urate get deposited in the soft tissues, particularly in the 
joints. Such deposits are commonly known as tophi. This causes
inflammation in the joints resulting in a painful gouty arthritis. Sodium 
urate and/or uric acid may also precipitate in kidneys and ureters that result
in renal damage and stone formation. Historically, gout was found to be 
often associated with high living, over-eating and alcohol consumption. In 
the previous centuries, alcohol was contaminated with lead during its
manufacture and storage. Lead poisoning leads to kidney damage and 
decreased uric acid excretion causing gout. The prevalence of gout is about 
3 per 1000 persons, mostly affecting males. Post-menopausal women, 
however, are as susceptible as men for this disease.

The drug of choice for the treatment of primary gout is allopurinol. 
This is a structural analog of hypoxanthine that competitively inhibits the 
enzyme xanthine oxidase. Inhibition of xanthine oxidase by allopurinol
leads to the accumulation of hypoxanthine and xanthine. These two 
compounds are more soluble than uric acid, hence easily excreted. Besides 
the drug therapy, restriction in dietary intake of purines and alcohol is 
advised. Consumption of plenty of water will also be useful. The anti-
inflammatory drug colchicine is used for the treatment of gouty arthritis.
Other anti-inflammatory drugs such as phenylbutazone, indomethacin, 
oxyphenbutazone, corticosteroids are also useful.

Lesch-Nyhan syndrome is due to the deficiency of hypoxanthine-
guanine phosphoribosyl transferase (HCPRT), an enzyme of purine 
salvage pathway. It was first described in 1964 by Michael Lesch (medical
student) and William L. Nyhan (his teacher). Lesch-Nyhan syndrome is a 
sex-linked metabolic disorder since the structural gene for HCPRT is 
located on the X-chromosome. It affects only the males and is 
characterized by excessive uric acid production (often gouty arthritis), and 
neurological abnormalities such as mental retardation, aggressive behavior,
learning disability, etc. The patients of this disorder have an irresistible 
urge to bite their fingers and lips, often causing self-mutilation. The 
overproduction of uric acid in Lesch-Nyhan syndrome is explained. 
HCPRT deficiency results in the accumulation of PRPP and decrease in 
GMP and IMP, ultimately leading to increased synthesis and degradation of 
purines. The biochemical basis for the neurological symptoms observed in 
Lesch-Nyhan syndrome is not clearly understood. This may be related to
the dependence of brain on the salvage pathway for de novo synthesis of 
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purine nucleotides. 
Decreased uric acid levels in the serum (<2 mg/dl) represent 

hypouricemia. This is mostly associated with a rare genetic defect in the 
enzyme xanthine oxidase. It leads to the increased excretion of xanthine 
and hypoxanthine. Xanthinuria frequently causes the formation of 
xanthine stones in the urinary tract.

3.2. Disorders of pyrimidine metabolism

Orotic aciduria is a rare metabolic disorder characterized by the 
excretion of orotic acid in urine, severe anemia and retarded growth. It is 
due to the deficiency of the enzymes orotate phosphoribosyl transferase
and OMP decarboxylase of pyrimidine synthesis. Both these enzyme 
activities are present on a single protein as domains (bifunctional enzyme). 
Feeding diet rich in uridine and/or cytidine is an effective treatment for 
orotic aciduria. These compounds provide (through phosphorylation) 
pyrimidine nucleotides required for DNA and RNA synthesis. Besides this, 
UTP inhibits carbamoyl phosphate synthetase II and blocks synthesis of 
orotic acid. 

Reye's syndrome is considered as a secondary orotic aciduria. It is 
believed that a defect in ornithine transcarbamoylase (of urea cycle) causes 
the accumulation of carbamoyl phosphate. This is then diverted for the 
increased synthesis and excretion of orotic acid.
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30 Lecture 30

REPLICATION. TRANSCRIPTION. 
TRANSLATION

I. DNA replication

Deoxyribonucleic acid (DNA) is a macromolecule that carries genetic 
information from generation to generation. When the cell divides, the 
daughter cells receive an identical copy of genetic information from the 
parent cell.

Replication is a process in which DNA copies itself to produce 
identical daughter molecules of DNA.

Replication takes place in three stages: initiation stage, elongation
stage, termination stage.

Replication is semiconservative

The parent DNA has two strands complementary to each other. Both the 
strands undergo simultaneous replication to produce two daughter double-
stranded DNA molecules each of which has one original template strand 
and one strand of newly synthesized DNA. This type of replication is 
known as semiconservative since half of the original DNA is conserved in 
the daughter DNA. The first experimental evidence for the 
semiconservative DNA replication was provided by Meselson and Stahl 
(1958).

Initially, three alternative models were proposed for DNA replication. In 
conservative replication, the entire double-stranded DNA molecule serves 
as a template for a whole new molecule of DNA, and the original DNA 
molecule is fully conserved during replication. 

In dispersive replication, both nucleotide strands break down 
(disperse) into fragments, which serve as templates for the synthesis of new 
DNA fragments, and then somehow reassemble into two complete DNA 
molecules. In this model, each resulting DNA molecule is interspersed with 
fragments of old and new DNA; none of the original molecule is 
conserved. 

Semiconservative replication is intermediate between these two 
models; the two nucleotide strands unwind and each serves as a template 
for a new DNA molecule.
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1. DNA replication in bacteria

1.1. Initiation stage

Components required for the initiation stage of replication: initiation 
proteins, single-strand binding protein,, helicase, gyrase, primase, 
ribonucleoside triphosphates (ATP, GTP, CTP and TTP).

The initiation of DNA synthesis occurs at a site called origin of 
replication. In case of prokaryotes, there is a single site whereas in 
eukaryotes, there are multiple sites of origin. These sites mostly consist of a 
short sequence of A-T base pairs. A specific initiation protein called 
dna A (20-50 monomers) binds with the site of origin for replication. This 
causes the double-stranded DNA to separate.

The double helix opens up and both strands serve as template for the 
synthesis of new DNA. DNA synthesis then proceeds outward in both 
directions from the single origin (i.e., it is bi-directional) (Fig.1).

The two complementary strands of DNA separate at single origin of 
replication to form a replication bubble or replication eye (Fig.1).
Multiple replication bubbles are formed in eukaryotic DNA molecules, 
which is essential for a rapid replication process.

Fig. 1. Replication bubble.

The separation of the two strands of parent DNA results in the 
formation of a replication fork (Fig.2). The active synthesis of DNA 
occurs in this region. The replication fork moves along the parent DNA as 
the daughter DNA molecules are synthesized.

The DNA template is a double helix with each strand wound tightly 
around the other and hence the two strands must be unwound during 
replication. A DNA helicase is used to unwind the double helix (Fig.2). 
DNA helicases enzymes bind to both the DNA strands at the replication 
fork. Helicases move along the DNA helix and separate the strands. Their 
function is comparable with a zip opener. Helicases are dependent on ATP 
for energy supply.

Single-stranded DNA binding (SSB) proteins are also known as DNA 
helix-destabilizing proteins (Fig.2). They possess no enzyme activity. SSB 
proteins bind only to single-stranded DNA (separated by helicases) and 
keep the two strands separate. They prevent the single-stranded regions 
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from base-pairing again so that each of the two DNA strands is accessible 
for replication. SSB protein is displaced from DNA when the DNA 
undergoes replication. It is believed that SSB proteins also protect the 
single-stranded DNA degradation by nucleases.

Fig. 2. Replication fork.

As the double helix of DNA separates from one side and replication 
proceeds, supercoils are formed at the other side. The problem of supercoils 
that comes in the way of DNA replication is solved by a group of enzymes 
called DNA topoisomerases. Type I DNA topoisomerase cut the single 
DNA strand (nuclease activity) to overcome the problem of supercoils and 
then reseal the strand (ligase activity). It breaks a phosphodiester bond in 
one DNA strand (a single-strand break) a small distance ahead of the fork, 
allowing the DNA to rotate freely (swivel) around the other (intact) strand. 
After the bacterial circular DNA has been replicated, the result is two 
double-stranded circular DNA molecules that are interlocked. Type II DNA 
topoisomerase (also known as DNA gyrase) separates them as follows
(Fig.2). This enzyme works in a similar manner to topoisomerase I but 
causes a transient break in each strand (a double-strand break) of a double-
stranded DNA molecule. Topoisomerase II then reseals the strand breaks.

For the synthesis of new DNA, a short fragment of RNA (about 5-50 
nucleotides, variable with species) is required as a primer (Fig.2). The 
enzyme primase (a specific RNA polymerase) in association with single-
stranded binding proteins forms a complex called primosome, and 
produces RNA primers using ribonucleoside triphosphates. Primase can 
make RNA directly on the single-stranded DNA template. The RNA primer 
is then extended by DNA polymerase III. A constant synthesis and supply 
of RNA primers should occur on the lagging strand of DNA. This is in 
contrast to the leading strand which has almost a single RNA primer.

RNA primer
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1.2. Elongation stage

Components required for the elongation stage of replication: 
deoxynucleoside triphosphates (dATP, dGTP, dCTP and dTTP), DNA 
polymerase III, primer,, DNA polymerase I.

The presence of all the four deoxyribonucleoside triphosphates is an 
essential prerequisite for replication to take place. The incoming 
deoxyribonucleotides are added one after another, to 3' end of the growing 
DNA chain. A molecule of pyrophosphate (PPi) is removed with the 
addition of each nucleotide (Fig.3). 

Fig. 3. DNA synthesis. (Hames B. D. Biochemistry, 3 ed., Taylor and Francis Group, 2005)

Double-stranded DNA is antiparallel: one strand runs 5'→3' and the 
complementary strand runs 3'→5'. As the original double-stranded DNA 
opens up at a replication fork, new DNA is made against each template 
strand. Superficially, therefore, one might expect new DNA to be made 
5'→3' for one daughter strand and 3'→5' for the other daughter strand. 

The replication of DNA occurs in 5' to 3' direction, simultaneously, on 
both the strands of DNA. On one strand, the leading (continuous or 
forward) strand is in a direction (5'→3') towards the replication fork – the 
DNA synthesis is continuous. On the other strand, the lagging
(discontinuous or retrograde) strand is in a direction (5'→3') away from 
the replication fork – the synthesis of DNA is discontinuous (Fig.4). 

Fig. 4. The leading and the lagging strands.
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The template DNA strand (the parent) determines the base sequence of 
the newly synthesized complementary DNA. The DNA strand (leading 
strand) with its 3'-end (3'-OH) oriented towards the fork can be elongated 
by sequential addition of new nucleotides. 

The other DNA strand (lagging strand) with 5'-end presents some 
problem, as there is no DNA polymerase enzyme (in any organism) that can 
catalyse the addition of nucleotides to the 5'end (i.e., 3'→5' direction) of the 
growing chain. This problem however is solved by synthesizing this strand 
as a series of small fragments. The fragments of the discontinuously 
synthesized DNA are called Okazaki fragments after their discoverer. 
DNA polymerase III synthesizes these short pieces of a new DNA (15-250 
nucleotides) in the normal 5'→3' direction. During synthesis of the lagging 
stand, adjacent Okazaki fragments are separated by the RNA primers.
Okazaki fragments are later joined to form a continuous strand of DNA. 
DNA polymerase I and DNA ligase are responsible for this process.

The synthesis of a new DNA strands are catalyzed by 
DNA polymerase III. Synthesis occurs in the 5'→3' direction. DNA 
polymerase III synthesizes DNA for both the leading and lagging strand. 

The enzyme has the following requirements:
1. four dNTPs (dATP, dGTP, dTTP and dCTP) must be present to be 

used as precursors; Mg2+ is also required.
2. DNA template is essential, to be copied by the DNA polymerase III.
3. primer with a free 3'-OH that the enzyme can extend.
DNA polymerase III catalyzes the stepwise addition of 

deoxyribonucleotides to the 3'-OH end of a DNA chain:
(DNA)n residues + dNTP → (DNA)n+1 +  PPi

DNA polymerase III cannot start DNA synthesis without a primer. Even 
on the lagging stand, each Okazaki fragment requires an RNA primer 
before DNA synthesis can start. DNA polymerase III is a template-directed 
enzyme, that is it recognizes the next nucleotide on the DNA template and 
then adds a complementary nucleotide to the 3'-OH of the primer, 
creating a 3'5' phosphodiester bond, and releasing pyrophosphate (Fig.3). It 
involves nucleophilic attack of the 3'-OH of the primer on the α-phosphate 
group of the incoming nucleotide. The primer is extended in a 5'→3' 
direction.

DNA polymerase III also corrects mistakes in DNA by removing 
mismatched nucleotides (i.e., it has proof-reading activity). It checks the 
incoming nucleotides and allows only the correctly matched bases (i.e.,
complementary bases) to be added to the growing DNA strand. Further, 
DNA polymerase III edits its mistakes (if any) and removes the wrongly 
placed nucleotide bases. Thus, during polymerization, if the nucleotide that 
has just been incorporated is incorrect (mismatched), it is removed using a 
3'→5' exonuclease activity. This gives very high fidelity; an error rate of 
less than 10-8 per base pair. 
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Thus, overall, DNA polymerase III has two different active sites on its 
single polypeptide chain: 5'→3' polymerase and 3'→5' exonuclease.

The synthesis of new DNA strand by DNA polymerase III continues till 
it is in close proximity to RNA primer. Now the DNA polymerase I comes 
into picture. It uses its 5'→3' exonuclease activity to remove the RNA 
primer and then fills the gap with new DNA. DNA polymerase I catalyses 
the synthesis (5'→3' direction) of a fragment of DNA that replaces RNA 
primer. DNA polymerase III cannot carry out this task because it lacks the 
5'→3' activity of DNA polymerase I. 

1.3. Termination stage

Components required for the termination stage of replication: DNA 
ligase.

Finally, the enzyme DNA ligase joins the ends of the DNA fragments 
together. It catalyses the formation of a phosphodiester linkage between the 
DNA synthesized by DNA polymerase III and the small fragments of DNA 
produced by DNA polymerase I. This process-nick sealing-requires energy, 
provided by the breakdown of ATP to AMP and PPi.

2. DNA replication in eukaryotes

In eukaryotes, the cell cycle consists of G1, S, G2 and M phases. Most 
differences in the cycle times of different cells are due to differences in the 
length of the G1 phase. Quiescent cells are said to be in the G0 phase. DNA 
replication occurs only in the S phase. It occurs at many chromosomal
origins, is bi-directional and semi-conservative. Sets of 20-80 replicons act 
as replication units that are activated in sequence.

DNA polymerases α and δ replicate chromosomal DNA, DNA 
polymerases β and ε repair DNA, and DNA polymerase γ replicates 
mitochondrial DNA. DNA polymerase α synthesizes the lagging strand, via
Okazaki fragments, and DNA polymerase δ synthesizes the leading strand. 
The RNA primers are synthesized by DNA polymerase α which carries a 
primase subunit. Telomerase, a DNA polymerase that contains an integral 
RNA that acts as its own primer, is used to replicate DNA at the ends of 
chromosomes (telomeres).

Nucleosomes do not dissociate from the DNA during DNA replication; 
rather they must open up to allow the replication apparatus to pass.

3. DNA repair

Genetic information is set down in the base sequence of DNA. 
Changes in the DNA bases or their sequence therefore have mutagenic
effects. Mutagens often also damage growth regulation in cells, and they 
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are then also carcinogenic. Gene alterations (mutations) are one of the 
decisive positive factors in biological evolution. On the other hand, an 
excessive mutation frequency would threaten the survival of individual 
organisms or entire species. For this reason, every cell has repair 
mechanisms that eliminate most of the DNA changes arising from 
mutations.

1. An important mechanism for the removal of DNA damage is 
excision repair. In this process, a specific excision endonuclease removes
a complete segment of DNA on both sides of the error site. Using the 
sequence of the opposite strand, the missing segment is then replaced by a 
DNA polymerase. Finally, a DNA ligase closes the gaps again. Thymine 
dimers can be removed by photoreactivation.

2. A specific photolyase binds at the defect and, when illuminated,
cleaves the dimer to yield two single bases again.

3. A third mechanism is recombination repair. In this process, the 
defect is omitted during replication. The gap is closed by shifting the 
corresponding sequence from the correctly replicated second strand. The 
new gap that results is then filled by polymerases and ligases. 

Finally, the original defect is corrected by excision repair.

II. Transcription 

Transcription is a process in which ribonucleic acid (RNA) is 
synthesized from DNA.

The word ′gene′ refers to the functional unit of the DNA that can be 
transcribed. Thus, the genetic information stored in DNA is expressed
through RNA. For this purpose, one of the two strands of DNA serves as a 
template (non-coding strand or sense strand) and produces working
copies of RNA molecules. The other DNA strand which does not 
participate in transcription is referred to as coding strand or antisense strand
(frequently referred to as coding strand since with the exception of T for U, 
primary mRNA contains codons with the same base sequence).

The entire molecule of DNA is not expressed in transcription. RNAs are 
synthesized only for some selected regions of DNA. For certain other
regions of DNA, there may not be any transcription at all. The exact reason 
for the selective transcription is not known. This may be due to some 
inbuilt signals in the DNA molecule. The product formed in transcription is 
referred to as primary transcript. Most often, the primary RNA 
transcripts are inactive. They undergo certain alterations (splicing, terminal 
additions, base modifications) commonly known as post-transcriptional 
modifications, to produce functionally active RNA molecules. There exist 
certain differences in the transcription between prokaryotes and eukaryotes.

Transcription takes place in three stages: initiation stage, elongation
stage, termination stage.
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1. Transcription in prokaryotes

1.1. Initiation stage

Components required for the initiation stage of transcription: RNA 
polymerase, template strand of DNA.

In E. coli, all genes are transcribed by a single large RNA polymerase
with the subunit structure α2ββ’ωσ. This complete enzyme, called the 
holoenzyme, is needed to initiate transcription since the σ is essential for 
recognition of the promoter; it decreases the affinity of the core enzyme 
for nonspecific DNA binding sites and increases its affinity for the 
promoter. It is common for prokaryotes to have several σ factors that 
recognize different types of promoter (in E. coli, the most common σ factor 
is σ70).

During initiation, the sigma factor (σ) of RNA polymerase recognizes a 
specific site on the DNA, upstream from the gene that will be transcribed, 
called a promoter site and then RNA polymerase unwinds the DNA 
locally. Upon binding, the σ factor facilitates the opening of the DNA 
double helix.

The holoenzyme binds to a promoter region about 40-60 bp in size and 
then initiates transcription a short distance downstream (i.e., 3' to the 
promoter). 

Within the promoter lie two 6-bp sequences that are particularly 
important for promoter function and which are therefore highly conserved 
between species. Using the convention of calling the first nucleotide of a 
transcribed sequence as +1, these two promoter elements lie at positions 
-10 and -35, that is about 10 and 35 bp, respectively, upstream of where 
transcription will begin (Fig.5).

1. The -10 sequence has the consensus TATAAT. Because this element 
was discovered by Pribnow, it is also known as the Pribnow box. It is an 
important recognition site that interacts with the σ factor of RNA 
polymerase. 

2. The -35 sequence has the consensus TTGACA and is important in 
DNA unwinding during transcriptional initiation.

The actual sequence between the -10 sequence and the -35 sequence is 
raw conserved (i.e., it varies from promoter to promoter) but the distance 
between these two sites is extremely important for correct functioning of 
the promoter.

Promoters differ by up to 1000-fold in their efficiency of initiation of 
transcription so that genes with strong promoters are transcribed very 
frequently whereas genes with weak promoters are transcribed far less 
often. The -10 and -35 sequences of strong promoters correspond well with 
the consensus sequences shown in Fig. 5 whereas weaker promoters may 
have sequences that differ from these at one or more nucleotides. The 
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nature of the sequences around the transcriptional start site can also 
influence the efficiency of initiation. RNA polymerase does not need a 
primer to begin transcription; having bound to the promoter site, the RNA 
polymerase begins transcription directly.

Fig. 5. Prokaryotic promoter showing the -10 sequence and -35 sequence. By 
convention the first nucleotide of the template DNA that is transcribed into RNA is 
denoted +1, the transcriptional start site.

1.2. Elongation stage

Components required for the elongation stage of transcription:
ribonucleoside triphosphates (ATP, GTP, CTP and UTP).

During elongation the RNA polymerase uses the antisense (-) strand of 
DNA as template and synthesizes a complementary RNA molecule using 
ribonucleoside-5'-triphosphates as precursors. The RNA produced has the 
same sequence as the non-template strand, called the sense (+) strand (or 
coding strand) except that the RNA contains U instead of T. 

At different locations on the bacterial chromosome, sometimes one 
strand is used as template, sometimes the other, depending on which strand 
is the coding strand for the gene in question. The correct strand to be used 
as template is identified for the RNA polymerase by the presence of the 
promoter site. 

RNA polymerase then begins transcription, copying the template DNA 
strand in the 5' to 3' direction.

The first nucleotide in the RNA transcript is usually ρρρG or ρρρA. The 
RNA polymerase then synthesizes RNA, using the four ribonucleoside-5'-
triphosphates (ATP, CTP, GTP, UTP) as precursors. 

In each step the incoming ribonucleotide selected is that which can 
base-pair with the next base of the DNA template strand. The 3'-OH at the 
end of the growing RNA chain attacks the α-phosphate group of the 
incoming ribonucleoside-5'-triphosphate to form a 3'5'-phosphodiester 
bond, extending the RNA chain by one nucleotide, and pyrophosphate is 
released (Fig.6). 

By the time 10 nucleotides have been added, the σ factor dissociates
from the transcriptional complex to leave the core enzyme (α2ββ’ω), which 
continues elongation of the RNA transcript. Thus, the core enzyme 
contains the catalytic site for polymerization, probably within the β subunit. 
σ factor can combine with another free core enzyme. 
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Fig. 6. RNA synthesis. (Hames B. D. Biochemistry, 3 ed., Taylor and Francis Group, 2005)

The complex of RNA polymerase, DNA template and new RNA 
transcript is called a ternary complex (i.e., three components) and the 
region of unwound DNA that is undergoing transcription is called the 
transcription bubble (Fig.7). The RNA transcript forms a transient RNA-
DNA hybrid helix with its template strand but then peels away from the 
DNA as transcription proceeds. The DNA is unwound ahead of the 
transcription bubble and after the transcription complex has passed, the 
DNA rewinds.

Fig. 7. A transcription bubble. The DNA double helix is unwound and RNA polymerase 
then synthesizes an RNA copy of the DNA template strand. The nascent RNA transiently 
forms an RNA-DNA hybrid helix but then peels away from the DNA which is 
subsequently rewound into a helix once more.

1.3. Termination stage

Components required for the termination stage of transcription: 
termination sequence.
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RNA polymerase encounter at termination signal and ceases 
transcription, releasing the RNA transcript and dissociating from the DNA.

The most common termination signal is a GC-rich region that is a 
palindrome, followed by an AT-rich sequence. The RNA made from the 
DNA palindrome is self-complementary and so base-pairs internally to 
form a hairpin structure rich in GC base pairs followed by four or more U 
residues (Fig.8). However, not all termination sites have this hairpin 
structure. Those that lack such a structure require an additional protein, 
called rho (p), to help recognize the termination site and stop transcription.

Fig. 8. A typical hairpin structure formed by the 3' end of an RNA molecule during 
termination of transcription.

1.4. RNA processing

In prokaryotes, RNA transcribed from protein-coding genes (messenger 
RNA, mRNA), requires little or no modification prior to translation. In 
fact, many mRNA molecules begin to be translated even before RNA 
synthesis has finished. However, ribosomal RNA (rRNA) and transfer 
RNA (tRNA) are synthesized as precursor molecules that do require post-
transcriptional processing.

2. Transcription of protein coding genes in eukaryotes

2.1. Gene organization

Most protein-coding genes in eukaryotes consist of coding sequences 
called exons interrupted by noncoding sequences called introns. The 
number of introns and their size varies from gene to gene. The primary 
transcript (pre-mRNA) undergoes processing reactions to yield mature 
mRNA. 

Most promoter sites for RNA polymerase have a TATA box located 
about 25 bp upstream of the transcriptional start site. RNA polymerase
binding to the promoter requires the formation of a transcription initiation 
complex involving several general (basal) transcription factors that 
assemble in a strict order. 
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Some protein-coding genes lack a TATA box and have an initiator 
element instead, centered around the transcriptional start site. The initiation 
of transcription of these genes requires an additional protein to recognize 
the initiator element and facilitate formation of the transcription initiation 
complex; many of the same transcription factors for initiation of TATA box 
promoters are also involved here. 

Yet other promoters lack either a TATA box or an initiator element and 
transcription starts within a broad region of DNA rather than at a defined 
location.

Elongation continues until transcription comes to a halt at varying 
distances downstream of the gene, releasing the primary RNA transcript, 
pre-mRNA. This molecule then undergoes processing reactions to yield 
mRNA.

2.2. Processing of eukaryotic pre-mRNA

The primary RNA transcript (pre-mRNA, hnRNA) from a protein-
coding gene in a eukaryotic cell must be modified by several RNA 
processing reactions in order to become a functional mRNA molecule
(Fig.9). 

The 5' end is modified to form a 5' cap structure. Most pre-mRNAs are 
then cleaved near the 3' end and a poly(A) tail is added. Intron sequences 
are removed by RNA splicing.

Immediately after transcription, the 5' phosphate is removed, guanosyl 
transferase adds a G residue linked via a 5'-5' covalent bond, and this is 
methylated to form a 7-methylguanosine (m7G) cap (methylated in N-7 
position of the base). The ribose residues of either the adjacent one or two 
nucleotides may also be methylated by methyl group addition to the 2' OH 
of the sugar. The cap protects the 5' end of the mRNA against ribonuclease
degradation and also functions in the initiation of protein synthesis (Fig.9).

Most pre-mRNA transcripts are cleaved post-transcriptionally near the 
3' end between a polyadenylation signal (5'-AAUAAA-3') and 5'-YA-3' 
(where Y = pyrimidine). A GU-rich sequence may also be located further 
downstream. Specific proteins bind to these sequence elements to form a 
complex. One of the bound proteins, poly(A) polymerase, then adds a 
poly(A) tail of up to 250 A residues to the new 3' end of the RNA molecule 
and poly(A) binding protein molecules bind to this. The poly(A) tail 
protects the 3' end of the final mRNA against nuclease degradation and 
also increases translational efficiency of the mRNA. Some pre-mRNAs 
(e.g., histone pre-mRNAs) are cleaved near the 3'-end but no poly(A) tail is 
added (Fig.9).

Intron sequences are removed by RNA splicing that cleaves the RNA 
at exon-intron boundaries and ligates the ends of the exon sequences 
together. The cleavage sites are marked by consensus sequences that are 
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evolutionarily conserved. In most cases the intron starts with GU and ends 
with AG, a polypyrimidine tract lies upstream of the AG, and a conserved 
branchpoint sequence is located about 20-50 nt upstream of the 3' splice 
site. The RNA splicing reactions require small nuclear RNAs (snRNAs)
and accessory proteins that assemble into a spliceosome at the intron to be 
removed. 

(Koolman J. Color atlas of biochemistry, 3d ed., Thieme, 2012)

Fig. 9. Processing of eukaryotic pre-mRNA.

The splicing reaction involves two transesterification steps which ligate 
the exons together and release the intron as a branched lariat structure 
containing a 2'5' bond with a conserved A residue in the branchpoint 
sequence. 

The RNA components of the snRNAs are complementary to the 5' and 
3' splice site sequences and to other conserved sequences in the intron and 
so can base-pair with them. Some introns start with AU and end with AC, 
instead of GU and AG respectively. The splicing of these 'AT-AC introns' 
requires a different set of snRNAs than those used for splicing of the major 
form of intron, except both classes of intron use U5 snRNA.

Some pre-mRNAs contain more than one set of sites for 3'-end cleavage 
and polyadenylation, such that the use of alternative sites can lead to 
mRNA products that contain different 3' noncoding regions (which may 
influence the lifetime of the mRNA) or have different coding capacities. 
Alternative splice pathways also exist whereby the exons that are retained 
in the final mRNA depend upon the pathway chosen, allowing several 
different proteins to be synthesized from a single gene.

The sequence of an mRNA molecule may be changed after synthesis 
and processing by RNA editing. Individual nucleotides may be substituted, 
added or deleted. In human liver, apolipoprotein B (apoB) pre-mRNA does 
not undergo editing and subsequent translation yields apoB-100. In cells of 
the small intestine, RNA editing converts a single C residue in apoB pre-
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mRNA to U, changing a codon for glutamine (CAA) to a termination 
codon (UAA). Translation of the edited mRNA yields the much shorter 
protein, apoB-48, with a restricted function in that it lacks a protein domain 
for receptor binding. Many other examples of editing occur, including 
trypanosome mitochondrial mRNAs, where RNA editing results in over 
half of the uridines in the final mRNA being acquired through the editing 
process.

3. Reverse transcription

Some of the viruses known as retroviruses carry its genome in the 
form of single-stranded RNA molecules. These viruses cause cancers in 
animals, hence known as oncogenic. They are actually found in the 
transformed cells of the tumors.

Following infection of a host cell, the viral enzyme, RNA dependent 
DNA polymerase or simply reverse transcriptase, uses the RNA as a 
template for the synthesis of viral DNA. 

Thus, the DNA expresses the genetic information in the form of RNA. 
And the mRNA determines the amino acid sequence in a protein. The 
mRNA can be utilized as a template for the synthesis of double-stranded 
DNA. This DNA is complementary (cDNA) to viral RNA and can be 
transmitted into host DNA. cDNA can be used as a probe to identify the 
sequence of DNA in genes.

Like all the other enzymes that synthesize nucleic acids, reverse 
transcriptase moves along the template in the 3'→5' direction, synthesizing 
the DNA product in the 5'→3' direction. The lack of proof-reading by 
reverse transcriptase provides an explanation for the high mutation rate of 
such viruses. 

III. Translation

The genetic information stored in DNA is passed on to RNA (through 
transcription), and ultimately expressed in the language of proteins.

The biosynthesis of a protein or a polypeptide in a living cell is referred 
to as translation. The term translation is used to represent the biochemical 
translation of four-letter language information from nucleic acids (DNA 
and then RNA) to 20 letter language of proteins. The sequence of amino 
acids in the protein synthesized is determined by the nucleotide base 
sequence of mRNA.

1. The genetic code

The genetic code (Fig.10) is the rules that specify how the nucleotide 
sequence of an mRNA is translated into the amino acid sequence of a 
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polypeptide. The nucleotide sequence is read as triplets called codons. The 
codons UAG, UGA and UAA do not specify amino acids and are called 
termination codons or Stop codons. AUG codes for methionine and also 
acts as an initiation (Start) codon.

Fig. 10. The genetic code.

Most amino acids in proteins are specified by more than one codon (i.e.,
the genetic code is degenerate). Codons that specify the same amino acid 
(synonyms) often differ only in the third base, the wobble position, where 
base-pairing with the anticodon may be less stringent than for the first two 
positions of the codon.

The genetic code is not universal but is the same in most organisms. 
Exceptions are found in mitochondrial genomes where some codons 
specify different amino acids to that normally encoded by nuclear genes. In 
mitochondria, the UGA codon does not specify termination of translation 
but instead encodes for tryptophan. Similarly, in certain protozoa UAA and 
UAG encode glutamic acid instead of acting as termination codons.

The mRNA sequence can be read by the ribosome in three possible 
reading frames. Usually only one reading frame codes for a functional 
protein since the other two reading frames contain multiple termination 
codons. In some bacteriophage, overlapping genes occur which use 
different reading frames.

An open reading frame (ORF) is a run of codons that starts with ATG 
and ends with a termination codon, TGA, TAA or TAG. Coding regions of 
genes contain relatively long ORFs unlike noncoding DNA where ORFs 
are comparatively short. The presence of a long open reading frame in a 
DNA sequence therefore may indicate the presence of a coding region. 
Computer analysis of the ORF can be used to deduce the sequence of the 
encoded protein.
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2. Translation in prokaryotes

A ribosome binds to an mRNA molecule and reads the nucleotide 
sequence from the 5' to 3' direction, synthesizing the corresponding protein 
from amino acids in an N-terminal (amino-terminal) to C-terminal 
(carboxyl terminal) direction. 

The amino acids used are covalently bound to tRNA (transfer RNA) 
molecules to form aminoacyl-tRNAs. Each aminoacyl-tRNA bears a triplet 
of bases, called an anticodon. The ribosome reads each triplet codon of the 
mRNA in turn and an aminoacyl-tRNA molecule with an anticodon that is 
complementary to the codon binds to it via hydrogen bonding. A peptide 
bond is then formed between the incoming amino acid and the growing 
end of the polypeptide chain.

Overall, protein synthesis (or translation) takes place in five stages:
1. Activation of amino acids.
2. Initiation stage.
3. Elongation stage.
4. Termination stage.
5. Post-translational modifications.

2.1. Activation of amino acids

Cellular components required for the activation of amino acids: 20 
proteinogenic amino acids (L-type), tRNAs, aminoacyl-tRNA synthetases, 
ATP, H2O, Mg2+.

A tRNA molecule is about 74-95 nucleotides long, making these some of 
the smallest RNA molecules in the cell. Each tRNA molecule has a 
cloverleaf secondary structure with the anticodon accessible at the end of 
the anticodon stem loop (Fig. 10).

Fig. 10. Structure of an aminoacyl-tRNA.
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During synthesis of the aminoacyl-tRNA, the amino acid is covalently 
bound to the A residue of the CCA sequence at the 3' end (Fig.10). 

Each tRNA molecule carries only a single amino acid. However, because 
of the redundancy of the genetic code, several codons may encode the same 
amino acid and so there will also exist several types of tRNA with 
corresponding anticodons all bearing the same amino acid. 

The correct nomenclature is, for example, tRNAGly for the tRNA that 
will accept glycine whereas the corresponding aminoacyl-tRNA is Gly-
tRNAGly, and is the aminoacyl-tRNA shown in Fig. 10.

Synthesis of aminoacyl-tRNAs is crucially important for two reasons. 
First each amino acid must be covalently linked to a tRNA molecule in 
order to take part in protein synthesis, which depends upon the 'adaptor' 
function of tRNA to ensure that the correct amino acids are incorporated. 
Second, the covalent bond that is formed between the amino acid and the 
tRNA is a high energy bond that enables the amino acid to react with the 
end of the growing polypeptide chain to form a new peptide bond. For this 
reason, the synthesis of aminoacyl-tRNA is also referred to as amino acid 
activation. Amino acids that are not linked to tRNAs cannot be added to 
the growing polypeptide.

The attachment of an amino acid to a tRNA is catalyzed by an enzyme 
called aminoacyl-tRNA synthetase. A separate aminoacyl-tRNA synthetase
exists for every amino acid, making 20 synthetases in total. 

The synthesis reaction occurs in two steps. 
The first step is the reaction of an amino acid and ATP to form an 

aminoacyl-adenylate (also known as aminoacyl-AMP).
In the second step, without leaving the enzyme, the aminoacyl group of 

aminoacyl-AMP is transferred to the 3' end of the tRNA molecule to form 
aminoacyl-tRNA.
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2.2. Initiation stage

Cellular components required for the initiation stage of protein 
synthesis: initiation factors (IF1, IF2, IF3), small (30S) and large (50S) 
ribosomal subunits, N-formylmethionyl-tRNA (=initiator tRNA), mRNA, 
initiation codons in mRNA (AUG, GUG), GTP, Mg2+.

Each prokaryotic ribosome, shown schematically in Fig. 11, has three 
binding sites for tRNAs. The aminoacyl-tRNA binding site (or A site) is 
where, during elongation, the incoming aminoacyl-tRNA binds. The
peptidyl-tRNA binding site (or P site) is where the tRNA linked to the 
growing polypeptide chain is bound. The exit site (or E site) is a binding 
site for tRNA following its role in translation and prior to its release from 
the ribosome.

Fig. 11. Schematic of a prokaryotic 70S ribosome showing the peptidyl-tRNA site (P 
site), aminoacyl-tRNA site (A site) and exit site (E site).

The first codon translated in all mRNAs is AUG, which codes for 
methionine (Met). This AUG is called the start codon or initiation codon.

Naturally, other AUG codons also occur internally in an mRNA where 
they encode methionine residues internal to the protein. Two different 
tRNAs are used for these two types of AUG codon: tRNAf

Met is used for 
the initiation codon and is called the initiator tRNA whereas tRNAm

Met is 
used for internal AUG codons. 

In prokaryotes the first amino acid of a new protein is N-
formylmethionine (abbreviated fMet). Hence the aminoacyl-tRNA used in 
initiation is fMet-tRNAf

Met. 
It is essential that the correct AUG is used as the initiation codon since 

this sets the correct reading frame for translation. A short sequence rich in 
purines (5'-AGGAGGU-3'), called the Shine-Dalgarno sequence, lies 5' to 
the AUG initiation codon (Fig.12) and is complementary to part of the 16S 
rRNA in the small ribosomal subunit. Therefore this is the binding site for 
the 30S ribosomal subunit which then migrates in a 3' direction along the 
mRNA until it encounters the AUG initiation codon. 

Thus, the Shine-Dalgarno sequence delivers the ribosomal subunit to the 
correct AUG for initiation for translation.
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Fig. 12. The Shine-Dalgarno sequence in prokaryotic mRNA.

Initiation of protein synthesis is catalyzed by proteins called initiation 
factors (IFs). In prokaryotes, three initiation factors (IF1, IF2 and IF3)
are essential. Because of the complexity of the process, the exact order of 
binding of IF1, IF2, IF3, fMet-tRNAf

Met and mRNA is still unclear. One 
current model is shown in Fig. 13 and is described below.

Initiation begins with the binding of IF3 to the small (30S) ribosomal
subunit. The initiator tRNA charged with N-formylmethionine and in a 
complex with IF2 and GTP (fMet-tRNAf

Met/IF2/GTP) now binds. The 
complex of fMet-tRNAf

Met, IF2, IF3, and the 30S ribosomal subunit formed 
is called the 30S initiation complex. It then binds to the mRNA by IF1. 
The large (50S) ribosomal subunit now binds with the small ribosomal 
subunit by IF2 with the release of IF1, IF2 and IF3 and hydrolysis of GTP, 
to form a 70S initiation complex. 

During initiation, the mRNA-ribosome complex is formed and the first 
codon AUG (start codon) is positioned in the P site. It binds the first 
initiator tRNA by codon-anticodon hydrogen bonding base-pairing.

One important point to note is that, unlike all other aminoacyl-tRNA 
molecules (which bind to the A site), the binding of fMet-tRNAf

Met occurs 
directly into the P site.

Fig. 13. Initiation of protein synthesis in prokaryotic cells.
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2.3. Elongation stage

During the elongation stage, the other codons are read sequentially and 
the polypeptide grows by addition of amino acids to its C-terminal end.

Cellular components required for the elongation stage of protein 
synthesis: functional 70S ribosome (initiation complex), aminoacyl-tRNAs 
specified by codons, elongation factors (EF-Tu, EF-Ts, EF-G), peptidyl 
transferase, GTP, Mg2+.

At the start of the first round of elongation (Fig.14), the initiation codon 
(AUG) is positioned in the P site with fMet-tRNAf

Met. The next codon in 
the mRNA is positioned in the A site. 

Elongation of the polypeptide chain occurs in three steps called the 
elongation cycle, namely aminoacyl-tRNA binding, peptide bond formation 
and translocation.

Aminoacyl-tRNA binding: in this first step, the corresponding 
aminoacyl-tRNA for the second codon binds to the A site via codon-
anticodon interaction. Binding of the aminoacyl-tRNA requires elongation 
factor EF-Tu and GTP which bind as an aminoacyl-tRNA/EF-Tu/GTP 
complex. Following binding, the GTP is hydrolyzed and the EF-Tu is 
released, now bound to GDP (Fig.14). 

Before the EF-Tu molecule can catalyze the binding of another charged 
tRNA to the ribosome, it must be regenerated by a process involving 
another elongation factor, EF-Ts. This regeneration is called the EF-Tu-
EF-Ts exchange cycle. First, EF-Ts binds to EF-Tu and displaces the 
GDP. Then GTP binds to the EF-Tu and displaces EF-Ts. The EF-Tu-GTP 
is now ready to take part in another round of elongation.

Peptide bond formation: the second step, peptide bond formation, is 
catalyzed by peptidyl transferase, part of the large ribosomal subunit. 

In this reaction the carboxyl end of the amino acid bound to the tRNA 
in the P site is uncoupled from the tRNA and becomes joined by a peptide 
bond to the amino group of the amino acid linked to the tRNA in the A site 
(Fig.14).

A protein with peptidyl transferase activity has never been isolated. 
The reason is now clear; in E. coli at least, the peptidyl transferase activity 
is associated with part of the 23S rRNA in the large ribosomal subunit. In 
other words, peptidyl transferase is a ribozyme, a catalytic activity that 
resides in an RNA molecule.

Translocation: in the third step, a complex of elongation factor EF-G
(also called translocase) and GTP (i.e., EF-G/GTP) binds to the ribosome. 
Three concerted movements (Fig.14) now occur, collectively called 
translocation; the deacylated tRNA moves from the P site to the E site, the 
dipeptidyl-tRNA in the A site moves to the P site, and the ribosome moves 
along the mRNA (5' to 3') by three nucleotides to place the next codon in 
the A site. During the translocation events, GTP is hydrolyzed to GDP and 
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Elongation stage

1. Binding of aminoacyl tRNA to the A site.
2. Formation of a peptide bond.
3. Translocation. 

The two steps in 3 occur simultaneously.

Fig. 14. The elongation stage of protein synthesis in prokaryotic cells.

inorganic phosphate, and EF-G is released ready to bind more GTP for 
another round of elongation.

After translocation, the A site is empty and ready to receive the next 
aminoacyl-tRNA. The A site and the E site cannot be occupied 
simultaneously. Thus, the deacylated tRNA is released from the E site 
before the next aminoacyl-tRNA binds to the A site to start a new round of 
elongation. 

Elongation steps 
1-3 repeated
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Elongation continues, adding one amino acid to the C-terminal end of 
the growing polypeptide for each codon that is read, with the peptidyl-
tRNA moving back and forth from the P site to the A site as it grows.

2.4. Termination stage

Cellular components required for the termination stage of protein 
synthesis: 70S ribosome, termination codons in mRNA (UAA, UAG, 
UGA), polypeptide release factors (RF1, RF2, RF3), ATP.

Elongation continues until a termination codon (also called stop 
codon), which does not have a corresponding aminoacyl-tRNA with which 
to base-pair, is reached. Eventually, one of three termination codons
becomes positioned in the A site (Fig.15). These are UAG, UAA and
UGA. Unlike other codons, prokaryotic cells do not contain aminoacyl-
tRNAs complementary to stop codons. 

Instead, one of two release factors (RF1 and RF2) binds instead. RF1
recognizes UAA and UAG whereas RF2 recognizes UGA. A third release 
factor, RF3, is also needed to assist RF1 or RF2. Thus, either RF1 + RF3 or 
RF2 + RF3 bind depending on the exact termination codon in the A site.
RF1 (or RF2) binds at or near the A site whereas RF3/GTP binds elsewhere 
on the ribosome.

The release factors cause the peptidyl transferase to transfer the 
polypeptide to a water molecule instead of to aminoacyl-tRNA, effectively 
cleaving the bond between the polypeptide and tRNA in the P site. The 
polypeptide, now leaves the ribosome, followed by the mRNA and free 
tRNA, and the ribosome dissociates into 30S and 50S subunits ready to
start translation afresh.

Usually at any one time, many ribosomes are translating an mRNA 
simultaneously, forming a structure called a polyribosome or polysome.

2.5. Post-translational modifications

Cellular components required for post-translational modifications:
specific enzymes and cofactors for removal of initiating residues and signal 
sequences; additional proteolytic processing; modification of terminal 
residues; attachment of phosphate, methyl, carboxyl, carbohydrate, or 
prosthetic groups.

The proteins synthesized in translation are as such, not functional. 
Many changes take place in the polypeptides after the initiation of their 
synthesis or, most frequently, after the protein synthesis is completed.

These modifications include protein folding through the assistance of 
chaperones, trimming by proteolytic degradation, intein splicing and 
covalent changes which are collectively known as post-translational
modifications.
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Fig. 15. Termination of protein synthesis in prokaryotic cells.

Proteolytic degradation. Many proteins are synthesized as the 
precursors which are much bigger in size than the functional proteins. 
Some portions of precursor molecules are removed by proteolysis to 
liberate active proteins. This process is commonly referred to as trimming. 
The conversion of zymogens to the active enzymes is example of trimming.

Intein splicing. Inteins are intervening sequences in certain proteins. 
These are comparable to introns in mRNAs. Inteins have to be removed, 
and exteins ligated in the appropriate order for the protein to become 
active.
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Covalent modifications. The proteins synthesized in translation are
subjected to many covalent changes. By these modifications in the amino 
acids, the proteins may be converted to active form or inactive form. 
Selected examples of covalent modifications:

1. Phosphorylation. The hydroxyl group containing amino acids of 
proteins, namely serine, threonine and tyrosine are subjected to
phosphorylation. The phosphorylation may either increase or decrease the 
activity of the proteins. A group of enzymes called protein kinases catalyse
phosphorylation while protein phosphatases are responsible for 
dephosphorylation.

2. Hydroxylation. During the formation of collagen, the amino acids
proline and lysine are respectively converted to hydroxyproline and
hydroxylysine. This hydroxylation requires vitamin C.

3. Glycosylation. The attachment of carbohydrate moiety is essential 
for some proteins to perform their functions. The complex carbohydrate 
moiety is attached to the amino acids, serine and threonine (O-linked) or to
asparagine (N-linked), leading to the synthesis of glycoproteins. Vitamin K 
dependent carboxylation of glutamic acid residues in certain clotting
factors is also a post-translational modification.

3. Translation in eukaryotes

Eukaryotic ribosomes are larger (80S) and more complex than 
prokaryotic ribosomes (70S). 

Initiation is basically similar in prokaryotes and eukaryotes except that 
in eukaryotes at least nine initiation factors are involved (three factors in 
prokaryotes), the initiating amino acid is methionine (N-formylmethionine 
in prokaryotes), eukaryotic mRNAs do not contain Shine-Dalgarno 
sequences (so the AUG initiation codon is detected by the ribosome 
scanning instead), and eukaryotic mRNA is monocistronic (some 
polycistronic mRNAs in prokaryotes). 

Initiation in eukaryotes involves the formation of a 48S preinitiation 
complex between the 40S ribosomal subunit, mRNA, initiation factors and 
Met-tRNAf

Met. The ribosome then scans the mRNA to locate the AUG 
initiation codon. The 60S ribosomal subunit now binds to form the 80S 
initiation complex.

Elongation in eukaryotes requires three eukaryotic initiation factors that 
have similar functions to the corresponding prokaryotic proteins.

A single eukaryotic release factor recognizes all three termination 
codons and requires ATP for activity.
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4. Inhibitors of protein synthesis

Translation is a complex process and it has become a favorite target for 
inhibition by antibiotics. Antibiotics are the substances produced by 
bacteria or fungi which inhibit the growth of other organisms. Majority of 
the antibiotics interfere with the bacterial protein synthesis and are 
harmless to higher organisms. This is due to the fact that the process of 
translation sufficiently differs between prokaryotes and eukaryotes. 

The action of a few important antibiotics on translation:
Streptomycin. Initiation of protein synthesis is inhibited by 

streptomycin. It causes misreading of mRNA and interferes with the 
normal pairing between codons and anticodons.

Tetracycline. It inhibits the binding of aminoacyl-tRNA to the 
ribosomal complex. In fact, tetracycline can also block eukaryotic protein 
synthesis. This, however, does not happen since eukaryotic cell membrane 
is not permeable to this drug.

Puromycin. This has a structural resemblance to aminoacyl-tRNA. 
Puromycin enters the A site and gets incorporated into the growing peptide
chain and causes its release. This antibiotic prevents protein synthesis in 
both prokaryotes and eukaryotes.

Chloramphenicol. It acts as a competitive inhibitor of the enzyme 
peptidyl transferase and thus interferes with elongation of peptide chain.

Erythromycin. It inhibits translocation by binding with 50S subunit of 
bacterial ribosome.

Diphtheria toxin. It prevents translocation in eukaryotic protein 
synthesis by inactivating elongation factor eEF2.

5. Regulation of the gene expression

DNA, the chemical vehicle of heredity, is composed of functional units, 
namely genes. The term genome refers to the total genetic information 
contained in a cell. The bacterium Escherichia coli contain about 4.400
genes present on a single chromosome. The genome of humans is more 
complex, with 23 pairs of (diploid) chromosomes containing 6 billion (109) 
base pairs of DNA, with an estimated 30.000-40.000 genes. At any given 
time, only a fraction of the genome is expressed.

The living cells possess a remarkable property to adapt to changes in the 
environment by regulating the gene expression.
The regulation of the expression of genes is absolutely essential for the 
growth, development, differentiation and the very existence of an 
organism.

The genes are generally considered under two categories:
1. Constitutive genes. The products (proteins) of these genes are 

required all the time in a cell. Therefore, the constitutive genes (or
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housekeeping genes) are expressed at more or less constant rate in almost 
all the cells and, further, they are not subjected to regulation e.g., the 
enzymes of citric acid cycle.

2. Inducible genes. The concentration of the, proteins synthesized by 
inducible genes is regulated by various molecular signals. An inducer 
increases the expression of these genes while a repressor decreases, e.g.,
tryptophan pyrrolase of liver is induced by tryptophan.

5.1. The operon concept

The operon is the coordinated unit of genetic expression in bacteria. 
The concept of operon was introduced by Jacob and Monod in 1961 (Nobel 
Prize, 1965), based on their observations on the regulation of lactose
metabolism in E. coli. This is popularly known as lactose lac operon.

Structure of lac operon

The lac operon (Fig.16) consists of a regulatory gene (I; ′I′ for 
inhibition), operator gene (O) and three structural genes (Z, Y, A).
Besides these genes, there is a promoter site (P), next to the operator gene, 
where the enzyme RNA polymerase binds. 

The structural genes Z, Y and A respectively, code for the enzymes
β-galactosidase, galactoside permease and galactoside acetylase. 
β-Galactosidase hydrolyses lactose (β-galactoside) to galactose and 
glucose while permease is responsible for the transport of lactose into the 
cell. The function of acetylase (coded by A gene) remains a mystery.

The structural genes Z, Y and A transcribe into a single large mRNA 
with 3 independent translation units for the synthesis of 3 distinct enzymes.

An mRNA coding for more than one protein is known as polycistronic 
mRNA. Prokaryotic organisms contain a large number of polycistronic 
mRNAs.

Repression of lac operon

The regulatory gene (I) is constitutive. It is expressed at a constant rate 
leading to the synthesis of lac repressor. Lac repressor is a tetrameric (4 
subunits) regulatory protein (total mol. wt. 150.000) which specifically 
binds to the operator gene (O). This prevents the binding of the enzyme 
RNA polymerase to the promoter site (P), thereby blocking the transcription 
of structural genes (Z, Y and A) (Fig.16). This is what happens in the 
absence of lactose in E. coli. The repressor molecule acts as a negative 
regulator of gene expression.
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Fig. 16. Model of lactose operon in E. coli: (a) Structure of lac operon; (b) repression 
of lac operon; (c) derepression of lac operon. (CAP-cAMP – catabolite gene activator 
protein bound to cyclic AMP; RNAP – RNA polymerase). (Satyanarayana U. Biochemistry, 3 ed., 
Kolkata: Books and Allied (P) Ltd., 2007)

Derepression of lac operon

In the presence of lactose (inducer) in the medium, a small amount of it 
can enter the E. coli cells. The repressor molecules have a high affinity for 
lactose. The lactose molecules bind and induce a conformational change in 
the repressor. The result is that the repressor gets inactivated and, therefore, 
cannot bind to the operator gene (O). The RNA polymerase attaches to the 



Lecture 30

308

DNA at the promoter site and transcription proceeds, leading to the 
formation of polycistronic mRNA (for genes Z, Y and A) and, finally, the 3 
enzymes. Thus, lactose induces the synthesis of the three enzymes
β-galactosidase, galactoside permease and galactoside acetylase.

Lactose acts by inactivating the repressor molecules, hence this process 
is known as derepression of lac operon.

The cells of E. coli utilize glucose in preference to lactose; when both of 
them are present in the medium. After the depletion of glucose in the
medium, utilization of lactose starts. This indicates that glucose somehow 
interferes with the induction of lac operon. 

The attachment of RNA polymerase to the promoter site requires the 
presence of a catabolite gene activator protein (CAP) bound to cyclic 
AMP (Fig.16). The presence of glucose lowers the intracellular 
concentration of cAMP by inactivating the enzyme adenylyl cyclase
responsible for the synthesis of cAMP. Due to the diminished levels of 
cAMP, the formation of CAP-cAMP is low. Therefore, the binding of RNA 
polymerase to DNA (due to the absence of CAP-cAMP) and the 
transcription are almost negligible in the presence of glucose. Thus,
glucose interferes with the expression of lac operon by depleting cAMP 
levels. Addition of exogenous cAMP is found to initiate the transcription of 
many inducible operons, including lac operon. It is now clear that the 
presence of CAP-cAMP is essential for the transcription of structural genes 
of lac operon. Thus, CAP-cAMP acts as a positive regulator for the gene 
expression. It is, therefore, evident that lac operon is subjected to both 
positive (by repressor) and negative regulation.
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Lecture 31

CARCINOGENESIS

Cancer (medical term: malignant neoplasm) is a class of diseases in 
which a group of cells display diminished or uncontrolled growth (division 
beyond the normal limits), invasion (intrusion on and destruction of 
adjacent tissues), and sometimes metastasis (spread to other locations in the 
body via lymph or blood). Cells of benign tumors also show diminished 
control of growth but do not invade local tissue or spread to other parts of 
the body.

The key issues are to explain in biochemical terms the uncontrolled 
growth of cancer cells and their ability to invade and metastasize. The 
genes controlling growth and interactions with other normal cells are 
apparently abnormal in structure or regulation in cancer cells. Information 
on how cell growth is controlled – both normal and pathologic – is limited, 
and knowledge of specific genes involved in growth regulation is even 
more meager. Little is known as yet about the biochemical basis of 
metastasis, so that coverage of this topic will be brief. 

At least some types of cancer (e.g., certain leukemias) can be regarded 
as examples of abnormal differentiation. Again, astonishingly little is 
known about the molecular basis of differentiation. However, many 
workers in this area think that further research on oncogenes and growth 
factors will provide insight into the nature of the disturbed control of 
growth, of differentiation (where applicable), and of cell-cell interaction 
exhibited by cancer cells. Thus, both of these topics will be discussed in 
some detail.

Cancer is the second most common cause of death after cardiovascular 
disease. Humans of all ages develop cancer, and a wide variety of organs 
are affected. The incidence of many cancers increases with age, so that as 
people live longer, more will develop the disease. Apart from individual 
suffering, the economic burden to society is immense.

1. DNA is the critical target macromolecule in carcinogenesis

The following facts support this conclusion. 
1. Cancer cells beget cancer cells, i.e., the essential changes responsible 

for cancer are transmitted from mother to daughter cells. This is consistent 
with the behavior of DNA. 

2. Both irradiation and chemical carcinogens damage DNA and are 
capable of causing mutations in DNA. 

31
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3. Many tumor cells exhibit abnormal chromosomes. 
4. Transfection experiments indicate that purified DNA (oncogenes) 

from cancer cells can transform normal cells into (potential) cancer cells. 
However, epigenetic factors may also play a role in carcinogenesis.

2. Agents causing cancer

Agents causing cancer (carcinogens) fall into 3 broad groups: radiant 
energy, chemical compounds, and viruses.

2.1. Radiant energy

Ultraviolet rays, χ-rays, and γ-rays are mutagenic and carcinogenic.
These rays damage DNA in several ways. Ultraviolet radiation may 

cause pyrimidine dimers to form. Apurinic or apyrimidinic sites may form 
by elimination of corresponding bases. Single- and double-strand breaks or 
crosslinking of strands may occur. Damage to DNA is presumed to be the 
basic mechanism of carcinogenicity with radiant energy, but the details are 
unclear. 

Apart from direct effects on DNA, χ-rays and γ-rays cause free radicals
to form in tissues. The resultant -OH, superoxide, and other radicals can 
interact with DNA and other macromolecules, leading to molecular damage 
and thereby probably contributing to carcinogenic effects of radiant energy.

2.2. Chemical compounds

A wide variety of chemical compounds are carcinogenic. Most of the 
compounds have been tested by administration to rodents or other animals. 
However, many substances are associated with the development of cancer 
in humans. 

It is estimated that up to 80% of human cancers are caused by 
environmental factors, principally chemicals. Exposure to such compounds 
can occur because of a person's occupation (e.g., benzene, asbestos); diet 
(e.g., aflatoxin B1 which is produced by the mold Aspergillus flavus and 
sometimes found as a contaminant of peanuts and other foodstuffs); life-
style (e.g., cigarette smoking); or in other ways (e.g., certain therapeutic
drugs). 

We shall present only a few important generalizations that have 
emerged from the study of chemical carcinogenesis.
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2.2.1. Action of chemical carcinogens

The organic carcinogens have been the most thoroughly studied. Some, 
such as nitrogen mustard and β-propiolactone, have been found to 
interact directly with target molecules (direct carcinogens), but others 
require prior metabolism to become carcinogenic (procarcinogens).

The process whereby one or more enzyme-catalyzed reactions convert 
procarcinogens to active carcinogens is called metabolic activation. Any 
intermediate compounds formed are proximate carcinogens, and the final 
compound that reacts with cellular components (e.g., DNA) is the ultimate 
carcinogen. The sequence is thus:

      Procarcinogen → Proximate carcinogen A →
        Proximate carcinogen B → Ultimate carcinogen

The procarcinogen itself is not a chemically reactive species, whereas 
the ultimate carcinogen is often highly reactive. At least 2 reactions are 
required to convert the procarcinogen 2-acetylaminofluorene (2-AAF) to 
the ultimate carcinogen, the sulfate ester of N-hydroxy-AAF. An important 
generalization is that ultimate carcinogens are usually electrophiles (i.e.,
molecules deficient in electrons), which readily attack nucleophilic 
(electron-rich) groups in DNA, RNA, and proteins.

2.2.2. Metabolism of chemical carcinogens

The metabolism of procarcinogens and other xenobiotics involves 
monooxygenases and transferases. The enzymes responsible for metabolic 
activation of procarcinogens are principally species of cytochrome P-450, 
located in the endoplasmic reticulum. These are the same enzymes that are 
involved in the metabolism of other xenobiotics, such as drugs and 
environmental pollutants (e.g., PCBs) (see lecture ″Metabolism of 
xenobiotics″). 

The polycyclic aromatic hydrocarbons are of great interest in chemical 
carcinogenesis. The particular monooxygenase involved in their 
metabolism is named cytochrome P-448, or aromatic hydrocarbon 
hydroxylase. 

The activities of the enzymes metabolizing chemical carcinogens are 
affected by a number of factors, such as species, genetic considerations, 
age, or sex. The variations in activities of these enzymes help explain the 
often appreciable differences in the carcinogenicity of chemicals among 
different species and individuals of the same species. 
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2.2.3. Effects of chemical carcinogens on DNA

When chemical carcinogens are administered to animals or placed in 
cultured cells, it can be shown (e.g., by using radioactive carcinogens) that 
they or their derivatives generally bind covalently to cellular 
macromolecules, including DNA, RNA, and proteins. 

The chemical natures of the adducts formed by interaction of certain 
ultimate carcinogens with their target molecules have been determined. 
Most interest has focused on products formed with DNA. Carcinogens have 
been found to interact with the purine, pyrimidine, or phosphodiester 
groups of DNA. The most common site of attack is guanine, and the 
addition of various carcinogens to the N2, N3, N7, O6, and O8 atoms of this 
base has been observed.

The covalent interaction of direct carcinogens or ultimate carcinogens 
with DNA can result in several types of damage; this damage can be 
repaired. Despite the existence of repair systems, certain modifications of 
DNA by chemical carcinogens persist for relatively long periods of time. It 
is possible that these persistent unrepaired lesions are of special importance 
in generating mutations critical to carcinogenesis.

2.2.4. Screening the potential carcinogenicity of chemicals

Substances that cause DNA mutations are known as mutagens. Most 
chemical carcinogens are mutagens. This has been demonstrated using the 
Ames assay and other tests. 

At a molecular level, transitions, transversions, and other types of 
mutation have been shown to occur following exposure of certain bacteria 
to ultimate carcinogens. It has been assumed that some types of cancer are 
due to mutations in somatic cells that affect key regulatory processes. 
Direct evidence of this has now been obtained (see the discussion of 
oncogenes below).

Since testing the carcinogenicity of chemicals in animals is slow and 
expensive, assays for screening the potential carcinogenicity of chemical 
compounds have been developed. Many are based on detection of the 
mutagenicity of chemical carcinogens. Such assays are more rapid and less 
expensive than detecting tumors in animals. None is ideal, since the 
ultimate test of a carcinogen is to show that it causes tumors in animals.

However one assay based on detecting mutagenicity, the Ames assay, 
has proved useful in screening for potential carcinogens. This assay uses a 
specially constructed strain of Salmonella typhimurium that has a mutation 
(His-) in a gene that codes for one of the enzymes involved in the synthesis 
of histidine. Thus, these particular salmonellae cannot synthesize histidine, 
which must be present in the medium for growth to occur. When a 
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mutation caused by a carcinogen occurs at the site of the His- mutation, the 
latter mutation can restore its reading sequence, converting it to His+. The 
progeny from bacteria containing such a reverse mutation can now 
synthesize histidine and thus grow in a medium lacking it. Such 
salmonellae can be detected as readily observable and quantifiable colonies 
growing on agar plates.

One problem with the use of bacteria in mutagenicity tests is that they 
do not contain the spectrum of monooxygenases found in higher animals. 
Thus, if a compound requires activation to become a mutagenic or 
carcinogenic species, this may not occur when bacteria are used. Ames
circumvented this problem by incubating the agents to be tested in a 
postmitochondrial supernatant of rat liver (the S-9 fraction, which is the 
supernatant fraction after centrifuging a rat liver homogenate at 9.000 g for 
a suitable period of time). The S-9 fraction contains most of the various 
monooxygenases and other enzymes required to activate potential mutagens 
and carcinogens.

The Ames assay identifies approximately 90% of known carcinogens. It 
is becoming routine to test newly synthesized chemicals by this assay, 
particularly if they are to be introduced commercially or widely used in 
industry. Compounds giving a positive reaction should undergo further 
testing, including assessment of carcinogenicity in animals.

2.2.5. The process of carcinogenesis

In certain organs such as skin and liver, it has been shown that 
carcinogenesis can be divided into at least 2 stages. 

The classic example is skin. Typically, identical areas of the skin of a 
group of mice are painted once with benzo[a]pyrene. If no other 
subsequent treatment is used, no skin tumors develop. However, if the 
application of benzo[a]pyrene is followed by several applications of croton 
oil, many tumors subsequently develop. Applications of croton oil alone 
(i.e., no pretreatment with benzo[a]pyrene) do not result in skin tumors. 

Many other variants of this basic protocol have been carried out, 
permitting the following conclusions: 

1. The stage of carcinogenesis caused by application of benzo[a]pyrene 
is called initiation; this stage appears to be rapid and irreversible. It is 
presumed to involve an irreversible modification of DNA, perhaps 
resulting in one or more mutations. Benzo[a]pyrene is thus called an 
initiating agent. Other examples of initiating agents are viruses, radiation, 
UV light, replication errors.

2. The second, much slower (i.e., months or years) stage of 
carcinogenesis, resulting from application of croton oil, is called 
promotion. Croton oil is thus a promoting agent, or promoter. Promoters 
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are incapable of causing initiation. Other examples of promoting agents are
compounds, including phenobarbital and saccharin, inflammation, 
hormones, normal growth promoters.

Most carcinogens are capable of acting as both initiating and promoting 
agents.

The active agent of croton oil is a mixture of phorbol esters. The most 
active phorbol ester is 12-0-tetradecanoylphorbol-13-acetate (TPA), 
which has numerous effects. The most interesting finding has been that 
protein kinase C can act as a receptor for TPA. Stimulation of the activity 
of this enzyme by interaction with TPA may result in the phosphorylation 
of a number of membrane proteins, leading to effects on transport and other 
functions. This important result ties in the action of certain tumor 
promoters to the field of transmembrane signaling. 

Many tumor promoters appear to act by causing alterations of gene 
expression, but the precise mechanisms by which promoters influence the 
initiated cell to become a tumor cell remain to be determined.

2.3. Oncogenic viruses

Oncogenic viruses contain either DNA or RNA as their genome (Table 
1). Only a few important features of the major members of these 2 classes 
will be described here.

Table 1. Some important tumor viruses.

Class Members
DNA viruses
Papovavirus
Adenovirus
Herpes virus
Hepadnavirus

Polyomavirus, SV40 virus, papillomavirus
Adenoviruses 12, 18, and 31
Epstein-Barr virus, herpes simplex type 2 virus
Hepatitis B virus

RNA viruses
Retrovirus type C

Retrovirus type B

Murine sarcoma and leukemia viruses, avian sarcoma and 
leukemia viruses, human T cell leukemia viruses I and II
Mouse mammary tumor virus

Polyomavirus and SV40 viruses have played an important role in the 
development of current ideas about viral oncogenesis. They are both small 
(containing a genome of about 5 kb), and their circular genomes code for 
only about 5-6 proteins. Under certain circumstances, infection of 
appropriate cells with these viruses can result in malignant 
transformation. 

Specific viral proteins are known to be involved. In the case of SV40, 
these proteins (often called antigens, because they were detected by 
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immunologic methods) are known as T ("large T") and t ("small t"), and 
in the case of polyomavirus, they are known as T, mid-T, and t ("T" refers 
to the fact that the first of these proteins was detected in a tumor). 

How these proteins cause malignant transformation is still under 
investigation; the T antigens are known to bind tightly to DNA and cause 
alterations in gene expression. These proteins show cooperative effects, 
suggesting that alteration of more than one reaction or process is required 
for transformation.

Some types of adenovirus are known to cause transformation of certain 
animal cells. There is considerable interest in the Epstein-Barr virus, 
since it is associated with Burkitt's lymphoma and nasopharyngeal 
carcinoma in humans. Herpes simplex virus (type 2) has been associated 
with cancer of the cervix, and hepatitis B virus may be associated with 
some cases of liver cancer in humans.

Since much of the knowledge of oncogenes obtained in recent years has 
emerged from the study of RNA-containing tumor viruses, the subsequent 
discussion of oncogenes contains frequent references to these viruses.

When cultured cells are infected with certain oncogenic viruses, they 
may undergo malignant transformation. These changes affect cell shape, 
motility, adhesiveness to the culture dish, growth, and a number of 
biochemical processes. They are interpreted as reflecting the primary 
processes that cause – and the secondary changes that result from –
conversion from the normal to the malignant state. The ability to equate 
transformation approximately with acquisition of malignant properties has 
been of tremendous importance in cancer research. However, acquisition 
by cells of the changes collectively known as transformation does not 
necessarily mean that such cells will display the same biologic properties as 
tumor cells in vivo; cells must yield tumors when injected into a suitable 
host animal.

3. Oncogenes

Oncogenes are genes capable of causing cancer. Their discovery has 
had a major impact on research on the fundamental mechanisms involved 
in carcinogenesis. Oncogenes were first recognized as unique genes of 
tumor-causing viruses that are responsible for the process of transformation 
(viral oncogenes).

3.1. Oncogenes of Rous sarcoma virus

Analyses of the oncogene of the Rous sarcoma virus and its product 
have been particularly revealing. The genome of this retrovirus contains 4 
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genes named gag, pol, env, and src. This can be shown schematically as 
follows:

The gag gene codes for group-specific antigens of the virus, pol for the 
reverse transcriptase that characterizes retro viruses, and env for certain 
glycoproteins of the viral envelope. 

A protein-tyrosine kinase was shown to be the product of src (i.e., the 
sarcoma-causing gene) that is responsible for transformation. This finding 
was of fundamental importance. It revealed a specific biochemical 
mechanism (i.e., abnormal phosphorylation of a number of proteins) that 
could explain, at least in part, how a tumor virus could cause the 
pleiotropic effects of transformation. The critical cell proteins, whose 
abnormal phosphorylation presumably leads to transformation, are still to 
be defined. Vinculin, a protein found in focal adhesion plaques (structures 
involved in intercellular adhesion), is one candidate. The abnormal 
phosphorylation of vinculin in focal adhesion plaques could help explain 
the rounding-up of cells and their diminished adhesion to the substratum 
and to one another observed during transformation. Certain glycolytic 
enzymes appear to be target proteins for the src protein-tyrosine kinase; 
this is in keeping with the observation that transformed cells often show 
increased rates of glycolysis. The product of src may also catalyze 
phosphorylation of phosphatidylinositol to phosphatidylinositol mono-
and bisphosphate. When phosphatidylinositol-4,5-bisphosphate is 
hydrolyzed by the action of phospholipase C, 2 second messengers are 
released: inositol triphosphate and diacylglycerol. The first compound 
mediates release of Ca2+ from intracellular sites of storage (e.g., the 
endoplasmic reticulum). Diacylglycerol stimulates the activity of the 
plasma membrane-bound protein kinase C, which in turn phosphorylates a 
number of proteins, some of which may be components of ion pumps. 
Specifically, it has been proposed that mild alkalinization of the cell, 
brought about by activation of an Na+/H+ antiport system, could play a role 
in stimulating mitosis. Thus, the product of src may affect a large number 
of cellular processes by its ability to phosphorylate various target proteins 
and enzymes and by stimulating the pathway of synthesis of the 
polyphosphoinositides.

The observation that Rous sarcoma virus contained a protein-tyrosine 
kinase stimulated much research on the phosphorylation of tyrosine. It is 
now known that many normal cells contain protein-tyrosine kinase
activity. The amount of phosphotyrosine in most normal cells is low but is 
usually elevated in cells transformed by an oncogenic virus containing a 
protein-tyrosine kinase, although the amount is still relatively small (~1% 
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of the total phosphoamino acids [mainly phosphoserine, phosphothreonine, 
and phosphotyrosine] in such cells). 

Certain receptors (e.g., for epidermal growth factor, insulin, and 
platelet-derived growth factor) found in both normal and transformed cells 
have protein-tyrosine activities that are stimulated upon interaction with 
their ligands. Protein-tyrosine kinase activities thus play important roles in 
both normal and transformed cells.

3.2. Oncogenes from tumor cells

Experiments using DNA extracted from tumors have also provided 
evidence for the existence of oncogenes. 

The method used for detecting such cellular oncogenes is called gene 
transfer or DNA transfection. It depends on the fact that certain genes 
present in tumors can cause transformation of "normal" cultured cells.

DNA is isolated from tumor cells and added to recipient cells, often a 
line of mouse fibroblasts known as NIH/3T3 cells. DNA isolated from 
tumor cells is precipitated with calcium phosphate (to facilitate 
endocytosis) and added to NIH/3T3 cells in tissue culture. The cells are 
observed microscopically over a period of 1-2 weeks for formation of foci 
of transformed cells. If transformation occurs, the NIH/3T3 cells change 
their morphology from flat to rounded cells that grow in characteristic foci.

The procedure is repeated several times using DNA extracted from the 
transformed cells, thus reducing the amount of DNA not involved in 
transformation that was transfected and facilitating identification (e.g., by 
the Southern blotting technique, using a suitable probe) of the specific gene 
involved. 

Some 20 or so different cellular oncogenes have been recognized in this 
manner, with a number of them being related to ras oncogene of murine 
sarcoma viruses. These cellular oncogenes either are identical to normal 
genes or show very small structural differences from their normal 
counterparts. In the former case, the regulation of their expression may be 
abnormal in cancer cells.

3.3. Abbreviations for cellular and viral oncogenes

The abbreviation c-onc (cellular oncogene e.g., c-ras) is used to 
designate an oncogene present in tumor cells. The species present in 
normal cells – i.e., its proto-oncogene – can be conveniently referred to as 
the corresponding c-onc proto-oncogene (e.g., the c-ras proto-oncogene).

Similarly, a viral oncogene is designated v-onc (viral oncogene e.g.,
v-ras), with its proto-oncogene being referred to as a v-onc proto-
oncogene (e.g., the v-ras proto-oncogene).
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3.4. Proto-oncogenes

A key issue raised by the discovery of viral oncogenes relates to their 
origin. Use of nucleic acid hybridization revealed that normal cells 
contained DNA sequences similar – if not identical – to those of the viral 
oncogenes. 

Thus, the viruses apparently incorporated cellular genes into their 
genomes during their passages through cells. The retention of such genes in 
their genomes indicated that they must confer a selective advantage on the 
affected viruses, presumably related to the altered growth properties of 
transformed cells.

The cellular sequences were found to be conserved in a wide range of 
eukaryotic cells, suggesting that they were important components of 
normal cells. In addition, mRNA species and proteins derived from these 
normal sequences could be detected at various stages of their development 
or life cycles. The genes present in normal cells thus have been designated 
proto-oncogenes, and their products are believed to play important roles in 
normal differentiation and other cellular processes.

3.4.1. The activation of proto-oncogenes

Five mechanisms will be discussed that alter the expression or structure 
of proto-oncogenes and thus participate in their becoming oncogenes. 

For the sake of convenience, the process whereby transcription of a 
gene is increased (from zero or a relatively low level) will be designated as 
activation. Familiarity with the mechanisms involved in activation is 
crucial for understanding contemporary thinking about carcinogenesis. 

Mechanisms of the activation of proto-oncogenes

1. Promoter insertion. Certain retroviruses lack oncogenes (e.g., avian 
leukemia viruses) but may cause cancer over a longer period of time –
months rather than days – than those which do contain oncogenes. As for 
other retroviruses, when these particular viruses infect cells, a DNA copy 
(cDNA) of their RNA genome is synthesized by reverse transcriptase, and 
the cDNA is integrated into the host genome. The integrated double-
stranded cDNA is called a provirus. The cDNA copies of retroviruses are 
flanked at both ends by sequences named long terminal repeats, as are 
certain transposons ("jumping genes") found in bacteria and plants. The 
long terminal repeat sequences appear to be important in the mechanism of 
proviral integration, and they can act as promoters of transcription. 
Following infection of chicken B lymphocytes by certain avian leukemia 
viruses, the proviruses become integrated near the myc gene. The myc gene 
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is activated by an upstream, adjacent viral long terminal repeat acting as a 
promoter, resulting in transcription of both the corresponding myc mRNA 
and translation of its product in such cells. A B cell tumor ensues, although 
the precise role of the products of the myc gene in the overall process in not 
clear. Similar events occur following infection of various cells with other 
retroviruses.

2. Enhancer insertion. In some cases, the provirus is inserted 
downstream from the myc gene, or upstream from it but oriented in the 
reverse direction; nevertheless, the myc gene becomes activated. Such 
activation cannot be due to promoter insertion, since a promoter sequence 
must be upstream of the gene whose transcription it increases and the 
sequence must be in the correct 5' to 3' direction. Instead, enhancer 
sequences present in the long terminal repeat sequences of the retroviruses 
under consideration appear to be involved.

The above 2 mechanisms, promoter and enhancer insertion, commonly 
operate in viral carcinogenesis. Proto-oncogenes other than myc are also 
probably involved.

3. Chromosomal translocations. As mentioned earlier, many tumor 
cells exhibit chromosomal abnormalities. One type of chromosomal change 
seen in cancer cells is translocation. The basis of a translocation is that a 
piece of one chromosome is split off and then joined to another 
chromosome. If the second chromosome donates material to the first, the 
translocation is said to be reciprocal. 

Characteristic translocations are found in a number of tumor cells. One 
important translocation is the Philadelphia chromosome, involving 
chromosomes 9 and 22 and occurring in chronic granulocytic leukemia.

4. Gene amplification. Amplification of certain genes is found in a 
number of tumors. One method of bringing about gene amplification in 
tumors is by administration of the anticancer drug methotrexate, an 
inhibitor of the enzyme dihydrofolate reductase. Tumor cells can become 
resistant to the action of this drug. The basis of this phenomenon is that the 
gene for dihydrofolate reductase becomes amplified, resulting in an 
increase of the activity of the enzyme (up to 400-fold). 

The amplified genes, measuring up to 1000 kb or more in length, may 
be detected as homogeneously staining regions on a specific 
chromosome. Alternatively, they are detected as double-minute 
chromosomes, which are minichromosomes lacking centromeres. The 
precise relationship of homogeneously staining regions to double-minute 
chromosomes is under investigation. Certain cellular oncogenes can also be 
amplified in like manner and are thus activated. There is evidence 
suggesting that increased amounts of the products of certain oncogenes 
(such as c-ras) produced by gene amplification may play a role in the 
progression of tumor cells to a more malignant state.
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5. Single-point mutation. The v-ras oncogene was originally detected 
in certain murine (i.e., rat and mouse) retroviruses. Its product, a protein 
(p21) of MW 21.000, appears to be related to the G proteins that modulate 
the activity of adenylate cyclase and thus plays a key role in cellular 
responses to many hormones and drugs. 

Analyses by DNA sequencing of the c-ras proto-oncogene from normal 
human cells and of the c-ras oncogene from a cancer of the human bladder 
showed that they differed solely in one base, resulting in an amino acid 
substitution at position 12 of p21. This intriguing result has been confirmed 
by analyses of c-ras genes from other human tumors. In each case the 
results were consistent; the gene isolated from the tumor exhibited only a 
single-point mutation, in comparison with the c-ras proto-oncogene from 
normal cells. The position of the mutation varied somewhat, so that other 
amino acid substitutions were observed. These mutations in p21 appear to 
affect its conformation and to diminish its activity as a GTPase. The lower 
activity of GTPase could result in chronic stimulation of the activity of 
adenylate cyclase, which normally is diminished when GDP is formed 
from GTP. The resulting stimulation of the activity of adenylate cyclase
can result in a number of effects on cellular metabolism exerted by the 
increased amount of cAMP affecting the activities of various cAMP-
dependent protein kinases. These events may assist in tipping the balance 
of cellular metabolism toward a state favoring transformation or its 
maintenance.

Of the 5 mechanisms described above, the first 4 (promoter insertion, 
enhancer insertion, chromosome translocation, and gene amplification) 
involve an increase in amount of the product of an oncogene due to 
increased transcription but no alteration of the structure of the product of 
the oncogene. Thus, it appears that increased amounts of the product of an 
oncogene may be sufficient to push a cell toward becoming malignant. 

The fifth mechanism, single-point mutation, involves a change in the 
structure of the product of the oncogene but not necessarily any change 
in its amount. This finding implies that the presence of a structurally 
abnormal key regulatory protein in a cell may also be sufficient to tip the 
scale toward cancer.

3.5. Mechanisms of action of oncogenes

The following are 3 mechanisms by which the products of oncogenes 
may stimulate growth. 

1. They may act on key intracellular pathways involved in growth 
control, uncoupling them from the need for an exogenous stimulus. 
Relevant examples are the product of src acting as a protein-tyrosine 
kinase, the product of ras acting to stimulate the activity of adenylate 
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cyclase, and the product of myc acting as a DNA-binding protein. Each of 
these could affect the control of mitosis, the first 2 by events involving 
phosphorylation of key regulatory proteins. A major deficiency in our 
knowledge of cell growth is that remarkably little is known about 
molecular aspects of the regulation of mitosis, even in normal cells. 

2. The products of oncogenes may also imitate the action of a 
polypeptide growth factor or 

3. Imitate an occupied receptor for a growth factor. 
Other mechanisms whereby oncogenes stimulate growth are currently 

being defined.

4. Growth factors

Growth factors may operate in 3 general ways: 
1. Their effects may be endocrine; that is to say, like hormones, they 

may be synthesized elsewhere in the body and pass in the circulation to 
their target cells. 

2. They may be synthesized in certain cells and secreted from them to 
affect neighboring cells. However, the cells that synthesize the growth 
factor are not themselves affected, because they lack suitable receptors. 
This mode of action is called paracrine.

3. Certain growth factors can affect the cells that synthesize them. This 
third mode of action is called autocrine. For example, a factor may be 
secreted and then attach to its cell of origin, provided that cell possesses 
appropriate receptors. Alternatively, if a certain amount of the factor is not 
secreted, its presence inside the cell may directly stimulate various 
processes.

Relatively little is known about how growth factors operate at the 
molecular level. Like polypeptide hormones, they must transmit a message 
across the plasma membrane to the interior of the cell (transmembrane 
signal transduction). In the case of growth factors, the message will 
ultimately affect one or more processes involved in mitosis. Most growth 
factors have high-affinity protein receptors on the plasma membrane of 
target cells.

5. Anti-oncogenes

Recently, genes other than oncogenes have been recognized to play a 
major role in the causation of at least some types of cancers. These are 
growth-suppressor genes. They operate quite differently from oncogenes, 
in that a loss of these suppressor genes removes certain mechanisms of 
growth control. 
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An important model for understanding such genes has been the tumor 
known as retinoblastoma. Retinoblasts are precursor cells of cones, 
photoreceptor cells in the retina. Cytologic analyses of chromosomes from 
human retinoblastomas revealed that they often showed a deletion in the 
long arm of chromosome 13. This suggested that a critical gene in this area 
of chromosome 13 was deleted. The gene has been named Rb and it is 
believed that its product exerts a growth inhibitory effect on normal cells, 
which is lost in retinoblastomas. Genetic studies have indicated that both 
copies of the Rb gene must be inactivated for cancer to develop.

It now appears that there may be quite a number of genes whose 
products are negative regulators of cell growth and both copies of which 
must be inactivated for cancer to occur. Such growth-suppressor genes 
have also been called anti-oncogenes or tumor-suppressing genes. Loss 
of anti-oncogenes has already been shown to be important in the genesis of 
one type of breast cancer, of Wilm's tumor of the kidney, and of small-cell 
carcinoma of the lung. 

Recently, the normal Rb gene has been cloned, so that it should be 
possible to determine the precise nature of its gene product. Other studies 
have already suggested that the product of the Rb gene is nuclear in 
location and that it may act by modulating gene expression. The search 
for anti-oncogenes and the identification of their modes of action is a major 
effort in contemporary cancer research. Of therapeutic interest, the exciting 
possibility exists that introducing the normal chromosomes which specify 
negative growth regulatory factors into certain tumor cells may correct 
their altered growth rate.

6. The malignancy of tumor cells tends to progress

Once a cell becomes a tumor cell, the composition and behavior of its 
progeny do not remain static. Instead, there is a tendency for malignancy to 
increase. This is manifested by increasingly abnormal karyotypes, 
increasing rates of growth, and increasing tendency to invade and 
metastasize. The important phenomenon of progression appears to reflect 
a fundamental instability of the genome of tumor cells. The activation of 
additional oncogenes may be involved. Cells with faster rates of growth 
have a selective advantage.

It is important to distinguish the biochemical profiles of cells that have 
just been transformed from those of fast-growing, highly malignant 
tumor cells. The former cells may show few differences from normal cells, 
apart from key changes leading to cancer (e.g., activation of one or more 
oncogenes) and those changes generally associated with transformation.

Analyses of such cells can disclose the key biochemical alterations that 
result in transformation. The biochemical profile of highly malignant cells 
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may be very different from that of normal cells. Many changes in enzyme 
profile and other biochemical parameters have occurred, some of which are 
secondary to rapid growth rate and others probably due to chromosomal 
instability. These fast-growing cells tend to maximize the anabolic 
processes involved in growth (e.g., DNA and RNA synthesis), cut down on 
catabolic functions (e.g., catabolism of pyrimidines), and dispense with the 
differentiated functions shown by their normal ancestors. In other words, 
they are concentrating almost exclusively upon growth. They also show 
biochemical changes that reflect altered gene regulation, such as the 
synthesis of certain fetal proteins (some of which can be used as tumor 
markers; see Table 2) and the inappropriate manufacture of growth factors 
or hormones. Analyses of such cells are unlikely to reveal the initial key 
events responsible for transformation, partly because these events are 
obscured by a myriad of changes secondary to progression. However, 
knowledge of the biochemical profile of such cells is extremely important 
in choosing chemotherapy, as it is exactly this type of cell that the 
oncologist is usually called upon to deal with.

7. Metastasis is the most dangerous property of tumor cells

Metastasis is the spread of cancer cells from a primary site of origin to 
other tissues where they grow as secondary tumors, and it is the major 
problem presented by the disease. Metastasis is a complex phenomenon to 
analyze in humans, and knowledge of its biochemical basis is quite 
restricted. Because it reflects a failure in cell-cell interaction, much 
attention has naturally focused on comparisons of the biochemistry of the 
surfaces of normal and malignant cells. Many changes have been 
documented at the surfaces of malignant cells, although not all are directly 
relevant to the problem of metastasis.

At present, considerable research is devoted to developing suitable 
animal model systems for the study of metastasis. Many studies also are 
being done to uncover the possible roles of certain proteases (e.g., type 4 
collagenase) and of certain glycoproteins and glycosphingolipids of the cell 
surface in the phenomenon of metastasis. For example, it is possible that 
changes in the oligosaccharide chains of cell glycoproteins (secondary to 
alterations of activities of specific glycoprotein glycosyltransferases) may 
be critical in permitting metastasis to occur. Elucidation of the biochemical 
mechanisms involved in metastasis could provide a basis for the rational 
development of more effective anticancer therapies.
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8. Biomedical laboratory tests in the management of patients
with cancer

Biochemical laboratory tests help in the management of patients with 
cancer. Many cancers are associated with the abnormal production of 
enzymes, proteins, and hormones, which can be measured in plasma or 
serum. These molecules are known tumor markers. 

Measurement of some tumor markers is now an integral part of 
management of some types of cancer (Table 2). Applications of tumor 
markers in diagnosis and management of cancer are listed in Table 3.

Three major conclusions have emerged from the study of tumor markers 
(McIntire, 1984): 1) No single marker is useful for all types of cancer or for 
all patients with a given type of cancer. For this reason, the use of a battery 
of tumor markers is sometimes advantageous; 2) Markers are most often 
detected in advanced stages of cancer rather than early stages, when they 
would be more helpful; 3) Of the uses of markers listed in Table 3, the 
most successful have been the monitoring of responses to therapy and the 
detection of early recurrence.

Table 2. Clinically useful tumor markers.

Marker Associated cancer

Carcinoembryonic antigen (CEA) Colon, lung, breast, pancreas

Alpha-fetoprotein (AFP) Liver, germ cell

Human chorionic gonadotropin (hCG) Trophoblast, germ cell

Calcitonin (CT) Thyroid (medullary carcinoma)

Prostatic acid phosphatase (PAP) Prostate

Table 3. Applications of tumor markers.

Detection: Screening in asymptomatic persons.
Diagnosis: Differentiating malignant from benign conditions.
Monitoring: Predicting effect of therapy and detecting recurrent cancer.
Classification: Choosing therapy and predicting tumor behavior (prognosis).
Staging: Defining extent of disease.
Localization: Nuclear scanning of injected radioactive antibodies.
Therapy: Cytotoxic agents directed to marker-containing cells.
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