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Protein metabolism

Unlike fats and carbohydrates, amino acids are 

not stored by the body, that is, no protein exists 

whose sole function is to maintain a supply of 

amino acids for future use. Therefore, amino 

acids must be obtained from the diet, 

synthesized de novo, or produced from 

normal protein degradation. Any amino acids 

in excess of the biosynthetic needs of the cell are 

rapidly degraded.



Amino acid pool
Free amino acids are present throughout the body, for 

example, in cells, blood, and the extracellular fluids. 

All these amino acids belonged to a single entity, called 

the amino acid pool. This pool is supplied by three 

sources:

1) amino acids provided by the degradation of body 

proteins,

2) amino acids derived from dietary protein, and

3) synthesis of nonessential amino acids from simple 

intermediates of metabolism (Figure 1). 

Conversely, the amino pool is depleted by three routes: 

1) synthesis of body protein,

2) amino acids consumed as precursors of essential 

nitrogen-containing small molecules, and

3) conversion of amino acids to glucose, glycogen, fatty 

acids or CO2 (Figure 1). 

In healthy, well fed individuals, the input to the 

amino acid pool is balanced by the output, that is, 

the amount of amino acids contained in the pool is 

constant. The amino acid pool is said to be in a 

steady state.



Protein turnover

Most proteins in the body are constantly being synthesized and then 

degraded, permitting the removal of abnormal or unneeded proteins. 

Rate of turnover: In healthy adults, the total amount of protein in the 

body remains constant, because the rate of protein synthesis is just 

sufficient to replace the protein that is degraded. This process, called 

protein turnover, leads to the hydrolysis and resynthesis of 300–400 g of 

body protein each day.

The rate of protein turnover varies widely for individual proteins. Short-

lived proteins (for example, many regulatory proteins and misfolded 

proteins) are rapidly degraded, having half-lives measured in minutes or 

hours. Long-lived proteins, with half-lives of days to weeks, constitute 

the majority of proteins in the cell. Structural proteins, such as collagen, 

are metabolically stable, and have half-lives measured in months or 

years.



Protein degradation

There are two major enzyme systems responsible for degrading 

damaged or unneeded proteins:

1- The nonenergy-dependent degradative enzymes (acid 

hydrolases) of the lysosomes: Lysosomal enzymes degrade 

primarily extracellular proteins, such as plasma proteins that are 

taken into the cell by endocytosis, and cell-surface membrane 

proteins that are used in receptor-mediated endocytosis.

2- The energy-dependent ubiquitin-proteasome mechanism : 

Proteasomes mainly degrade endogenous proteins, that is, 

proteins that were synthesized within the cell.



Ubiquitin-proteasome proteolytic pathway
Proteins selected for degradation by the 

ubiquitin-proteasome mechanism are first 

covalently attached to ubiquitin, a small, 

globular protein. Ubiquitination of the 

target substrate occurs through linkage of 

the α-carboxyl glycine of ubiquitin to a 

lysine ε-amino group on the protein 

substrate by a three-step, enzyme-
catalyzed process. 

Proteins tagged with ubiquitin are then 

recognized by a large, barrel-shaped, 

macromolecular, proteolytic complex called a 

proteasome, (Figure 2). The proteasome cuts 

the target protein into fragments that are then 

further degraded to amino acids, which enter 

the amino acid pool.  The degradation of 

proteins by the ubiquitin-proteosome 

complex (unlike simple hydrolysis by 

proteolytic enzymes) requires adenosine 

triphosphate (ATP)—that is, it is energy-
dependent.



Chemical signals for protein degradation

Because proteins have different half-lives, it is clear that 

protein degradation cannot be random, but rather is 

influenced by some structural aspect of the protein. The 

half-life of a protein is influenced by the nature of the 

N-terminal residue. For example, proteins that have 

serine as the N-terminal amino acid are long-lived, with 

a half-life of more than 20 hours. In contrast, proteins 

with aspartate as the N-terminal amino acid have a 

half-life of only three minutes. Furthermore, proteins rich 

in sequences containing proline, glutamate, serine, and 

threonine are rapidly degraded and, therefore, exhibit 

short intracellular half-lives.



Nitrogen Balance
Catabolism of amino acids leads to a net loss of nitrogen from the body .This loss must be compensated 

by the diet in order to maintain a constant amount of body protein ,Nitrogen balance studies evaluate 

the relationship between the nitrogen intake ( in the form of protein ) and nitrogen excretion.

Three situations are possible as follows:

1- Nitrogen equilibrium: 

●In normal adults nitrogen intake = nitrogen excretion. The subject is said to be in nitrogen 

equilibrium or balance.

In this situation ,the rate of protein synthesis is equal to the rate of the degradation. 

2- Positive  nitrogen balance :

In whish nitrogen intake ˃ nitrogen excretion●

It shows that nitrogen is retained in the body, which means that protein is laid down. ●

This occurs in growing infants and pregnant women. ●

3- Negative nitrogen balance:

In which nitrogen intake ˂ nitrogen excretion .this occurs during serious illness and major injury and 

trauma ,in advanced cancer and following failure to ingest adequate or sufficient high quality protein ( 

malnutrition).If the situation is prolonged, it will ultimately lead to death. 



Digestion of Dietary Proteins

Proteins are generally too large to be absorbed by the intestine. 
Proteins must, therefore, be hydrolyzed to yield their constituent 
amino acids, which can be absorbed. Proteolytic enzymes responsible 
for degrading proteins are produced by three different 
organs:                                                                                                                      

The stomach, the pancreas, and the small intestine (Figure 3).

[Note: An example of an exception to this rule is that newborns can 
take up maternal antibodies in breast milk ,e.g. immunoglobin IgA 
from colostrum of maternal milk are absorbed intact without loss of 
biologic activity , so that they provide passive immunity to the infant. 
In contrast to the situation encountered in the newborn infants , in 
some adult individuals ,small amount of intact proteins may be 
absorbed through the intestinal mucosa. These proteins often cause 
undesirable immunological responses (formation of antibodies against 
the foreign protein )and are responsible for the symptoms of food 
allergies.       



Digestion of proteins by gastric secretion
The digestion of proteins begins in the 
stomach, which secretes gastric juice—a 
unique solution containing hydrochloric acid 
and the proenzyme, pepsinogen.

1- Hydrochloric acid: Stomach acid is too 
dilute (pH 2–3) to hydrolyze proteins. The acid 
functions instead to kill some bacteria and to 
denature proteins, thus making them more 
susceptible to subsequent hydrolysis by 
proteases.

2- Pepsin: This acid-stable endopeptidase is 
secreted by the serous cells of the stomach as 
an inactive zymogen (or proenzyme), 
pepsinogen. In general, zymogens contain extra 
amino acids in their sequences, which prevent 
them from being catalytically active. [Note: 
Removal of these amino acids permits the 
proper folding required for an active enzyme.] 
Pepsinogen is activated to pepsin, either by 
HCl, or autocatalytically by other pepsin 
molecules that have already been activated. 
Pepsin releases peptides and a few free amino 
acids from dietary proteins.



Digestion of proteins by pancreatic enzymes
On entering the small intestine, large polypeptides produced in 

the stomach by the action of pepsin are further cleaved to 

oligopeptides and amino acids by a group of pancreatic proteases

1- Specificity: Each of these enzymes has a different specificity 

for the amino acid R-groups adjacent to the susceptible peptide 

bond. For example, trypsin cleaves only when the carbonyl group 

of the peptide bond is contributed by arginine or lysine. These 

enzymes, like pepsin described above, are synthesized and 

secreted as inactive zymogens.

2- Release of zymogens: The release and activation of the 

pancreatic zymogens is mediated by the secretion of 

cholecystokinin and secretin, two polypeptide hormones of the 

digestive tract. 

3- Activation of zymogens: (Enteropeptidase) an enzyme 

synthesized by and present on the luminal surface of intestinal 

mucosal cells of the brush border membrane—converts the 

pancreatic zymogen trypsinogen to trypsin by removal of a 

hexapeptide from the NH2-terminus of trypsinogen. Trypsin 

subsequently converts other trypsinogen molecules to trypsin by 

cleaving a limited number of specific peptide bonds in the 

zymogen. Trypsin is the common activator of all the pancreatic 

zymogens.



Digestion of oligopeptides by enzymes 

of the small intestine

The luminal surface of the intestine 
contains aminopeptidase—an 
exopeptidase that repeatedly cleaves the 
N-terminal residue from oligopeptides to 
produce free amino acids and smaller 
peptides.

Transport of Amino Acids into Cells

The concentration of free amino acids in 
the extracellular fluids is significantly 
lower than that within the cells of the 
body. This concentration gradient is 
maintained because active transport 
systems, driven by the hydrolysis of ATP, 
are required for movement of amino acids 
from the extracellular space into cells. At 
least seven different transport systems are 
known that have overlapping specificities 
for different amino acids. 



Removal of Nitrogen from Amino Acids

Removing the α-amino group is essential for 

producing energy from any amino acid, and is an 

obligatory step in the catabolism of all amino 

acids. Once removed, this nitrogen can be 

incorporated into other compounds or excreted, 

with the carbon skeletons being metabolized.



A. Transamination: the funneling of amino 
groups to glutamate

1-The first step in the catabolism of most amino 
acids is the transfer of their α-amino group to α-
ketoglutarate (Figure 4).

2- The products are an α-keto acid (derived 
from the original amino acid) and glutamate.

α-Ketoglutarate plays a pivotal role in amino 
acid metabolism by accepting the amino groups 
from other amino acids, thus becoming 
glutamate. Glutamate produced by 
transamination can be oxidatively deaminated
(see below), or used as an amino group donor in 
the synthesis of nonessential amino acids.

This transfer of amino groups from one carbon 
skeleton to another is catalyzed by a family of 
enzymes called aminotransferases (formerly 
called transaminases). These enzymes are found 
in the cytosol and mitochondria of cells 
throughout the body—especially those of the 
liver, kidney, intestine, and muscle. All amino 
acids, with the exception of lysine and 
threonine, participate in transamination at 
some point in their catabolism. [Note: These 
two amino acids lose their α-amino groups by 
deamination].



1- Substrate specificity of aminotransferases

Each aminotransferase is specific for one or, at most, a few 

amino group donors. Aminotransferases are named after 

the specific amino group donor, because the acceptor of 

the amino group is almost always α-ketoglutarate. The two 

most important aminotransferase reactions are catalyzed 

by alanine aminotransferase (ALT) and aspartate 

aminotransferase (AST), Figure 5.



Substrate specificity of aminotransferases
a-Alanine aminotransferase (ALT): Formerly called 

glutamate-pyruvate transaminase (GPT), ALT is present in 
many tissues. The enzyme catalyzes the transfer of the amino 

group of alanine to α-ketoglutarate, resulting in the formation 
of pyruvate and glutamate. The reaction is readily reversible. 

However, during amino acid catabolism, this enzyme (like 
most aminotransferases) functions in the direction of glutamate 

synthesis. Thus, glutamate, in effect, acts as a “collector” of 
nitrogen from alanine.

b-Aspartate aminotransferase (AST): AST formerly called,

glutamate-oxaloacetate transaminase (GOT)  , AST is an 
exception to the rule that aminotransferases funnel amino 

groups to form glutamate. During amino acid catabolism, AST 
transfers amino groups from glutamate to oxaloacetate, 

forming aspartate, which is used as a source of nitrogen in the 
urea cycle. 

Mechanism of action of aminotransferases: All 
aminotransferases require the coenzyme pyridoxal phosphate 

PLP(a derivative of vitamin B6).



Diagnostic value of plasma aminotransferases: 

Aminotransferases are normally intracellular enzymes, with the low 

levels found in the plasma representing the release of cellular contents 

during normal cell turnover. The presence of elevated plasma levels of 

aminotransferases indicates damage to cells rich in these enzymes. Two 

aminotransferases AST(GOT) and ALT (GPT) are of particular 

diagnostic value when they are found in the plasma.

a- Liver disease: Plasma AST and ALT are elevated in nearly all liver 

diseases, but are particularly high in conditions that cause extensive cell 

necrosis, such as severe viral hepatitis,…. 

b-Nonhepatic disease: Aminotransferases may be elevated in 

nonhepatic disease, such as myocardial infarction and muscle 

disorders. 



B. Glutamate dehydrogenase: the oxidative deamination of amino 

acids
In contrast to transamination reactions that transfer amino 

groups, oxidative deamination by glutamate dehydrogenase 

results in the liberation of the amino group as free ammonia 

(Figure 6). These reactions occur primarily in the liver and 

kidney. They provide α-keto acids that can enter the central 

pathway of energy metabolism, and ammonia, which is a 

source of nitrogen in urea synthesis.

1- Glutamate dehydrogenase: As described above, the 

amino groups of most amino acids are ultimately funneled to 

glutamate by means of transamination with α-ketoglutarate. 

Glutamate is unique in that it is the only amino acid that 

undergoes rapid oxidative deamination—a reaction 

catalyzed by glutamate dehydrogenase. Therefore, the 

sequential action of transamination (resulting in the 

collection of amino groups from other amino acids onto α-

ketoglutarate to produce glutamate) and the oxidative 

deamination of that glutamate (regenerating α-ketoglutarate) 

provide a pathway whereby the amino groups of most amino 

acids can be released as ammonia.



D-Amino acid oxidase
D-Amino acids  are found in plants and in the cell walls of microorganisms, but 

are not used in the synthesis of mammalian proteins. D-Amino acids are, 

however, present in the diet, and are efficiently metabolized by the kidney and 

liver. D-Amino acid oxidase is an FAD-dependent peroxisomal enzyme that 

catalyzes the oxidative deamination of these amino acid isomers. The resulting 

α-keto acids can enter the general pathways of amino acid metabolism, and be 

re-aminated to L-isomers, or catabolized for energy.



Transport of ammonia to the liver

Two mechanisms are available in humans for 

the transport of ammonia from the peripheral 

tissues to the liver for its ultimate conversion to 
urea. 

The first, found in most tissues, uses glutamine 

synthetase to combine ammonia with glutamate 

to form glutamine—a nontoxic transport form 

of ammonia (Figure 7). The glutamine is 

transported in the blood to the liver where it is 

cleaved by glutaminase to produce glutamate 
and free ammonia. 

The second transport mechanism, used 

primarily by muscle, involves transamination 

of pyruvate (the end product of aerobic 

glycolysis) to form alanine (see Figure 7). 

Alanine is transported by the blood to the liver, 

where it is converted to pyruvate, again by 

transamination. In the liver, the pathway of 

gluconeogenesis can use the pyruvate to 

synthesize glucose, which can enter the blood 

and be used by muscle—a pathway called the 
glucose-alanine cycle.
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Urea Cycle

The urea cycle (also known as the ornithine cycle) is a cycle of 

biochemical reactions that produces urea (NH2)2CO. The urea cycle 

converts highly toxic ammonia to urea for excretion. This cycle was 

discovered (Hans Krebs and Kurt Henseleit, 1932)

● Urea is the major disposal form of amino groups derived from amino 

acids, and accounts for about 90% of the nitrogen-containing 

components of urine.

● One nitrogen of the urea molecule is supplied by free NH3, and the 

other nitrogen by aspartate. The carbon and oxygen of urea are derived 

from CO2. Urea is produced by the liver, and then is transported in the 

blood to the kidneys for excretion in the urine.

https://en.wikipedia.org/wiki/Biochemistry
https://en.wikipedia.org/wiki/Urea
https://en.wikipedia.org/wiki/Hans_Adolf_Krebs
https://en.wikipedia.org/wiki/Kurt_Henseleit


Sequence of reactions of the cycle

The sequence of reactions involved in the biosynthesis of urea , summarized in five 

steps as follows:  

1- Formation of carbamoyl phosphate     2-Formation of citrulline

3- Formation of argininosuccinate 4- Formation of arginine and fumarate

5-Formation of urea and ornithine 

The first two reactions leading to the synthesis of urea occur in the mitochondria, 

whereas the remaining cycle enzymes are located in the cytosol





Step 1

Formation of carbamoyl phosphate 

Formation of carbamoyl phosphate by 

carbamoyl phosphate synthetase I is 

driven by cleavage of two molecules 

of ATP. Ammonia incorporated into 

carbamoyl phosphate is provided 

primarily by the oxidative deamination 

of glutamate by mitochondrial 

glutamate dehydrogenase. Ultimately, 

the nitrogen atom derived from this 

ammonia becomes one of the 

nitrogens of urea.                 

Carbamoyl phosphate synthetase I

require   N-acetylglutamate as a 

positive allosteric activator.



Step 2

Formation of citrulline

Ornithine and citrulline are 
basic amino acids that 
participate in the urea cycle. 
[Note: They are not 
incorporated into cellular 
proteins, because there are no 
codons for these amino acids]. 
The   release of the high-energy 
phosphate of carbamoyl 
phosphate as inorganic 
phosphate drives the reaction in 
the forward direction. The 
reaction product, citrulline, is 
transported to the cytosol.



Step 3

Synthesis of argininosuccinate

Citrulline condenses with 
aspartate to form 
argininosuccinate. The α-
amino group of aspartate 
provides the second nitrogen 
that is ultimately incorporated 
into urea. The formation of 
argininosuccinate is driven by 
the cleavage of ATP to 
adenosine monophosphate 
(AMP) and pyrophosphate. 
This is the third and final 
molecule of ATP consumed in 
the formation of urea. 



Step 4

Cleavage of argininosuccinate

Argininosuccinate is cleaved to 
yield arginine and fumarate. 
The arginine formed by this 
reaction serves as the immediate 
precursor of urea. Fumarate
produced in the urea cycle is 
hydrated to malate, providing a 
link with several metabolic 
pathways (urea krebs bicycle). 
For example, the malate can be 
transported into the mitochondria 
via the malate shuttle and reenter 
the tricarboxylic acid cycle. 
Alternatively, cytosolic malate 
can be oxidized to oxaloacetate, 
which can be converted to 
aspartate or glucose.



Step 5

Cleavage of arginine to ornithine and urea

Arginase cleaves arginine to 

ornithine and urea, and occurs 

almost exclusively in the 

liver. Thus, whereas other 

tissues, such as the kidney, 

can synthesize arginine by 

these reactions, only the liver 

can cleave arginine and, 

thereby, synthesize urea.



Fate of urea: Urea diffuses from the liver, 

and is transported in the blood to the 

kidneys, where it is filtered and excreted in 

the urine. A portion of the urea diffuses from 

the blood into the intestine, and is cleaved to 

CO2 and NH3 by bacterial urease. This 

ammonia is partly lost in the feces, and is 
partly reabsorbed into the blood. 

Four high-energy phosphates are 

consumed in the synthesis of each molecule 

of urea: two ATP are needed to restore two 

ADP to two ATP, plus two to restore AMP 

to ATP. Therefore, the synthesis of urea is 
irreversible, with a large, negative ΔG.

fumarate produced by the urea cycle is 

converted to malate by a cytoplasmic form 

of fumarase. Mitochondrial fumarase is part 

of the Krebs cycle. Cytoplasmic malate can 

enter the mitochondrion by means of a 

transport system. Malate when oxidized to 

oxaloacetate produces 1 NADH equivalent 

to 3 ATP. So net energy expenditure is only 
one high energy phosphates.  

https://www.sciencedirect.com/topics/nursing-and-health-professions/fumaric-acid
https://www.sciencedirect.com/topics/nursing-and-health-professions/malic-acid
https://www.sciencedirect.com/topics/nursing-and-health-professions/fumarate-hydratase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/citric-acid-cycle
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mitochondrion


Regulation of the urea cycle

N-acetylglutamate is an essential 

activator for carbamoyl phosphate 

synthetase I—the rate-limiting step in the 

urea cycle. N-acetylglutamate is 

synthesized from acetyl coenzyme A and 

glutamate by N-acetylglutamate

synthase (Figure 2), in a reaction for 

which arginine is an activator. Therefore, 

the intrahepatic concentration of N-

acetylglutamate increases after ingestion 

of a protein-rich meal, which provides 

both the substrate (glutamate) and the 

regulator of N-acetylglutamate synthesis. 

This leads to an increased rate of urea 
synthesis.



Hyperammonemia

The capacity of the hepatic urea cycle exceeds the normal rates of ammonia 

generation, and the levels of serum ammonia are normally low (5–50 µmol/L). 

However, when liver function is compromised, due either to genetic defects of 

the urea cycle, or liver disease, blood levels can rise above 1,000 µmol/L. Such 

hyperammonemia is a medical emergency, because ammonia has a direct 

neurotoxic effect on the CNS. For example, elevated concentrations of 

ammonia in the blood cause the symptoms of ammonia intoxication, which 

include tremors, slurring of speech, somnolence, vomiting, cerebral edema, 

and blurring of vision. At high concentrations, ammonia can cause coma and 

death.

Metabolic diseases that cause hyperammonemia can be categorized into those 

that involve nitrogen metabolism and excretion (predominately urea cycle 

defects) and those with metabolites or toxins that inhibit urea cycle function or 

prevent adequate energy for its normal. and examples of the latter are acute 
liver failure and hepatic cirrhosis with liver failure. 

https://en.wikipedia.org/wiki/Liver


Why are high levels of ammonia toxic?

The toxic effect of ammonia may be due to:

●A decrease in the formation of ATP by citric acid cycle because of diversion of 
excessive amounts of -ketoglutarate from citric acid cycle intermediates to form 
glutamate and glutamine in the brain and thus lowering the rate of oxidation of 
glucose, the major fuel of the brain or

●By increased formation of GABA (gamma amino butyric acid) from glutamate, 
leads to impaired neural transmission process.

●One more possibility is that elevated levels of glutamine, formed from NH4+ 
and glutamate which produce osmotic effect that lead directly to swelling of brain.

glutamate  Decarboxylase                                                      

Glutamate---------------------------------→ Gamma aminobutyric acid 
(GABA)                

PLP               CO2                                                                               



Fate of urea: Urea diffuses from the liver, and is transported in 

the blood to the kidneys, where it is filtered and excreted in the 

urine. A portion of the urea diffuses from the blood into the 

intestine, and is cleaved to CO2 and NH3 by bacterial urease. 

This ammonia is partly lost in the feces, and is partly reabsorbed 
into the blood. 

•Four high-energy phosphates are consumed in the synthesis 

of each molecule of urea: two ATP are needed to restore two 

ADP to two ATP, plus two to restore AMP to ATP. Therefore, the 
synthesis of urea is irreversible, with a large, negative ΔG.

•fumarate produced by the urea cycle is converted to malate by 

a cytoplasmic form of fumarase. Mitochondrial fumarase is part 

of the Krebs cycle. Cytoplasmic malate can enter the 

mitochondrion by means of a transport system. Malate when 

oxidized to oxaloacetate produces 1 NADH equivalent to 3 ATP. 
So net energy expenditure is only one high energy phosphates.  

https://www.sciencedirect.com/topics/nursing-and-health-professions/fumaric-acid
https://www.sciencedirect.com/topics/nursing-and-health-professions/malic-acid
https://www.sciencedirect.com/topics/nursing-and-health-professions/fumarate-hydratase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/citric-acid-cycle
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mitochondrion


Regulation of the urea cycle

N-acetylglutamate is an essential 

activator for carbamoyl phosphate 

synthetase I—the rate-limiting step in the 

urea cycle. N-acetylglutamate is 

synthesized from acetyl coenzyme A and 

glutamate by N-acetylglutamate

synthase (Figure 2), in a reaction for 

which arginine is an activator. Therefore, 

the intrahepatic concentration of N-

acetylglutamate increases after ingestion 

of a protein-rich meal, which provides 

both the substrate (glutamate) and the 

regulator of N-acetylglutamate synthesis. 

This leads to an increased rate of urea 
synthesis.



Hyperammonemia

The capacity of the hepatic urea cycle exceeds the normal rates of ammonia 

generation, and the levels of serum ammonia are normally low (5–50 µmol/L). 

However, when liver function is compromised, due either to genetic defects of 

the urea cycle, or liver disease, blood levels can rise above 1,000 µmol/L. Such 

hyperammonemia is a medical emergency, because ammonia has a direct 

neurotoxic effect on the CNS. For example, elevated concentrations of 

ammonia in the blood cause the symptoms of ammonia intoxication, which 

include tremors, slurring of speech, somnolence, vomiting, cerebral edema, and 
blurring of vision. At high concentrations, ammonia can cause coma and death.

Metabolic diseases that cause hyperammonemia can be categorized into those 

that involve nitrogen metabolism and excretion (predominately urea cycle 

defects) and those with metabolites or toxins that inhibit urea cycle function or 

prevent adequate energy for its normal. and examples of the latter are acute 
liver failure and hepatic cirrhosis with liver failure. 

https://en.wikipedia.org/wiki/Liver


Why are high levels of ammonia toxic?

The toxic effect of ammonia may be due to:

●A decrease in the formation of ATP by citric acid cycle because of diversion of 
excessive amounts of -ketoglutarate from citric acid cycle intermediates to form 
glutamate and glutamine in the brain and thus lowering the rate of oxidation of 
glucose, the major fuel of the brain or

●By increased formation of GABA (gamma amino butyric acid) from glutamate, 
leads to impaired neural transmission process.

●One more possibility is that elevated levels of glutamine, formed from NH4+ and 
glutamate which produce osmotic effect that lead directly to swelling of brain.

Decarboxylase                                                    

Glutamate---------------------------------→ Gamma aminobutyric acid 
(GABA)                

PLP               CO2                                                                               
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Amino Acid Degradation and Synthesis

The catabolism of the amino acids found in proteins involves the removal of α-amino

groups, followed by the breakdown of the resulting carbon skeletons. These 

pathways converge to form seven intermediate products: oxaloacetate                    , 

α-ketoglutarate, pyruvate, fumarate, succinyl coenzyme A (CoA), acetyl CoA, and 
acetoacetate.

These products directly enter the pathways of intermediary metabolism, resulting either 

in the synthesis of 

glucose or -

lipid or-

-in the production of energy through their oxidation to CO2 and water by the 

citric acid cycle. 

-Nonessential amino acids (Figure 1) can be synthesized in sufficient amounts from 

the intermediates of metabolism or, as in the case of cysteine and tyrosine, from 

essential amino acids. In contrast, the essential amino acids cannot be synthesized (or 

produced in sufficient amounts) by the body and, therefore, must be obtained from the 

diet in order for normal protein synthesis to occur. Genetic defects in the pathways of 
amino acid metabolism can cause serious disease.



Glucogenic and Ketogenic Amino Acids
Amino acids can be classified as glucogenic, ketogenic, or both based on 

which of the seven intermediates are produced during their catabolism 

A. Glucogenic amino acids

Amino acids whose catabolism yields pyruvate or 

one of the intermediates of the citric acid cycle are 
termed glucogenic or glycogenic. These intermediates 

are substrates for gluconeogenesis and, therefore, can 
give rise to the net formation of glucose or glycogen 
in the liver and glycogen in the muscle.

B. Ketogenic amino acids

Amino acids whose catabolism yields either 

acetoacetate or one of its precursors (acetyl CoA or 

acetoacetyl CoA) are termed ketogenic (see Figure 

1). Acetoacetate is one of the “ketone bodies,” which 
also include 3-hydroxybutyrate and acetone. Leucine 

and lysine are the only exclusively ketogenic amino 

acids found in proteins. Their carbon skeletons are not 

substrates for gluconeogenesis and, therefore, cannot 
give rise to the net formation of glucose or glycogen 

in the liver, or glycogen in the muscle.
Figure 1: Classification of amino acids



Metabolism of methionine
Methionine is one of four amino acids that form succinyl CoA(methionine, isoleucine, threonine, 

and valine). This sulfur-containing amino acid deserves special attention because it is converted to 

S-adenosylmethionine (SAM), the major methyl-group donor in one-carbon metabolism.

Methionine is metabolized by:

1. Transfer of methyl group of methionine by 

transmethylation reactions.

2. Conversion of demethylated portion of the 

methionine to cysteine

Transfer of Methyl Group of Methionine 

(Transmethylation reactions)

Transfer of methyl group (-CH3) from methionine to an 

acceptor molecule is termed as transmethylation. The 

methyl group of methionine becomes available for 

transmethylation only in an active form of methionine, 
S-adenosylmethionine (SAM).

• ATP and an enzyme methionine adenosyl transferase 

are required for the activation of methionine to S-
adenosylmethionine. (Figure 3).

• The methyl group of active methionine (SAM) is very 

reactive and can be enzymatically transferred in the 

synthesis of many compounds. Some important 
transmethylation reactions are given below:→→→→→

Figure (3): Formation of active methionine



Hydrolysis of SAM: After donation of the methyl 

group, 

S-adenosylhomocysteine is hydrolyzed to 

homocysteine and adenosine. Homocysteine has 

two fates: If there is a deficiency of methionine, 

homocysteine may be remethylated to methionine 

(see Figure 4). If methionine stores are adequate, 

homocysteine may enter the trans sulfuration
pathway, where it is converted to cysteine.

Resynthesis of methionine: Homocysteine accepts 

a methyl group from N5-methyltetrahydrofolate

(N5-methyl-THF) in a reaction requiring methyl 

cobalamin, a coenzyme derived from vitamin Bl2. 

The methyl group is transferred from the B12

derivative to homocysteine, and cobalamin is 
recharged from N5-methyl-THF.

Synthesis of cysteine: Homocysteine condenses 

with serine, forming cystathionine, which is 

hydrolyzed to α-ketobutyrate and cysteine (see 

Figure 4). This vitamin B6–requiring sequence has 

the net effect of converting serine to cysteine, and 

homocysteine to α-ketobutyrate, which is 

oxidatively decarboxylated to form propionyl 

CoA. Propionyl CoA is converted to succinyl CoA. 

Because homocysteine is synthesized from the 

essential amino acid methionine, cysteine is not an 

essential amino acid as long as sufficient 
methionine is available.



Role of Folic Acid in Amino Acid Metabolism

Single carbon groups. These “one-carbon units” can  exist in a variety 

of oxidation states. These include methane, methanol, formaldehyde, 

formic acid, and carbonic acid. It is possible to incorporate carbon  

units at each of these oxidation states, except methane, into other 

organic compounds. These single carbon units can be transferred from 

carrier  compounds such as tetrahydrofolic acid and 

S-adenosylmethionine to specific structures that are being synthesized 

or modified. 

Folic acid: a carrier of one-carbon units. The active form of folic 

acid, tetrahydrofolic acid (THF), is produced from folate by 

dihydrofolate reductase in a two-step reaction requiring two moles of 

NADPH. The carbon unit carried by THF is bound to nitrogen N5 or 

N10, or to both N5 and N10. THF allows one-carbon compounds to be 

recognized and manipulated by biosynthetic enzymes. Figure (5) 

shows the structures of the various members of the THF family and 

their interconversions, and indicates the sources of the one-carbon 

units and the synthetic reactions in which the specific members 

participate.

Figure 5: Summary of the interconversions and uses of 

the carrier, tetra-hydrofolate



Biosynthesis of Nonessential Amino Acid
Nonessential amino acids are synthesized from intermediates of metabolism or, as in the case of 

tyrosine and cysteine, from the essential amino acids phenylalanine and methionine, respectively. 

[Note: Some amino acids found in proteins, such as hydroxyproline and hydroxylysine, are modified 

after their incorporation into the protein posttranslational modification.

A. Synthesis from α-keto acids

Alanine, aspartate, and glutamate are 

synthesized by transfer of an amino group to the 

α-keto acids pyruvate, oxaloacetate, and α-

ketoglutarate, respectively. These 

transamination reactions (Figure 6) are the 

most direct of the biosynthetic pathways. 

Glutamate is unusual in that it can also be 

synthesized by the reverse of oxidative 

deamination, catalyzed by glutamate 

dehydrogenase.

B. Synthesis by amidation

Glutamine: This amino acid, which contains an 

amide linkage with ammonia at the γ-carboxyl, 

is formed from glutamate by glutamine 

synthetase .The reaction is driven by the 

hydrolysis of ATP. In addition to producing 

glutamine for protein synthesis, the reaction also 

serves as a major mechanism for the 

detoxification of ammonia in brain and liver.



C. Serine, and glycine

Serine can also be formed from glycine 

through transfer of a hydroxymethyl group

by serine hydroxymethyl transferase.

Serine: This amino acid arises from                    

3-phosphoglycerate, an intermediate in 

glycolysis, which is first oxidized to 3-

phosphopyruvate, and then transaminated to        

3-phosphoserine. Serine is formed by hydrolysis 

of the phosphate ester. 



Tyrosine
Tyrosine is formed from phenylalanine by 

phenylalanine hydroxylase. 

The reaction requires molecular oxygen 
and the coenzyme tetrahydrobiopterin 
(BH4), which can be synthesized from 
guanosine triphosphate (GTP) by the body.

One atom of molecular oxygen becomes 
the hydroxyl group of tyrosine, and the 
other atom is reduced to water. 

During the reaction, tetrahydrobiopterin 
is oxidized to dihydrobiopterin. 
Tetrahydrobiopterin is regenerated 
from dihydrobiopterin in a separate 
reaction requiring NADH. 

Tyrosine, like cysteine, is formed from an 
essential amino acid and is, therefore, 
nonessential only in the presence of 
adequate dietary phenylalanine.



Metabolic Defects in Amino Acid Metabolism

Inborn errors of metabolism are commonly caused by 

mutant genes that generally result in abnormal proteins, 

most often enzymes. The inherited defects may be 

expressed as a total loss of enzyme activity or, more 

frequently, as a partial deficiency in catalytic activity.

Without treatment, the inherited defects of amino acid 

metabolism almost invariably result in mental retardation 

or other developmental abnormalities as a result of 

harmful accumulation of metabolites. Phenylketonuria is 

the most important disease of amino acid metabolism 

because it is relatively common and responds to 
dietary treatment.



Phenylketonuria

Phenylketonuria (PKU), caused by a deficiency 

of phenylalanine hydroxylase (Figure 11), 

PKU is the most common clinically encountered

inborn error of amino acid metabolism 

(prevalence 1:15,000). Biochemically, it is 

characterized by accumulation of phenylalanine

(and a deficiency of tyrosine). 

Hyperphenylalaninemia may also be caused by 
deficiencies in any of the several enzymes

required to synthesize BH4, or in

dihydropteridine (BH2) reductase, which 

regenerates BH4 from BH2 (Figure 11). 

Such deficiencies indirectly raise phenylalanine 
concentrations, because phenylalanine 

hydroxylase requires BH4 as a coenzyme. 

BH4 is also required for tyrosine hydroxylase

and tryptophan hydroxylase, which catalyze 

reactions leading to the synthesis of

neurotransmitters, such as serotonin and 

catecholamines.



Characteristics of classic PKU

•

Elevated phenylalanine: Phenylalanine is 

present in elevated concentrations in tissues, 

plasma, and urine. Since patients can not convert 

phenylalanine to tyrosine by normal pathway, 

some minor pathway of phenylalanine becomes 

prominent in phenylketonurics and 

accumulation of toxic derivatives of 

phenylalanine such as phenyl lactate, phenyl 

acetate, and phenyl pyruvate, which are not 

normally produced in significant amounts in the 

presence of functional  phenylalanine 

hydroxylase (Figure 12). The disease acquired 

its name (PKU) from the high levels of the keto 

acid, phenyl pyruvate in urine.



Albinism

Albinism refers to a group of conditions in 

Which a defect in tyrosine metabolism results

in a deficiency in the production of melanin. 

These defects result in the partial or full 
absence of pigment from the skin, hair, and 
eyes.

In addition to hypopigmentation, affected

individuals have vision defects and 
photophobia (sunlight hurts their eyes). They 
are at increased risk for skin cancer.

Hypopigmentation: Patients with 
phenylketonuria often shows a deficiency of 
pigmentation (fair hair, light skin color, and 
blue eyes). The hydroxylation of  tyrosine by 
tyrosinase, which is the first step in the 
formation of the pigment melanin, is 
competitively inhibited by the  high levels of 
phenylalanine present in PKU.



Biologically important compounds derived from Tryptophan

1- Vitamin niacin (vitaminB3)     

2- Neurotransmitter serotonin

3- Hormone melatonin : is a hormone produced by the pineal gland 

which has effects on the hypothalamic pituitary system .Synthesis of 

melatonin is regulated by light –dark cycle and blood levels of melatonin 

rise at night. 

Parkinson, s disease: in Parkinson disease, dopamine levels in the CNS 

are decreased because of a deficiency of cells that produce dopamine and 

depression is associated with low levels of serotonin.



Biogenic amines 

Decarboxylation of amino acids results in the formation of amines. 
These amines are called biogenic amines. They have diverse 
biological function. Decarboxylation reactions are catalyzed by 
PLP dependent decarboxylases. The important biogenic amines 
formed by decarboxylation of amino acids are given below 

• γ-amino butyric acid (GABA): It is an inhibitory 
neurotransmitter derived from glutamate on decarboxylation. In 
vitamin B6 deficiency, underproduction of GABA leads to 
convulsions (epileptic seizures) in infants and children.

• Catecholamines (dopamine, norepinephrine and epinephrine). 
Synthesis of catecholamines from tyrosine requires PLP-dependent 
DOPA decarboxylase Catecholamines are neurotransmitters and 
involved in metabolic and nervous regulation.



Histamine

Histamine is produced by 

decarboxylation of histidine. It is a 

vasodilator and lowers blood

pressure. It is involved in allergic 

reactions.



• Serotonin and melatonin:

Serotonin and melatonin are produced 

from tryptophan .Serotonin, also called 

5-hydroxytryptamine is a 

neurotransmitter and stimulates the 

cerebral activity. Melatonin is a sleep 

inducing substance and is involved in 

regulation of circadian rhythm of 

body.



Creatine (Non-protein nitrogen containing compounds)

Creatine phosphate (also called 

phosphocreatine), the phosphorylated 

derivative of creatine found in muscle, 

is a high-energy compound that can 

reversibly donate a phosphate group to 

adenosine diphosphate to form ATP 

(Figure 16). Creatine phosphate 

provides a small but rapidly mobilized 

reserve of high-energy phosphates that 

can be used to maintain the intracellular 

level of adenosine triphosphate (ATP) 

during the first few minutes of intense 

muscular contraction. [Note: The 

amount of creatine phosphate in the 

body is proportional to the muscle 

mass.
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Heme metabolism
In addition to serving as building blocks for proteins, amino 

acids are precursors of many nitrogen-containing compounds 

that have important physiologic functions. These molecules 

include porphyrins, neurotransmitters, hormones, purines, 

and pyrimidines.

Porphyrin Metabolism: Porphyrins are cyclic compounds that 

readily bind metal ions—usually Fe 2+ or Fe 3+. The most 

prevalent metalloporphyrin in humans is heme, which consists 

of one ferrous (Fe2+) iron ion coordinated in the center of the 

tetrapyrrole ring of protoporphyrin IX.  

Heme is the prosthetic group for hemoglobin, myoglobin, the 

cytochromes, catalase, and tryptophan pyrrolase. 



Biosynthesis of heme

The major sites of heme biosynthesis are the liver, 
which synthesizes a number of heme proteins, and the 
erythrocyte-producing cells of the bone marrow, which 
are active in hemoglobin synthesis. The initial reaction 
and the last three steps in the formation of porphyrins 
occur in mitochondria, whereas the intermediate steps 
of the biosynthetic pathway occur in the cytosol. [Note: 
Mature red blood cells lack mitochondria and are 
unable to synthesize heme].



1-Formation of δ-aminolevulinic acid 
(ALA):

All the carbon and nitrogen atoms of the 
porphyrin molecule are provided by two 
simple building blocks: 

glycine (a nonessential amino acid) and 
succinyl CoA (an intermediate in the citric 
acid cycle). Glycine and succinyl CoA 
condense to form ALA in a reaction catalyzed 
by ALA synthase (Figure 1) this reaction 
requires pyridoxal phosphate as a coenzyme, 
and is the committed and rate-controlling step 
in hepatic porphyrin biosynthesis.

2-Formation of porphobilinogen: The 
condensation of two molecules of ALA to 
form porphobilinogen by ALA dehydratase
is extremely sensitive to inhibition by heavy 
metal ions (see Figure 1). This inhibition is, 
in part, responsible for the elevation in ALA 
and large excretion of ALA in the urine of a 
person who is affected with lead poisoning. In 
addition the anemia seen in lead poisoning.

Figure 1: Pathway of porphyrin synthesis: 

Formation of porphobilinogen.



3-Formation of uroporphyrinogen 4-Formation of heme 

Figure 2: Pathway of porphyrin synthesis:

Formation of protoporphyrin IX.

Figure 3: Pathway of porphyrin synthesis: 

Formation of heme.  



Increased ALA synthase activity: One common 

feature of the porphyria is a decreased synthesis 

of heme. In the liver, heme normally functions as 

a repressor of ALA synthase. Therefore, the 

absence of this end product results in an increase 

in the synthesis of ALA synthase. This causes 

an increased synthesis of intermediates that 

occur prior to the genetic block. The 

accumulation of these toxic intermediates is the 

major pathophysiology of the porphyria.



Porphyria

Porphyrias are a group of rare inherited blood disorders. People with these 
disorders have problems making a substance called heme in their bodies. 
Heme is made of body chemicals called porphyrin, which are bound to iron.

Heme is a component of hemoglobin, a protein in red blood cells that carries 
oxygen. It helps red blood cells carry oxygen and gives them their red color. 
Heme is also found in myoglobin, a protein in the heart and skeletal muscles.

The body goes through several steps to make heme. In people with porphyria, 
the body lacks certain enzymes needed to complete this process. This causes 
porphyrin to accumulate in tissues and blood. This may cause a variety of 
symptoms, ranging from mild to severe. The most common symptoms of 
porphyria are abdominal pain, light sensitivity, and problems with the muscles 
and nervous system. The symptoms of porphyria vary and depend on which 
enzyme is missing. 

Causes of porphyria: Porphyria is a genetic disease. Most types of porphyria 
are inherited from an abnormal gene, called a gene mutation, from one parent. 
However, certain factors may trigger symptoms of porphyria, known as 
attacks. Factors include:

●use of certain medications ●use of hormones, such as estrogen ● alcohol use 
●smoking ●infection ●exposure to sunlight ●stress ●dieting and fasting



Degradation of heme

After approximately 120 days in 

the circulation, red blood cells are 

taken up and degraded by the 

reticuloendothelial system, 

particularly in the liver and 

spleen.

First hemoglobin is dissociated 

into heme and globin •

Globin is degraded to its 

constituent amino acids which are 

reused



1-Formation of bilirubin: Bilirubin, 
unique to mammals, appears to function 
as an antioxidant. 

The first step in the degradation of heme 
is catalyzed by the microsomal heme 
oxygenase system of the 
reticuloendothelial cells. In the presence 
of NADPH and O2, the enzyme adds a 
hydroxyl group to the methenyl bridge 
between two pyrrole rings, with a 
concomitant oxidation of ferrous iron to 
Fe3+. 

A second oxidation by the same enzyme 
system results in cleavage of the 
porphyrin ring. The green pigment 
biliverdin is produced as ferric iron and 
CO are released (see Figure 4). Biliverdin 
is reduced, forming the red-orange 
bilirubin. Bilirubin and its derivatives are 
collectively termed bile pigments. 

2-Uptake of bilirubin by the liver: 
Bilirubin is only slightly soluble in 
plasma and, therefore,     is transported to 
the liver by binding non-covalently to 
albumin. Bilirubin dissociates from the 
carrier albumin molecule and enters a 
hepatocyte, where it binds to intracellular 
proteins, particularly the protein ligandin.



3-Formation of bilirubin 

diglucuronide: In the hepatocyte, the 

solubility of bilirubin is increased by 

the addition of two molecules of 

glucuronic acid. [Note: This process 

is referred to as conjugation] The 

reaction is catalyzed by microsomal 

bilirubin glucuronyl transferase

using uridine diphosphate-

glucuronic acid as the glucuronate 

donor.



4-Secretion of bilirubin into bile:
Bilirubin diglucuronide (conjugated 
bilirubin) is actively transported against 
a concentration gradient into the bile 
canaliculi and then into the bile. This 
energy-dependent, rate-limiting step is 
susceptible to impairment in liver disease.  
Unconjugated bilirubin is normally not 
secreted.

5-Formation of urobilin in the intestine:
Bilirubin diglucuronide is hydrolyzed and 
reduced by bacteria in the gut to yield 
urobilinogen, a colorless compound. Most 
of the urobilinogen is oxidized by intestinal 
bacteria to stercobilin, which gives feces 
the characteristic brown color. However, 
some of the urobilinogen is reabsorbed 
from the gut and enters the portal blood. A 
portion of this urobilinogen participates in 
the enterohepatic urobilinogen cycle in 
which it is taken up by the liver, and then 
re-secreted into the bile. The remainder of 
the urobilinogen is transported by the blood 
to the kidney, where it is converted to 
yellow urobilin and excreted, giving urine 
its characteristic color. 

Figure 5: Schematic representation of 

normal bilirubin metabolism



Jaundice
Jaundice refers to the yellow color of skin, nail beds, and sclerae (whites of the eyes) caused by 
deposition of bilirubin, increased bilirubin levels in the blood (hyper-bilirubinemia). 

Types of jaundice:

a-Hemolytic jaundice: The liver has the capacity to conjugate and excrete over 3,000 mg of 
bilirubin per day, whereas the normal production of bilirubin is only 300 mg/day. This excess 
capacity allows the liver to respond to increased heme degradation with a corresponding increase 
in conjugation and secretion of bilirubin diglucuronide. However, massive lysis of red blood cells 
(for example, in patients with sickle cell anemia, glucose 6-phosphate dehydrogenase 
deficiency) may produce bilirubin faster than it can be conjugated. More bilirubin is excreted 
into the bile, the amount of urobilinogen entering the enterohepatic circulation is increased, and 
urinary urobilinogen is increased. Unconjugated bilirubin levels become elevated in the blood, 
causing jaundice.

b-Hepatocellular jaundice: Damage to liver cells (for example, in patients with cirrhosis or 
hepatitis) can cause unconjugated bilirubin levels to increase in the blood as a result of decreased 
conjugation. Plasma levels of AST (SGOT) and ALT (SGPT) are elevated, and the patient 
experiences nausea and anorexia.

c-Obstructive jaundice: In this instance, jaundice is not caused by overproduction of bilirubin or 
decreased conjugation, but instead results from obstruction of the bile duct. For example, the 
presence of a hepatic tumor or bile stones may block the bile ducts, preventing passage of 
bilirubin into the intestine. Patients with obstructive jaundice experience gastrointestinal pain 
and nausea, and produce stools that are a pale, clay color. The liver “regurgitates” conjugated 
bilirubin into the blood (hyperbilirubinemia). 

The compound is eventually excreted in the urine. [Note: Prolonged obstruction of the bile duct 
can lead to liver damage and a subsequent rise in unconjugated bilirubin].



Jaundice in newborns

Newborn infants, particularly if premature, often accumulate 

bilirubin, because the activity of hepatic bilirubin 

glucuronyltransferase is low at birth—it reaches adult levels 

in about four weeks. Elevated bilirubin, in excess of the 

binding capacity of albumin, can diffuse into the basal 

ganglia and cause toxic encephalopathy (kernicterus). Thus, 

newborns with significantly elevated bilirubin levels are 

treated with blue fluorescent light, which converts bilirubin to 

more polar and, hence, water-soluble isomers. These photo 

isomers can be excreted into the bile without conjugation to 

glucuronic acid.
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Degradation of heme

After approximately 120 days in 

the circulation, red blood cells are 

taken up and degraded by the 

reticuloendothelial system, 

particularly in the liver and 

spleen.

First hemoglobin is dissociated 

into heme and globin •

Globin is degraded to its 

constituent amino acids which are 

reused



1-Formation of bilirubin: Bilirubin, 
unique to mammals, appears to function 
as an antioxidant. 

The first step in the degradation of heme 
is catalyzed by the microsomal heme 
oxygenase system of the 
reticuloendothelial cells. In the presence 
of NADPH and O2, the enzyme adds a 
hydroxyl group to the methenyl bridge 
between two pyrrole rings, with a 
concomitant oxidation of ferrous iron to 
Fe3+. 

A second oxidation by the same enzyme 
system results in cleavage of the 
porphyrin ring. The green pigment 
biliverdin is produced as ferric iron and 
CO are released (see Figure 4). Biliverdin 
is reduced, forming the red-orange 
bilirubin. Bilirubin and its derivatives are 
collectively termed bile pigments. 

2-Uptake of bilirubin by the liver: 
Bilirubin is only slightly soluble in 
plasma and, therefore,     is transported to 
the liver by binding non-covalently to 
albumin. Bilirubin dissociates from the 
carrier albumin molecule and enters a 
hepatocyte, where it binds to intracellular 
proteins, particularly the protein ligandin.



3-Formation of bilirubin 

diglucuronide: In the hepatocyte, the 

solubility of bilirubin is increased by 

the addition of two molecules of 

glucuronic acid. [Note: This process 

is referred to as conjugation] The 

reaction is catalyzed by microsomal 

bilirubin glucuronyl transferase

using uridine diphosphate-

glucuronic acid as the glucuronate 

donor.



4-Secretion of bilirubin into bile:
Bilirubin diglucuronide (conjugated 
bilirubin) is actively transported against 
a concentration gradient into the bile 
canaliculi and then into the bile. This 
energy-dependent, rate-limiting step is 
susceptible to impairment in liver disease.  
Unconjugated bilirubin is normally not 
secreted.

5-Formation of urobilin in the intestine:
Bilirubin diglucuronide is hydrolyzed and 
reduced by bacteria in the gut to yield 
urobilinogen, a colorless compound. Most 
of the urobilinogen is oxidized by intestinal 
bacteria to stercobilin, which gives feces 
the characteristic brown color. However, 
some of the urobilinogen is reabsorbed 
from the gut and enters the portal blood. A 
portion of this urobilinogen participates in 
the enterohepatic urobilinogen cycle in 
which it is taken up by the liver, and then 
re-secreted into the bile. The remainder of 
the urobilinogen is transported by the blood 
to the kidney, where it is converted to 
yellow urobilin and excreted, giving urine 
its characteristic color. 

Figure 5: Schematic representation of 

normal bilirubin metabolism



Jaundice
Jaundice refers to the yellow color of skin, nail beds, and sclerae (whites of the eyes) caused by 
deposition of bilirubin, increased bilirubin levels in the blood (hyper-bilirubinemia). 

Types of jaundice:

a-Hemolytic jaundice: The liver has the capacity to conjugate and excrete over 3,000 mg of 
bilirubin per day, whereas the normal production of bilirubin is only 300 mg/day. This excess 
capacity allows the liver to respond to increased heme degradation with a corresponding increase 
in conjugation and secretion of bilirubin diglucuronide. However, massive lysis of red blood cells 
(for example, in patients with sickle cell anemia, glucose 6-phosphate dehydrogenase 
deficiency) may produce bilirubin faster than it can be conjugated. More bilirubin is excreted 
into the bile, the amount of urobilinogen entering the enterohepatic circulation is increased, and 
urinary urobilinogen is increased. Unconjugated bilirubin levels become elevated in the blood, 
causing jaundice.

b-Hepatocellular jaundice: Damage to liver cells (for example, in patients with cirrhosis or 
hepatitis) can cause unconjugated bilirubin levels to increase in the blood as a result of decreased 
conjugation. Plasma levels of AST (SGOT) and ALT (SGPT) are elevated, and the patient 
experiences nausea and anorexia.

c-Obstructive jaundice: In this instance, jaundice is not caused by overproduction of bilirubin or 
decreased conjugation, but instead results from obstruction of the bile duct. For example, the 
presence of a hepatic tumor or bile stones may block the bile ducts, preventing passage of 
bilirubin into the intestine. Patients with obstructive jaundice experience gastrointestinal pain and 
nausea, and produce stools that are a pale, clay color. The liver “regurgitates” conjugated 
bilirubin into the blood (hyperbilirubinemia). 

The compound is eventually excreted in the urine. [Note: Prolonged obstruction of the bile duct 
can lead to liver damage and a subsequent rise in unconjugated bilirubin].



Jaundice in newborns

Newborn infants, particularly if premature, often 

accumulate bilirubin, because the activity of hepatic 

bilirubin glucuronyltransferase is low at birth—it 

reaches adult levels in about four weeks. Elevated 

bilirubin, in excess of the binding capacity of albumin, 

can diffuse into the basal ganglia and cause toxic 

encephalopathy (kernicterus). Thus, newborns with 

significantly elevated bilirubin levels are treated with 

blue fluorescent light, which converts bilirubin to more 

polar and, hence, water-soluble isomers. These photo 

isomers can be excreted into the bile without 

conjugation to glucuronic acid.
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Nucleosides and Nucleotide Structure

•Nucleotides are composed of a nitrogenous base, a 

pentose monosaccharide, and one, two, or three 

phosphate groups. The nitrogen-containing bases 

belong to two families of compounds: the purines and 

the pyrimidines. The addition of a pentose sugar to a 

nitrogenous base produces a nucleoside. If the sugar 

is ribose, a ribonucleoside is produced; if the sugar is 

2-deoxyribose, a deoxyribonucleoside is produced.



Purine and pyrimidine 

structures

Both DNA and RNA contain the same purine 

bases: adenine (A) and guanine (G). Both DNA 

and RNA contain the pyrimidine cytosine (C), 

but they differ in their second pyrimidine base: 

DNA contains thymine (T), whereas RNA

contains uracil (U). T and U differ in that only 

T has a methyl group (Figure 1).

The ribonucleosides of A, G, C, and U are named 

adenosine, guanosine, cytidine, and uridine, 

respectively. The deoxyribonucleosides of A, G, C, 

and T have the added prefix, “deoxy-,” for example, 

deoxyadenosine. The carbon and nitrogen atoms in 

the rings of the base and the sugar are numbered 

separately (Figure 2). Note that the carbons in the 

pentose are numbered 1′ to 5′. Thus, when the 5′-

carbon of a nucleoside (or nucleotide) is referred to, 

a carbon atom in the pentose, rather than an atom in 

the base, is being specified.



The addition of one or more phosphate groups to a 
nucleoside produces a nucleotide. If one phosphate group 
is attached to the 5′-carbon of the pentose, the structure is 
a nucleoside monophosphate (NMP), like adenosine 
monophosphate (AMP) (also called adenylate). If a second
or third phosphate is added to the nucleoside, a nucleoside 
diphosphate (for example, adenosine diphosphate ADP or 
triphosphate (for example, adenosine triphosphate, ATP 
results (Figure 3). The second and third phosphates are 
each connected to the nucleotide by a “high-energy” bond.

Ribonucleoside and deoxyribonucleoside phosphates
(nucleotides) are essential for all cells.

*Without them, neither DNA nor RNA can be produced 
and, therefore, proteins cannot be synthesized or cells 
proliferate.

* Nucleotides also serve as carriers of activated 
intermediates in the synthesis of some carbohydrates, 
lipids, and proteins, and are structural components of 
several essential coenzymes, for example, coenzyme A, 
FAD, NAD+, and NADP+.

* Nucleotides, such as cyclic adenosine monophosphate 
(cAMP) and cyclic guanosine monophosphate (cGMP), 
serve as second messengers in signal transduction 
pathways. 

*Nucleotides play an important role as “energy currency” 
in the cell.

* Nucleotides are important regulatory compounds for 
many of the pathways of intermediary metabolism, 
inhibiting or activating key enzymes.



Synthesis of Purine Nucleotides

Purine nucleotides can be synthesized by two pathways:

*De novo pathway (new synthesis from amphibolic 
intermediates). 

The term amphibolic is used to describe a biochemical 
pathway that involves both catabolism and anabolism

*Salvage pathway: that allow the reuse of the 
preformed bases resulting from normal cell turnover or 
from the diet. there are two mechanisms for salvage 
reactions:

- by phosphoribosylation of free purine bases and

- by phosphorylation of purine nucleosides.

Denovo pathway

The atoms of the purine ring are contributed by a number 
of compounds, including amino acids (aspartic acid, 
glycine, and glutamine), CO2, and 

N10–formyltetrahydrofolate (Figure 4). The purine ring 
is constructed by a series of reactions that add the 
donated carbons and nitrogen to a preformed ribose 5-
phosphate. 



Synthesis of 5-phosphoribosyl-1-pyrophosphate (PRPP)

PRPP is an “activated pentose” that participates in the de novo synthesis and salvage of 

purines and pyrimidines.

Synthesis of PRPP from ATP and ribose 5-phosphate is catalyzed by PRPP synthetase (ribose 

phosphate pyrophosphokinase, 



Synthesis of 5′-
phosphoribosylamine from 
PRPP and glutamine is shown 
in Figure 7. The amide group 
of glutamine replaces the 
pyrophosphate group attached 
to carbon 1 of PRPP. The 
enzyme, glutamine-
phosphoribosyl pyrophosphate 
amidotransferase, is inhibited
by the purine 5′-nucleotides 
AMP, GMP, and inosine 
monophosphate (IMP)—the 
end products of the pathway. 
This is the committed step in 
purine nucleotide biosynthesis. 
The rate of the reaction is also 
controlled by the intracellular 
concentration of PRPP.

Synthesis of inosine 
monophosphate, the “parent” 
purine nucleotide

The next nine steps in purine 
nucleotide biosynthesis leading 
to the synthesis of IMP (whose 
base is hypoxanthine) are 
illustrated in Figure 7. This 
pathway requires four ATP 
molecules as an energy source. 
Two steps in the pathway 
require N10-
formyltetrahydrofolate.



Conversion of IMP to AMP and GMP



Synthetic inhibitors of purine synthesis

Some synthetic inhibitors of purine 
synthesis (Sulfonamides), are designed to 
inhibit the growth of rapidly dividing 
microorganisms without interfering with 
human cell functions .

Other purine synthesis inhibitors, such as 
structural analogs of folic acid 
(methotrexate), are used 
pharmacologically to control the spread of 
cancer by interfering with the synthesis of 
nucleotides and, therefore, of DNA and 
RNA.  

Trimethoprim, another folate analog, 
has potent antibacterial activity because 
of its selective inhibition of bacterial 
dihydrofolate reductase. 

Inhibitors of human purine synthesis are 
extremely toxic to tissues, especially to 
developing structures such as in a fetus, 
or to cell types that normally replicate 
rapidly, including those of bone marrow, 
skin, gastrointestinal (GI) tract, 
immune system, or hair follicles. As a 
result, individuals taking such anticancer 
drugs can experience adverse effects, 
including anemia, scaly skin, GI tract 
disturbance, Immunodeficiencies, and 
baldness.



Conversion of nucleoside monophosphates to nucleoside diphosphates and triphosphates

Nucleoside diphosphates (NDP) are synthesized from the corresponding nucleoside 
monophosphates (NMP) by base-specific nucleoside monophosphate kinases (Figure 9). [Note: 
These kinases do not discriminate between ribose or deoxyribose in the substrate.] ATP is 
generally the source of the transferred phosphate, because it is present in higher concentrations 
than the other nucleoside triphosphates. 

Salvage pathway for purines

Purines that result from the normal turnover of cellular nucleic acids, or that are obtained from 
the diet and not degraded, can be converted to nucleoside triphosphates and used by the body. 
This is referred to as the “salvage pathway” for purines. This occurs by a pathway that is quite 
different from the de novo biosynthesis of purine (new synthesis from amphibolic intermediates) 
described earlier, in which the purine ring system is assembled step by step on ribose-5-
phosphate in a long series of reactions. Salvage pathway consists of a single reaction.

The salvage pathway is much simpler and requires far less energy than does de novo 
synthesis. 

Conversion of purine bases to nucleotides: Two enzymes are involved in salvage pathway of 
purines:     1-Adenine phosphoribosyltransferase and

2- hypoxanthine-guanine phosphoribosyltransferase (HGPRT). (Figure 10).



• Lesch-Nyhan syndrome: This syndrome is an X-linked, recessive disorder associated with: 

1-avirtually complete deficiency of HGPRT (hypoxanthine-guanine phosphoribosyl transferase). 

This deficiency results in an inability to salvage hypoxanthine or guanine, from which excessive 

amounts of uric acid are produced 

2-In addition, the lack of this salvage pathway causes increased PRPP levels and decreased IMP 

and GMP levels.  

3-As a result, glutamine- phosphoribosylpyrophosphate amidotransferase (the committed     step in 

purine synthesis) has excess substrate and decreased inhibitors available, and de novo purine 

synthesis is increased.  

4-The combination of decreased purine reutilization and increased purine synthesis results in 

increased degradation of purines and the production of large amounts of uric acid, making Lesch-

Nyhan a heritable cause of hyperuricemia frequently results in the formation of uric acid stones in 

the kidneys, and there is gout, in addition there are mental aberrations ,patients will self-mutilate 

by biting lips and fingers off. 



Significance of salvage pathway

Salvage pathway provides purine nucleotides for tissues, incapable of their 

biosynthesis by de novo pathway. For example, human brain has low level 

of PRPP amidotransferase and therefore depends in part on exogenous 

purines. Erythrocytes and polymorphonuclear leukocytes cannot synthesize 

5- phosphoribosylamine and therefore utilize exogenous purines to form 

nucleotides.

Synthesis of Deoxyribonucleotides
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Degradation of dietary nucleic acids in the small intestine

Degradation of dietary nucleic acids occurs in the 
small intestine, where a family of pancreatic 
enzymes hydrolyzes the nucleotides to nucleosides 
and free bases. Inside cells, purine nucleotides are 
sequentially degraded by specific enzymes, with 
uric acid as the end product of this pathway. 

*Ribonucleases and deoxyribonucleases, secreted 
by the pancreas, hydrolyze RNA and DNA 
primarily to oligonucleotides. 

*Oligonucleotides are further hydrolyzed by 
pancreatic phosphodiesterases, producing a mixture 
of 3′- and 5′-mononucleotides. 

*A family of nucleotidases removes the phosphate 
groups hydrolytically, releasing nucleosides that 
may be absorbed by the intestinal mucosal cells, or 
be further degraded to free bases before uptake

. *Dietary purines and pyrimidines are not used to a 
large extent for the synthesis of tissue nucleic 
acids. Instead, the dietary purines are generally 
converted to uric acid by intestinal mucosal cells. 
Most of the uric acid enters the blood, and is 
eventually excreted in the urine. 



Degradation of Purine Nucleotides

The end product of purines (adenine and 
guanine) in humans is sparingly soluble 
uric acid (Figure 15).

• Purine nucleotides (AMP and GMP) are 
degraded by a pathway, in which the 
phosphate group is removed by the action 
of nucleotidase; to yield the nucleoside, 
adenosine or guanosine.

• Adenosine is then deaminated to inosine
by adenosine deaminase.

• Inosine is then hydrolyzed by purine 
nucleoside phosphorylase to yield its 
purine base hypoxanthine and ribose-1-
phosphate. 

[Note: A mutase interconverts ribose 1-
phosphate into  ribose 5-phosphate].

• Hypoxanthine is oxidized successively to 
xanthine and then uric acid, by xanthine 
oxidase. In this reaction, molecular oxygen 
is reduced to H2O2, which is decomposed
to H2O and O2, by catalase.

• Guanosine is cleaved to guanine and 
ribose-1- phosphate by phosphorylase 
enzyme.

• Guanine undergoes hydrolytic removal of 
its amino group by guanase to yield 
xanthine, which is converted to uric acid 
by xanthine oxidase., the final product of 
human purine degradation. Uric acid is 
excreted in the urine.



Diseases associated with purine catabolism

The catabolism of the purines, adenine and guanine produces uric acid. At 
physiological pH , uric acid is mostly ionized and present in plasma as sodium urate. 

An elevated serum urate concentration is known as hyperuricaemia. Uric acid and 
urate are relatively insoluble molecules which readily precipitate out of aqueous 
solutions such as urine or synovial fluid. The consequence of this is the condition, 
gout. 

The average normal blood serum level of uric acid is 4 to 7 mg per 100 ml. The upper 
normal range is 7 mg per 100 ml, which is above the solubility of sodium urate in 
water which is 6.4 mg per 100 ml.

Factors affecting formation of uric acid

Formation of uric acid depends on the rate of: 

●De novo synthesis of purines

●The metabolism of endogenous DNA, RNA and other purine containing molecule 
such as ATP

●The breakdown of dietary nucleic acids.

Excretion of uric acid 

Uric acid is excreted in two ways:

●Via the kidney: The majority of uric acid is excreted via the kidney

●Via the gut: Smaller amount of urate is excreted into the gut, where it is broken down 

by bacteria. This process is called uricolysis. 



Hyperuricaemia : Hyperuricaemia may arise from : 

●Increased uric acid formation, which may be primary

(genetic) or secondary caused by a variety of other diseases.

●From decreased uric acid excretion by the kidney.

Hyperuricaemia is aggravated by alcohol, as ethanol increases 

the turnover of ATP and uric acid production. Ethanol in excess 

may cause the accumulation of organic acids, which compete 

with the tubular secretion for uric acid.

Disorders such as ethanol intoxication, diabetic ketoacidosis 

and starvation lead to elevations of lactic acid, 
β- hydroxybutyric acid and acetoacetic acid and will compete 

with the tubular secretion of uric acid and cause hyperuricaemia. 



Gout

The major biochemical feature of gout is an elevated level of uric acid in the serum, 

which is associated with either: 

●Increased formation of uric acid or 

●Its decreased renal excretion.

Classification of gout: Gout is classified into two broad types:●Primary gout 

●Secondary gout

Primary gout: is inherited due to an inborn error of metabolism caused by defective 

enzymes of purine biosynthesis, such as:

●Partial deficiency of HGPRTase: The enzyme catalyzing the salvage synthesis of 

IMP and GMP. Deficiency of HGPRTase leads to reduced synthesis of IMP and GMP 

by salvage pathway and an increased level of PRPP, which accelerates the purine 

biosynthesis by de novo pathway.

●Loss of feedback regulation: Due to loss of allosteric feedback regulation, 

abnormality high level of PRPP synthesis and PRPP amido transferase , results in 

excessive production of PRPP, which in turn accelerates the rate of de novo synthesis 

of purines. 

Secondary gout: results from a variety of diseases that cause an elevated destruction 

of cells or defective elimination of uric acid as follows: 

●Over production of urate due to increased destruction or turnover of cells such as in

- myeloproliferative  disorders ,eg. Leukemia

- Cytotoxic drug therapy(antimetabolites)



Gout

The major biochemical feature of gout is an elevated level of uric acid in the serum, 

which is associated with either: 

●Increased formation of uric acid or 

●Its decreased renal excretion.

Classification of gout: Gout is classified into two broad types:●Primary gout 

●Secondary gout

Primary gout: is inherited due to an inborn error of metabolism caused by defective 

enzymes of purine biosynthesis, such as:

●Partial deficiency of HGPRTase: The enzyme catalyzing the salvage synthesis of 

IMP and GMP. Deficiency of HGPRTase leads to reduced synthesis of IMP and GMP 

by salvage pathway and an increased level of PRPP, which accelerates the purine 

biosynthesis by de novo pathway.

●Loss of feedback regulation: Due to loss of allosteric feedback regulation, 

abnormality high level of PRPP synthesis and PRPP amido transferase , results in 

excessive production of PRPP, which in turn accelerates the rate of de novo synthesis 

of purines. 

Secondary gout: results from a variety of diseases that cause an elevated destruction 

of cells or defective elimination of uric acid as follows: 

●Over production of urate due to increased destruction or turnover of cells such as in

- myeloproliferative  disorders ,eg. Leukemia

- Cytotoxic drug therapy(antimetabolites)



Pyrimidine Synthesis and 

Degradation

Unlike the synthesis of the purine ring, 

which is constructed on a preexisting ribose 

5-phosphate, the pyrimidine ring is 

synthesized before being attached to ribose 

5-phosphate, which is donated by PRPP. 

The sources of the atoms in the 

pyrimidine ring are glutamine, CO2, and 

aspartic acid (Figure 16). [Note: Glutamine 

and aspartic acid are thus required for both 

purine and pyrimidine synthesis.]

Synthesis of carbamoyl 

phosphate
The regulated step of this pathway in 

mammalian cells is the synthesis of 

carbamoyl phosphate from glutamine and 

CO2, catalyzed by carbamoyl phosphate 

synthetase (CPS) II . CPS II is inhibited by 

UTP (the end product of this pathway, which 

can be converted into the other pyrimidine 

nucleotides), and is activated by ATP and 

PRPP.



The completed pyrimidine ring

is converted to the nucleotide 

orotidine 5′-monophosphate (OMP)

in the second stage of pyrimidine 
nucleotide synthesis (see Figure 17). 
PRPP is again the 

ribose 5-phosphate donor. The enzyme 
orotate phosphoribosyltransferase
produces OMP and releases 
pyrophosphate, thereby making the 
reaction biologically irreversible.

OMP, the parent pyrimidine 
mononucleotide, is converted to

uridine monophosphate (UMP) by 
orotidylate decarboxylase, which 
removes the acidic carboxyl group. 



Synthesis of cytidine triphosphate (CTP)

CTP is produced by amination of UTP by 

CTP synthetase (Figure 19). [Note: The 

nitrogen is provided by glutamine—

another example of a reaction in 

nucleotide biosynthesis in which this 

amino acid is required.]



Synthesis of thymidine monophosphate (dTMP) from dUMP

dUMP is converted to dTMP by thymidylate 

synthase, which uses N5, N10-methylene 
tetrahydrofolate as the source of the methyl 
group. (Figure 20). 

Inhibitors of thymidylate synthase include 
thymine analogs such as 5-fluorouracil, which 
serve as successful antitumor agents.

DHF can be reduced to THF by dihydrofolate 
reductase an enzyme that is inhibited in the 

presence of drugs such as methotrexate. By 
decreasing the supply of THF, these folate 

analogs not only inhibit purine synthesis but, by 
preventing methylation of dUMP to dTMP, they 

also lower the cellular concentration of this 
essential component of DNA. DNA synthesis is 

inhibited and cell growth slowed. Drugs such as 
those described above, therefore, are used to 
decrease the growth rate of cancer cells.



Degradation of pyrimidine nucleotides

Unlike the purine ring, which is not cleaved 

human cells, the pyrimidine ring is opened 

and degraded to highly water-soluble 

products, β-alanine and β-aminoisobutyrate, 

with the production of NH3 and CO2.

Humans probably transaminate

β-aminoisobutyrate

to methylmalonate semialdehyde which is 

then converted to succinyl-CoA via 

methylmalonyl-CoA. β-alanine can serve as 

precursor of acetyl-CoA.
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DNA Structure, Chromosomes & Central Dogma

Nucleic acids are required for the storage and expression of 

genetic information. There are 2 chemically distinct types of 

nucleic acids:  deoxyribonucleic acid (DNA) and ribonucleic 

acid(RNA). 

With the exception of a few viruses that contain single-stranded 

(ss) DNA, DNA(DNA, the repository of genetic information)  

exists as a double-stranded (ds) molecule, in which the two 

strands wind around each other, forming a double helix.

- The 2 chains are coiled around a common axis called the axis of 

symmetry.

- The chains are paired in an antiparallel manner.

- hydrophilic deoxyribose–phosphate backbone of each chain is 

on the outside of the molecule, whereas the hydrophobic bases

are stacked inside.

- The overall structure resembles a twisted ladder.

- The spatial relationship between the two strands in the helix 

creates a major (wide) groove and a minor (narrow) groove.



Base pairing: one polynucleotide chain of 

the DNA double helix is always the 

complement of the other.

Chargaff Rule: In any sample of dsDNA, 

the amount of adenine equals the amount 

of thymine, the amount of guanine equals 

the amount of cytosine, and the total 

amount of purines equals the total amount 

of pyrimidines.

These hydrogen bonds +hydrophobic 

interactions between the stacked bases, 

stabilize the structure of the double helix. 





Heredity is the passing on of characteristics/traits 

from one generation to the next.

*In eukaryotic cells, DNA is found associated 

with various types of proteins (known collectively 

as nucleoprotein) present in the nucleus, whereas 

in prokaryotes, the protein–DNA complex is 

present in a nonmembrane-bound region known 

as the nucleoid. A typical human cell contains 46 

chromosomes (, 23 pairs) whose total DNA     1m 

long. It is difficult to packaging of these long 

molecules of DNA.

Karyotype - figure or picture showing the full set 

of chromosomes from a cell during cell division 

when they are condensed and visible.

Genomes [The complete set of INFORMATION 

in an organism’s DNA].That is the haploid 

complement for all organisms.



Chromosome :A single large DNA molecule and its associated  proteins(Chromosomes are 
composed of 40% DNA: 60% protein); containing many genes, stores and transmits 
genetic  

information.( Circular or linear). A duplicated chromosome consists of 2  at identical sister 
chromatids, attached at thecenter by the centromere. Ends of chromosomes are known 

as telomere  [A telomere is a region of repetitive sequences at each end of eukaryotic 
chromosomes in most eukaryotes. 

Telomeres protect the end of the chromosome from DNA damage or from fusion with

neighboring chromosomes. In humans, telomeric DNA consists of several thousand tandem 
repeats of a noncoding hexameric sequence, AG3T2 The TG strand is longer than its AC 
complement, leaving ssDNA a few hundred nucleotides in length at the 3′-end. The single-
stranded region is thought to fold back on itself, forming a loop structure that is stabilized 
by protein.

Telomeres may be viewed as mitotic clocks in that their length in most cells is inversely 
related to the number of times the cells have divided. The study of telomeres is providing 
insight into the biology of aging and cancer.     *In most normal human somatic cells, 
telomeres shorten with each successive cell division. Once telomeres are shortened beyond 
some critical length, the cell is no longer able to divide and is said to be senescent.   *In 
germ cells and other stem cells, as well as in cancer cells, telomeres do not shorten and the 
cells do not senesce. This is a result of the presence of a ribonucleoprotein, telomerase, 
which maintains telomeric length in these cells.



Chromatin :A complex of DNA ,histones  and other 
proteins, constituting the eukaryotic chromosome .

Nucleosomes :In eukaryotes, structural unit for 
packaging chromatin  , consists of a DNA strand 
wound around a histone core .

Histones :The family of basic proteins that associate  
tightly with DNA in the chromosome of all 
eukaryotic cells. [The protein (histones) makes the 
DNA very stable and enable it to be supercoiled into 
a very small space (i.e. the nucleus)]

Gene :A chromosomal segment that codes for a 
single functional  chain or RNA molecule.[ a section 
of the DNA coding for the  production of a single 
protein ]. A gene is a short region of a chromosome 
that contains a code for the production of a protein



DNA is present not only in chromosomes in the 

nucleus of eukaryotic organisms, but also in 

mitochondria (circular DNA )and the chloroplasts of 

plants.

Prokaryotic cells, which lack nuclei, have a single

chromosome, but may also contain nonchromosomal

DNA in the form of plasmids. 



Gene expression refers to the process whereby the 

information contained in genes begins to have 

effects 

in the cell. Gene expression is the process by which

the code in DNA is used to make a protein.

There is coding DNA(Exon) (DNA that codes for 

a specific protein) and non-coding DNA(97%)

(Intron)(DNA whose function is generally 

unknown)

Central  dogma of molecular biology:

is the flow of information from DNA to RNA to 

protein, and is descriptive of all organisms,.

***An exception to the central   dogma is that 

certain 

viruses (retroviruses) make DNA from RNA using 

the

enzyme reverse transcriptase.



The eukaryotic cell cycle

The cell cycle is an ordered series of events involving 

cell growth and cell division that produces 2  new 

daughter cells. Cells on the path to cell division proceed 

through a series of precisely timed and carefully 
regulated stages of growth, DNA replication, and 

division that produces 2 identical (clone) cells

(Mitosis;In mitosis , chromosomes in the cell nucleus 
are separated into 2 identical sets of chromosomes ,each 

in its own nucleus). 
In eukaryotes, the cell cycle has 2 major phases: 

interphase & mitotic phase. 
***During interphase, (a long preparatory period) ,  the 

cell grows and DNA is replicated. Interphase is divided 
into G1, S, and G2 phases. 

***During the mitotic phase, the replicated DNA and 
cytoplasmic contents are separated, and the cell divides. 

The mitotic phase begins with karyokinesis (mitosis), 
which consists of 5 stages: prophase, prometaphase, 

metaphase, anaphase, and telophase. The final stage of 
the mitotic phase is cytokinesis, during which the 

cytoplasmic components of the daughter cells are 
separated either by an actin ring (animal cells) or by cell 

plate formation (plant cells).
-----Cells may remain for long period times without 

dividing when an appropriate signal ,cells in G may be 
stimulated to re-enter the cycles and divide



The cell cycle is controlled at a series of “checkpoints” that prevent entry into the next 

phase of the cycle until the preceding phase has been completed.2 key classes of proteins 

that control the progress of a cell through the cell cycle are the cyclins & cyclin-

dependent kinases (Cdk).

Apoptosis is a process of programmed cell death that occurs in multicellular organisms, 

it is a highly regulated and controlled process that confers advantages during an 

organism's lifecycle.  Apoptosis the normal and programed destruction of cells during 

embryogenesis ,development and adultlife; For example, the separation of fingers and 

toes in a developing human embryo occurs because cells between the digits undergo 

apoptosis.

*** Disruption of apoptosis can promote inappropriate cell  survival and the 

development of cancer.

Cancer: An abnormal growth of cells which tend to proliferate in  an uncontrolled way

and, in some cases, to metastasize (spread). In cancer: genes that control cell 

division mutate --> cell divide over and over again, forming an irregular mass of cells. 

Tumor cells can no longer enter  G phase ( continuous dividing)

https://en.wikipedia.org/wiki/Embryo


Several genes must mutate before a cell becomes cancerous. This can 

happen just by chance.

The risk is increased by factors that cause mutation (carcinogenic 

factors):

- ionising radiation (from X ray and radioactive sources emitting α, β or 

γ radiation)

- ultraviolet radiation (in sunlight)

- chemicals (e.g. asbestos, some component in tar from tobacco smoke)

- viruses (e.g. human papilloma virus - HPV, causing cervical cancer).

DNA is replicated before a cell divides



DNA Replication, & its Regulation

DNA replication is a process by which a double-
stranded DNA molecule is copied into 2  identical 
DNA molecules(2 daughter molecules), each of 
which contains 2 DNA strands with an antiparallel 
orientation . DNA replication is initiated at a 
specific or unique sequence called the origin of 
replication, and ends at unique termination sites. 
The region of DNA between these two sites is 
termed as a replication unit or replicon. The 2 
strands of the DNA double helix are separated, 
each can serve as a template for the replication of a 
new complementary strand. This process is called 
semiconservative replication because, although the 
parental duplex is separated into 2 halves (and, 
therefore, is not “conserved” as an entity), each of 
the individual parental strands remains intact in one 
of the 2 new duplexes(New strand is half old, half 
new).

DNA is a double helix(2 strands in Opposite 

directions) & Bases in middle make up 

sequence:   

The steps are [ Intiation ,Chain elongation, and 

termination].



1. Strands separate (An enzyme unwinds and unzips the DNA) : In order for the 2 strands of 

the parental double helical DNA to be replicated, they must first separate (or “melt”), at 

least in a small region, because the polymerases use only ssDNA as a template.

✓Proteins required for DNA strand separation: Initiation of DNA replication requires the 

recognition of the origin of replication ( Formation of the replication fork) by a group of 

proteins that form the prepriming complex. These proteins are responsible for maintaining the 

separation of the parental strands, and for unwinding the double helix ahead of the 

advancing replication fork. These proteins include the following:

•1-DnaA protein: DnaA protein binds to specific nucleotide sequences at the origin of 

replication, causing short, tandemly arranged (one after the other) AT-rich regions in the origin to 

melt. Melting is ATP-dependent, and results in strand separation with the formation of localized 

regions of ssDNA. 2-DNA helicases: These enzymes bind to ssDNA near the replication fork, 

and then move into the neighboring double-stranded region, forcing the strands apart—in effect, 

unwinding the double helix. Helicases require energy provided by ATP . 3-Single-stranded 

DNA-binding (SSB) proteins: These proteins bind to the ssDNA generated by helicases. They 

bind cooperatively—that is, the binding of one molecule of SSB protein makes it easier for 

additional molecules of SSB protein to bind tightly to the DNA strand. These proteins not only 

keep the two strands of DNA separated in the area of the replication origin, thus providing the 

single-stranded template required by polymerases, but also protect the DNA from nucleases that 

cleave ssDNA.



•As the 2 strands of the double helix are separated, a problem is encountered, 

namely, the appearance of positive supercoils (also called supertwists) in 

the region of DNA ahead of the replication fork .The accumulating positive 

supercoils interfere with further unwinding of the double helix. [Note: 

Supercoiling can be demonstrated by tightly grasping one end of a helical 

telephone cord while twisting the other end. If the cord is twisted in the 

direction of tightening the coils, the cord will wrap around itself in space to 

form positive supercoils. If the cord is twisted in the direction of loosening 

the coils, the cord will wrap around itself in the opposite direction to form 

negative supercoils.] To solve this problem, there is a group of enzymes 

called DNA topoisomerases, which are responsible for removing 

supercoils in the helix(“relaxing” accumulated supercoils) .



Each one is copied(Free nucleotides diffuse in 

from the cytosol and are placed into their 

complementary position by the enzyme DNA 

polymerase)

*The enzymes involved in the DNA replication 

process are template-directed polymerases that can 

synthesize the complementary sequence of each 

strand with extraordinary fidelity.

*DNA polymerases cannot initiate synthesis of a 

complementary strand of DNA on a totally single-

stranded template. Rather, they require an RNA 

primer.







1. One “lagging” and one “leading”; Leading Strand assembly is continuous&Lagging strand discontinuous   

Nucleotides can only be added in the 5’ to 3’ direction One strand can be “read”  directly because it is 5’ to 

3’(Leading Strand) &other strand is 3’ to 5’ (Lagging Strand; Discontinuous synthesis of this strand).

Chain elongation: Prokaryotic and eukaryotic DNA polymerases elongate a new DNA strand by adding 

deoxyribonucleotides, one at a time, to the 3′-end of the growing chain. The sequence of nucleotides that are added is 

dictated by the base sequence of the template strand with which the incoming nucleotides are paired. (DNA chain 

elongation is catalyzed by DNA polymerase III). 



DNA polymerase III continues to synthesize DNA on the lagging strand until it is 

blocked by proximity to an RNA primer. When this occurs, the RNA is excised and 

the gap filled by DNA polymerase I. These activities are exonucleases because they 

remove one nucleotide at a time from the end of the DNA chain, rather than 

cleaving the chain internally as do the endonucleases . The final phosphodiester 

linkage between the 5′-phosphate group on the DNA chain synthesized by DNA 

polymerase III and the 3′-hydroxyl group on the chain made by DNA polymerase 

I is catalyzed by DNA ligase .The joining of these 2stretches of DNA requires 

energy, which in eukaryotes is provided by the cleavage of ATP to AMP + PPi.





DNA Repair

DNA from cell to cell, has to be replicated with fidelity; Mistakes (errors –

mutations, cancer, etc.

The damaging agents can be either chemicals, for example, nitrous acid, or 

radiation, for example, ultraviolet light, which can fuse2 pyrimidines adjacent to 

each other in the DNA, and high-energy ionizing radiation, which can cause 

double-strand breaks.

Most of the repair systems involve :

*recognition of the damage (lesion) on the DNA,* removal or excision of the 

damage,(endonuclease and exonuclease  activity). *replacement or filling the gap 

left by excision using the sister strand as a template for DNA synthesis(DNA 

polymerase)* and ligation.(DNA ligase). 

These repair systems thus perform excision repair. Excision repair can be divided 

into nucleotide excision and base excision, depending on how much of the DNA is 

removed.



.Aultraviolet (UV) light

Exposure of a cell to UV light can result in the covalent 

joining of 2 adjacent pyrimidines (usually thymines), 

producing dimer. These thymine dimers prevent DNA 

polymerase from replicating the DNA strand

beyond the site of dimer formation. Thymine dimers are 

excised in bacteria .

Recognition and excision of dimers by 

UV-specific endonuclease:First, a UV-specific endonuclease 

recognizes the dimer, and cleaves the damaged strand on both 

the 5′-side and 3′-side of the dimer. A short oligonucleotide 

containing the dimer is released, leaving a gap in the DNA 

strand that formerly contained the dimer. 

This gap is filled in using the same repair system described 

above.

UV radiation and cancer: Pyrimidine dimers can be formed 

in the skin cells of humans exposed to unfiltered sunlight.

In the rare genetic disease xerodermapigmentosum, the cells 

cannot repair the damaged DNA, resulting in extensive 

accumulation of mutations and, consequently, skin cancers. 

Xerodermapigmentosum can be caused by defects in any of 

the several genes required for UV-damage repair
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RNA Structure, Transcription, &its Regulation

The genetic master plan of an organism is contained in the 

sequence of deoxyribonucleotides in its deoxyribonucleic 

acid (DNA). However, it is through the ribonucleic acid 

(RNA)—the “working copies” of the DNA—that the 

master plan is expressed

The copying process, during which a DNA strand 

serves as a template for the synthesis of RNA, is called 

transcription, it is the first step of gene expression, in 

which a particular segment of DNA is copied 

into RNA (especially mRNA) by the enzymeRNA

polymerase.

Both DNA and RNA are nucleic acids, which use base 

pairs of nucleotides as a complementary language. During 

transcription,a DNA sequence is read by anRNA

polymerase, which produces a complementary,

antiparallel RNA strand called a primary transcript.

https://en.wikipedia.org/wiki/Gene_expression
https://en.wikipedia.org/wiki/DNA
https://en.wikipedia.org/wiki/RNA
https://en.wikipedia.org/wiki/MRNA
https://en.wikipedia.org/wiki/Enzyme
https://en.wikipedia.org/wiki/RNA_polymerase
https://en.wikipedia.org/wiki/Nucleic_acid
https://en.wikipedia.org/wiki/Base_pair
https://en.wikipedia.org/wiki/Nucleotide
https://en.wikipedia.org/wiki/Complementarity_(molecular_biology)
https://en.wikipedia.org/wiki/Antiparallel_(biochemistry)
https://en.wikipedia.org/wiki/Primary_transcript


RNA is synthesized from its 5′-end to its 3′-

end, antiparallel to its DNA template strand. 

The RNA, then, is complementary to the 

DNA template (antisense) strand and 

identical to the coding (sense) strand,

with U replacing T. Within the DNA 

molecule, regions of both strands can serve 

as templates for transcription. For a given 

gene, however, only one of the 2 DNA 

strands can be the template. Which strand is 

used is determined by the location of the 

promoter for that gene.



A central feature of transcription is that it is

highly selective. For example, many 

transcripts are made of some regions of the 

DNA. In other regions, few or no transcripts 

are made.

This selectivity is dueto :signals embedded in 

the nucleotide sequence of the DNA. These 

signals instruct the RNA polymerase where to 

start, how often to start, and where to stop 

transcription.

&A variety of regulatory proteins is also 

involved in this selection process.  Another 

important feature of transcription is that many 

RNA transcripts that initially are faithful 

copies of one of the two DNA strands may 

undergo various modifications, such as -

terminal additions,  -base modifications, -

trimming, and  -internal segment removal, 

which convert the inactive primary transcript 

into a functional molecule.



RNA is synthesized from its 5′-end to its 3′-end, antiparallel to its DNA template 

strand. The template is copied as it is in DNA synthesis, in which a G on the DNA 

specifies a C in the RNA, a C specifies a G, a T specifies an A, but an A specifies a 

U instead of a T (Figure 30.5). The RNA, then, is complementary to the DNA 

template (antisense) strand and identical to the coding (sense) strand, with U 

replacing T. Within the DNA molecule, regions of both strands can serve as 

templates for transcription. For a given gene, however, only one of the two DNA 

strands can be the template. Which strand is used is determined by the location of 

the promoter for that gene

---The 3 major types of RNA also differ from each other in size, function, and 

special structural modifications. [[[However, they differ as a group from DNA in 

several ways, 

for example:  - they are considerably smaller than DNA,  -and they contain ribose 

instead of deoxyribose and uracil instead of thymine. -Unlike DNA, most RNAs 

exist as single strands that are capable of folding into complex structures. 



There are actually several types of ribonucleic acid or RNA, but most RNA falls into 

one of 3 categories:

mRNA or Messenger RNA: mRNA transcribes the genetic 

code from DNA into a form that can be read and used to make 

proteins. mRNA comprises only about 5% of the RNA in the cell, 

yet is by far the most heterogeneous type of RNA in size and base 

sequence.  The mRNA carries genetic information from the nuclear 

DNA to the cytosol, where it is used as the template for protein 

synthesis.

If the mRNA carries information from more than one gene, it is said 

to be polycistronic. [Polycistronic mRNA is characteristic of 

prokaryotes. If the mRNA carries information from just one gene, it is 

said to be monocistronic and is characteristic of eukaryotes. 

In addition to the protein coding regions that can be translated, mRNA 

contains untranslated regions at its 5′- and 3′-ends . 

Special structural characteristics of eukaryotic (but not prokaryotic) 

mRNA include a long sequence of adenine 

nucleotides (a “poly-A tail”) on the 3′-end of the RNA chain, plus a 

“cap” on the 5′-end consisting of a molecule of 7-methylguanosine 

attached “backward” (5′→5′) through 

a triphosphate linkage 

https://www.thoughtco.com/steps-of-transcription-from-dna-to-rna-603895
https://www.thoughtco.com/table-of-mrna-codons-genetic-code-603871


rRNA or Ribosomal RNA rRNA 

is located in the

cytoplasm of a cell, where 

ribosomes are found. rRNA

directs the translation of mRNA 

into proteins.

rRNAs are found in association 

with several proteins as 

components of the ribosomes—

the complex structures

that serve as the sites for protein 

synthesis. rRNA make

up about 80% percent of the total 

RNA in the cell.

https://www.thoughtco.com/the-most-abundant-form-of-rna-603892


tRNA or Transfer RNA: Like rRNA, tRNA is located in 
the cellular cytoplasm and is involved in protein synthesis. 
Transfer RNA brings or transfers amino acids to the 
ribosome that correspond to each three-nucleotide 
codon of rRNA. The amino acids then can be joined 
together and processed to make polypeptides and proteins.

tRNA are the smallest (4S) of the three major species 

of RNA molecules. There is at least one specific type 

of tRNA molecule for each of the twenty amino acids

commonly found in proteins. 

Together, tRNAmake up about fifteen percent of the

total RNA in the cell. The tRNA molecules contain unusual

bases (for example, dihydrouracil, and have extensive

intrachain base-pairing that leads to characteristic

secondary and tertiary structure. Each tRNA serves as 

an “adaptor” molecule that carries its specific amino

acid—covalently attached to its 3′-end—to the site of

protein synthesis. There it recognizes the genetic code

word on an mRNA, which specifies the addition of its

amino acid to the growing peptide chain.

https://www.thoughtco.com/protein-synthesis-translation-373400
https://www.thoughtco.com/definition-of-amino-acid-605822


Properties of prokaryotic RNA polymerase

In bacteria, one species of RNA polymerase synthesizes all of the 

RNA except for the short RNA primers needed for DNA 
replication (RNA primers are synthesized by a specialized enzyme, 

primase,).     RNA polymerase is a multisubunit enzyme that:

1-recognizes a nucleotide sequence (the promoter region) at the 

beginning of a length of DNA that is to be transcribed.  2-It next 
makes a complementary RNA copy of the DNA template strand,   

3- and then recognizes the end of the DNA sequence to be 
transcribed (the termination region).

Transcription by RNA polymerase involves a core enzyme and 

several auxiliary proteinsCore enzyme: 4 of the enzyme's 

peptide subunits, 2α, 1β, and 1β', are responsible for the 5′→3′ 
RNA polymerase activity, and are referred to as the core 

enzymeHowever, this enzyme lacks specificity, that is, it cannot 
recognize the promoter region on the DNA template.

Holoenzyme: The σ subunit (“sigma factor”) enables RNA 
polymerase to recognize promoter regions on the DNA.

Holoenzyme: The σ subunit (“sigma factor”) enables RNA 
polymerase to recognize The σ subunit plus the core enzyme make 

up the holoenzyme. [Note: Different σ factors recognize different 

groups of genes.].

Termination factor: Termination of transcription can require 
specific termination factors, for example the ρ factor of

Escherichia coli



Steps( Stages) of transcription

The process of transcription of a typical gene of E. coli can be divided into three 

phases: initiation, elongation, and termination. A transcription unit extends from 

the promoter to the termination region, and the product of the process of 

transcription by RNA polymerase is termed the primary transcript.

Initiation: The process of transcription begins with the binding of the RNA 

polymerase holoenzyme to a region of the DNA known as the promoter.

Elongation: Once the promoter region has been recognized and bound by the 

holoenzyme, local unwinding (melting) of the DNA helix occurs .Like DNA 

polymerase (replication), RNA polymerase (transcription)_ uses nucleoside 

triphosphates as substrates and releases pyrophosphate each time a nucleoside 

monophosphate is added to the growing chain.    As with replication, transcription 

is always in the 5′→3′ direction. In contrast to DNA polymerase, RNA polymerase 

does not require a primer and has no known proofreading activity.



Rho-independent termination

of transcription. A. DNA template 

sequence 

generates a self-complementary 

sequence in the

RNA. B. Hairpin structure formed by 

the RNA.

“N” represents a non-complementary 

base.



Transcription of Eukaryotic Genes

The transcription of eukaryotic genes is a far more complicated process than 

transcription in prokaryotes. Eukaryotic transcription involves separate 

polymerases for the synthesis of rRNA, tRNA, and mRNA.  In addition, a 

number of proteins called transcription factors are involved. Transcription 

factors bind to distinct sites on the DNA—either within the promoter region or 

some distance from it. They are required both for the assembly of a 

transcription complex at the promoter and the determination of which genes 

are to be transcribed. [Note: Each eukaryotic RNA polymerase has its own 

promoters and transcription factors.]



B. Transfer RNA



C. Eukaryotic mRNA

The RNA molecule synthesized by RNA polymerase II (the primary transcript) contains the sequences 

that are found in cytosolic mRNA. The collection of all the precursor molecules for mRNA is known as 

heterogeneous nuclear RNA (hnRNA). The primary transcripts are extensively modified in the nucleus 

after transcription. These modifications usually include: 5′ “Capping”: This process is the first of 

the processing reactions for hnRNA. The cap is a 7-methylguanosine attached “backward” to the 5′-

terminal end of the mRNA, forming an unusual 5′→5′ triphosphate linkage. The creation of the 

guanosine triphosphate part of the cap requires the nuclear enzyme guanylyltransferase. Methylation of 

this terminal guanine occurs in the cytosol, and is catalyzed by guanine-7-methyltransferase. S-

adenosylmethionine is the source of the methyl group. Additional methylation steps may occur. The 

addition of this 7-methylguanosine “cap” permits the initiation of translation, and helps stabilize 

the mRNA. Eukaryotic mRNA lacking the cap are not efficiently translated. Addition of a poly-A 

tail:Most eukaryotic mRNA (with several notable exceptions, including those coding for the histones 

and some interferons) have a chain of 40–200 adenine nucleotidesattached to the 3′-end. This poly-A 

tail is not transcribed from the DNA, but rather is added after transcription by the nuclear enzyme, 

polyadenylate polymerase, using ATP as the substrate. These tails help stabilize the mRNA and 

facilitate their exit from the nucleus. After the mRNA enters the cytosol, the poly-A tail is gradually 

shortened. The half- life of an mRNA molecule may be determined in part by rate of degradation of its 

poly Atail



V. Posttranscriptional Modification of RNA

A primary transcript is a linear, RNA copy of 

a transcriptional unit—the segment of DNA 

between specific initiation and termination 

sequences. The primary transcripts of both 

prokaryotic and eukaryotic tRNA and rRNA 

are post transcriptionally modified by 

cleavage of the original transcripts by 

ribonucleases. 

- tRNA are then further modified to help give 

each species its unique identity. In contrast, 

prokaryotic mRNA is generally identical to 

its primary transcript, whereas eukaryotic 

mRNA is extensively modified post 

transcriptionally.



Removal of introns:Maturation of eukaryotic mRNA usually involves the 

removal of RNA sequences, which do not code for protein (introns, or 

intervening sequences) from the primary transcript. The remaining coding 

sequences, the exons, are joined together to form the mature mRNA. The 

process of removing introns and joining exons is called splicing. The 

molecular machine that accomplishes these tasks is known as the spliceosome.

Effect of splice site mutations: Mutations at splice sites can lead to improper 

splicing and the production of aberrant proteins. It is estimated that fifteen 

percent of all genetic diseases are a result of mutations that affect RNA 

splicing. For example, mutations that cause the incorrect splicing of β-globin 

mRNA are responsible for some cases of β-thalassemia—a disease in which 

the production of the β-globin protein is defective .
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Protein Synthesis, Translation, &its Regulation

The pathway of protein synthesis is called 

translation because the “language” of the 

nucleotide sequence on the mRNA is translated

into the language of an amino acid sequence. 

The process of translation requires a genetic code, 

through which the information contained in the 

nucleic acid sequence is expressed to produce

a specific sequence of amino acids. 

Any alteration in the nucleic acid sequence 

may result in an improper amino acid being 

inserted into the protein chain, potentially

causing disease or even death of the organism. 

Many proteins are covalently modified following 

their synthesis to activate them, alter their 

activities, or target them to their final intracellular 

or extracellular destinations.



Components Required for Translation

A large number of components are required for the synthesis of a 
protein,these include:  all the amino acids that are found in the 
finished product / the mRNA to be translated(as a template) / 
(tRNA)/functional ribosomes(as the “factories” in whichthe
synthesis of proteins occurs) / energy sources(ATP and GTP ) /
Protein factors/ and enzymes, as well as protein factors needed 
for initiation, elongation, and termination of the polypeptide 
chain Codon Recognition by tRNA

Some tRNAs recognize more than one codon for a given amino 

acid.
Codons: are presented in the mRNA language of adenine (A), 

guanine (G), cytosine (C), and uracil (U). Their nucleotide 
sequences are always written from the 5′-end to the 3′-end. 

The 4 nucleotide bases are used to produce the three-base codons. 
There are, therefore, 64 different combinations of bases, taken three 

at a time .
Anticodon: Each tRNA molecule also contains a three-base 

nucleotide sequence—the anticodon—that recognizes a specific 
codon on the mRNA (see Figure 31.6). This codon specifies the 

insertion into the growing peptide chain of the amino acid carried 
by that tRNA. tRNA are able to carry a specific amino acid and to 

recognize the codon for that amino acid. tRNA, therefore, function 
as adaptor molecules.



Characteristics of the genetic code include the following:

-Specificity: The genetic code is specific , that is, a particular codon always 

codes for the same amino acid.

-Universality: The genetic code is virtually universal, that is, the specificity of 

the genetic code has been conserved from very early stages of evolution, with 

only slight differences in the manner in which the code is translated. 

-Degeneracy: The genetic code is degenerate . Although each codon 

corresponds to a single amino acid, a given amino acid may have more than 

one triplet coding for it. For example, arginine is specified by six different 

codons .

-Nonoverlapping and comma less: The genetic code is nonoverlapping and 

comma less, that is, the code is read from a fixed starting point as a continuous 

sequence of bases, taken three at a time. For example, ABCDEFGHIJKL is 

read as ABC/DEF/GHI/JKL without any “punctuation” between the codons.



How to translate a codon: This table (or 

“dictionary”) can be used to translate any 

codon sequence and, thus, to determine 

which amino acids are coded for by an 

mRNA sequence. For example, the codon 

5′-AUG-3′ codes for methionine . Sixty-

one of the 64 codons code for the twenty 

common amino acids. Termination 

(“stop” or “nonsense”) codons: Three of 

the codons, UAG, UGA, and UAA, do 

not code for amino acids, but rather are 

termination codons. When one of these 

codons appears in an mRNA sequence, it 

signals synthesis of the protein coded 

for by that mRNA is completed.   

The Genetic Code: is a dictionary that 

identifies the correspondence between a 

sequence of nucleotide bases and a 

sequence of amino acids. Each individual 

word in the code is composed of 3 

nucleotide bases. These genetic words are 

called codons.



Aminoacyl-tRNAsynthetases:    This family of 

enzymes is required for attachment of amino acids to 
their corresponding tRNA.Each member of this 

family recognizes a specific amino acid and the 
tRNA that correspond to that amino acid .

Each aminoacyl-tRNAsynthetase

catalyzes a 2-step reaction that results in the covalent 

attachment of the carboxyl group of an amino acid to 
the 3′-end of its corresponding tRNA. 

The overall reaction requires ATP, which is cleaved to 
AMP and inorganic pyrophosphate (PPi) . 

The extreme specificity of the synthetase

in :1- recognizing both the amino acid and its specific 

tRNA contributes to the high fidelity of translation of 
the genetic message.  2-In addition, the synthetases

have a “proofreading” or “editing” activity that can 
remove mischarged amino acids from the enzyme or 

the tRNA molecule.



Functionally competent ribosomes:   

Ribosomes are large complexes of protein and rRNAT.

hey consist of 2subunits—one large and one small—

whose relative sizes are generally given in terms of their 

sedimentation coefficients, or S (Svedberg) values. 

[Note: Because the S values are determined both by 

shape as well as molecular mass, their numeric values 

are not strictly additive. For example, the prokaryotic 

50S and 30S ribosomal subunits

together form a 70S ribosome. The eukaryotic 60S and 

40S subunits form an 80S ribosome.] 

Prokaryotic and eukaryotic ribosomes are similar in 

structure, 

The large ribosomal subunit catalyzes formation of the 

peptide bonds that link amino acid residues in a protein. 

The small subunit binds mRNA and is responsible for 

the accuracy of translation by ensuring

correct base-pairing between the codon in the mRNA 

and the anticodon of the tRNA.



-Ribosomal RNA: prokaryotic ribosomes contain three molecules of 

rRNA, whereas eukaryotic ribosomes contain four molecules of rRNA

-A, P, and E sites on the ribosome: The ribosome has three binding 

sites for tRNA molecules—the A, P, and E sites—each of which extends 

over both subunits. Together, they cover three neighboring codons. 

-During translation, the A site binds an incoming aminoacyl-tRNA as 

directed by the codon currently occupying this site. This codon specifies 

the next amino acid to be added to the growing peptide chain.

-The P-site codon is occupied by peptidyl-tRNA. This tRNA carries the 

chain of amino acids that has already been synthesized.

-The E site is occupied by the empty tRNA as it is about to exit the 

ribosome. 

-Cellular location of ribosomes: In eukaryotic cells, the ribosomes are 

either “free” in the cytosol or are in close association with the 

endoplasmic reticulum (which is then known as the “rough” 

endoplasmic reticulum, or RER).



Steps in Protein Synthesis: 

A. Initiation: Initiation of protein synthesis involves the assembly of the components of the 

translation system before peptide bond formation occurs. These components include:
*the 2 ribosomal subunits, *the mRNA to be translated,  *the aminoacyl-tRNA specified by 

the first codon in the message, *GTP (which provides energy for the process), and  *initiation 

factors that facilitate the assembly of this initiation complex Eukaryotes also require ATP for 

initiation.] There are 2mechanisms by which the ribosome recognizes the nucleotide sequence 

that initiates translation:

Initiation codon of translation: The initiating AUG is recognized by a special initiator tRNA. 

Recognition is facilitated by IF(initiation factors ).The amino acid–charged initiator tRNA 

enters the ribosomal P site, and GTP is hydrolyzed to GDP.

In bacteria and in mitochondria, the initiator tRNA carries an N-formylated methionine

(Figure 31.11). The formyl group is added to the methionine after that amino acid is attached 

to the initiator tRNA by the enzyme transformylase, which uses N10-formyl tetrahydrofolate  

as the carbon donor. 

In eukaryotes, the initiator tRNA carries a methionine that is not formylated. [Note: In both 

prokaryotic cells and mitochondria, this N-terminal methionine is usually removed before 

translation is completed.]



B. Elongation : Initiation , Elongation of the polypeptide chain involves the addition of 

amino acids to the carboxyl end of the growing chain. During elongation, the ribosome 

moves from the 5′-end to the 3′-end of the mRNA that is being translated. The 

formation of the peptide bonds is catalyzed by peptidyltransferase, [Note: Because 

this rRNA catalyzes the reaction, it is referred to as a ribozyme.]

After the peptide bond has been formed, the ribosome advances three nucleotides 

toward  the 3′-end of the mRNA. This process is  known as translocation .  This 

process  requires the participation of EF  (elongation factor) and GTP hydrolysis.  This 

causes movement of the uncharged tRNA into  the ribosomal E site (before being 

released), and movement of the peptidyl-tRNA into the P site. 

C. Termination: Initiation , Elongation , and Termination occurs when one of the 

three termination codons moves into the A site. These codons are recognized in E. 

coli by release factors: RF, which recognizes the termination codons UAA , UAG, 

and UGA.

The binding of these release factors induces peptidyltransferase to hydrolyze the bond 

linking the peptide to the tRNA at the A site, causing the nascent protein to be released 

from the ribosome. 

The newly synthesized polypeptide may undergo further modification as described 

below, and the ribosomal subunits, mRNA, tRNA, and protein factors can be recycled 

and used to synthesize another polypeptide. 



VI. Posttranslational Modification of Polypeptide Chains

Many polypeptide chains are covalently modified, either while they are still attached to the 

ribosome or after their synthesis has been completed. Because the modifications occur after 

translation is initiated, they are called posttranslational modifications. Some types of 

posttranslational modifications are listed below.

A. Trimming :Many proteins destined for secretion from the cell are initially made as large, 

precursor molecules that are not functionally active. Portions of the protein chain must be 

removed by specialized endoproteases, resulting in the release of an active molecule.  The cellular 

site of the cleavage reaction depends on the protein to be modified. For example, some precursor 

proteins are cleaved in the endoplasmic reticulum or the Golgi apparatus, others are cleaved in 

developing secretory vesicles (for example, insulin,), and still others, such as collagen are cleaved 

after secretion. Zymogens are inactive precursors of secreted enzymes (including the proteases 

required for digestion). They become activated through cleavage when they reach their proper 

sites of action. For example, the pancreatic zymogen, trypsinogen, becomes activated to trypsin in 

the small intestine . The synthesis of enzymes as zymogens protects the cell from being digested by 

its own products.

B. Covalent alterations: Proteins, both enzymatic and structural, may be activated or inactivated 

by the covalent attachment of a variety of chemical groups. Examples of these modifications 

include Phosphorylation, Glycosylation, and Hydroxylation.



C. Consequences of altering the nucleotide sequence:

Changing a single nucleotide base on the mRNA chain (a “point mutation”) 

can lead to any one of three results (Possible effects of changing  a single 

nucleotide base in the coding region  of an mRNA chain)

Silent mutation: The codon containing the changed base may code for the 

same amino acid. For example, if the serine codon UCA is given a different 

third base—U—to become UCU, it still codes for serine. 

This is termed a “silent” mutation.

Missense mutation: The codon containing the changed base may code for a 

different amino acid. 

For example, if the serine codon UCA is given a different first base—C—to 

become CCA, it will code for a different amino acid, in this case, proline. 

The substitution of an incorrect amino acid is called a “missense” mutation.

Nonsense mutation: The codon containing the changed base may become a 

termination codon. For example, if the serine codon UCA is given a different 

second base—A—to become UAA, the new codon causes termination of 

translation at that point, and the production of a shortened (truncated) protein. 

The creation of a termination codon at an inappropriate place is called a 

“nonsense” mutation.

Other mutations: These can alter the amount or structure of the protein 

produced by translation.

Splice site mutations: Mutations at splice sites can alter the way in which 

introns are removed from pre-mRNA molecules, producing aberrant protein.



Frame-shift mutations

If one or two nucleotides are either deleted from 

or added to the coding region of 

a message sequence, a frame-shift mutation occurs 

and the reading frame is altered. 

--This can result in a product with a radically 

different amino acid sequence, or a truncated 

product due to the creation of a termination 

codon

If three nucleotides are added, a new amino 

acid is added to the peptide or, if three 

nucleotides are deleted, an amino acid is lost. 

In these instances, the reading frame is not 

affected.

Loss of three nucleotides maintains the

reading frame, but can result in serious 

pathology


