
BIOSYNTHESIS OF AMINO 

ACIDS, NUCLEOTIDES, AND 

RELATED MOLECULES



Nitrogen ranks behind only carbon, hydrogen, and oxygen 
in its contribution to the mass of living systems.

Most of this nitrogen is bound up in amino acids and 
nucleotides.

The biosynthetic pathways for amino acids and nucleotides 
are extensively intertwined, with several key 
intermediates in common. 

Certain amino acids or parts of amino acids are 
incorporated into the structure of purines and 
pyrimidines, and in one case part of a purine ring is 
incorporated into an amino acid (histidine).



1. Overview of Nitrogen 

Metabolism



Soluble, biologically useful nitrogen compounds are 
generally scarce in natural environments, most organisms 
maintain strict economy in their use of ammonia, amino 
acids, and nucleotides.

Free amino acids, purines, and pyrimidines formed during 
metabolic turnover of proteins and nucleic acids are often  
salvaged and reused.



The nitrogen cycle maintains a pool of biologically 
available nitrogen

The most important source of nitrogen is air, relatively few 
species can convert atmospheric nitrogen into forms 
useful to living organisms. 

In the biosphere, the metabolic processes of different 
species function interdependently to salvage and reuse 
biologically available nitrogen in a vast nitrogen cycle.

The first step in the cycle is fixation (reduction) of 
atmospheric nitrogen by nitrogen-fixing bacteria to yield 
ammonia (NH3 or NH4).+



Ammonia can be used by most living organisms, soil 
bacteria that derive their energy by oxidizing ammonia to 
nitrite (NO2) and ultimately nitrate (NO3) are so abundant 
and active that nearly all ammonia reaching the soil is 
oxidized to nitrate.

This process is nitrification. 

Plants and many bacteria can take up and readily reduce 
nitrate and nitrite through the action of nitrate and nitrite 
reductases. 

The ammonia so formed is incorporated into amino acids 
by plants.

Animals then use plants as a source of amino acids, both 
nonessential and essential, to build their proteins.

− −



When organisms die, microbial degradation of their 
proteins returns ammonia to the soil, where nitrifying 
bacteria again convert it to nitrite and nitrate. 

A balance is maintained between fixed nitrogen and 
atmospheric nitrogen by bacteria that convert nitrate to 
N2 under anaerobic conditions, a process called 
denitrification.

These soil bacteria use NO3 rather than O2 as the ultimate 
electron acceptor in a series of reactions.

−
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Nitrogen is fixed by enzymes of the nitrogenase complex

Only certain prokaryotes can fix atmospheric nitrogen.

Other kinds of free-living soil bacteria such as Azotobacter
species, and the nitrogen-fixing bacteria that live as 
symbionts in the root nodules of leguminous plants. 

The first important product of nitrogen fixation is 
ammonia, which can be used by all organisms either 
directly or after its conversion to other soluble 
compounds such as nitrites, nitrates, or amino acids.

The reduction of nitrogen to ammonia is an exergonic
reaction:

N2 + 3 H2 → 2 NH3
ΔG’° = −33.5 kJ/mol



The N≡N triple bond, however, is very stable, with a bond 
energy of 930 kJ/mol. 

Nitrogen fixation therefore has an extremely high 
activation energy, and atmospheric nitrogen is almost 
chemically inert under normal conditions. 

Ammonia is produced industrially requires temperatures of 
400 to 500 °C and nitrogen and hydrogen at pressures of 
tens of thousands of kilopascals to provide the necessary 
activation energy.

Biological nitrogen fixation, must occur at biological 
temperatures and at 0.8 atm of nitrogen, and the high 
activation barrier is overcome by other means.



This is accomplished, at least in part, by the binding and 
hydrolysis of ATP.

The overall reaction can be written

N2 + 10 H+ + 8 e− + 16 ATP → 2 NH4 + 16 ADP + 16 Pi + H2

Biological nitrogen fixation is carried out by a highly 
conserved complex of proteins called the nitrogenase
complex, the crucial components of which are 
dinitrogenase reductase and dinitrogenase.

Nitrogen fixation is carried out by a highly reduced form 
of dinitrogenase and requires eight electrons: six for the 
reduction of N2 and two to produce one molecule of H2

as an obligate part of the reaction mechanism.

+



Dinitrogenase is reduced by the transfer of electrons from 
dinitrogenase reductase.

The role of ATP in this process is somewhat unusual.

ATP can contribute not only chemical energy, through the 
hydrolysis of one or more of its phosphoanhydride
bonds, but also binding energy, through noncovalent
interactions that lower the activation energy. 

In the reaction carried out by dinitrogenase reductase, both 
ATP binding and ATP hydrolysis bring about protein 
conformational changes that help overcome the high 
activation energy of nitrogen fixation.



Ammonia is incorporated into biomolecules through 
glutamate and glutamine

Reduced nitrogen in the form of NH4 is assimilated into 
amino acids and then into other nitrogen-containing 
biomolecules.

Two amino acids, glutamate and glutamine, provide the 
critical entry point.

Glutamate is the source of amino groups for most other 
amino acids, through transamination reactions.

The amide nitrogen of glutamine is a source of amino 
groups in a wide range of biosynthetic processes.

The biosynthetic pathways to glutamate and glutamine are 
simple, and all or some of the steps occur in most 
organisms.

+



The most important pathway for the assimilation of NH4 into 
glutamate requires two reactions.

First, glutamine synthetase catalyzes the reaction of 
glutamate and NH4 to yield glutamine. 

This reaction takes place in two steps, with enzyme-bound -
glutamyl phosphate as an intermediate:

(1) glutamate + ATP → -glutamyl phosphate + ADP
 -glutamyl-phosphate + NH4 → glutamine + Pi + H+

Sum: glutamate + NH4 + ATP → glutamine + ADP + Pi + H+

Glutamine synthetase is found in all organisms.

It has a central role in amino acid metabolism in mammals, 
converting toxic free NH4 to glutamine for transport in the 
blood.

+

+

+

+

+



In bacteria and plants, glutamate is produced from 
glutamine in a reaction catalyzed by glutamate 
synthase.

The -ketoglutarate, an intermediate of the citric acid 
cycle, undergoes reductive amination with glutamine as 
nitrogen donor:

-ketoglutarate + glutamine + NADPH + H+ →
2 glutamate + NADP+

The net reaction of glutamine synthetase and glutamate 
synthase is:

-ketoglutarate + NH4 +  NADPH +ATP →
L-glutamate + NADP+ + ADP + Pi

Glutamate synthase is not present in animals.

+



Glutamine synthetase is a primary regulatory point in 
nitrogen metabolism

The activity of glutamine synthetase is regulated in virtually 
all organisms, given its central metabolic role as an entry 
point for reduced nitrogen.

The regulation is unusually complex. 

The enzyme has 12 identical subunits of Mr 50,000 and is 
regulated both allosterically and by covalent modification. 

Alanine, glycine, and at least six end products of glutamine 
metabolism are allosteric inhibitors of the enzyme.

Each inhibitor alone produces only partial inhibition, but the 
effects of multiple inhibitors are more than additive, and all 
eight together virtually shut down the enzyme.



Subunit structure of glutamine 
synthetase as determined

by x-ray diffraction

Side view. 
The 12 subunits are identical; they 

are differently coloured to 
illustrate packing and placement.

Top view, showing active sites 
(green).



Allosteric regulation of 
glutamine synthetase

The enzyme undergoes 
cumulative regulation by 
six end products of 
glutamine metabolism. 

Alanine and glycine probably 
serve as indicators of the 
general status of amino acid 
metabolism in the cell.



Superimposed on the allosteric regulation is inhibition by 
adenylylation of (addition of AMP to) Tyr397, located 
near the enzyme’s active site.

This covalent modification increases sensitivity to the 
allosteric inhibitors, and activity decreases as more 
subunits are adenylylated. 

Both adenylylation and deadenylylation are promoted by 
adenylyltransferase.

Second level of regulation of glutamine synthetase: covalent modifications.
An adenylylated Tyr residue



Several classes of reactions play special roles in the 
biosynthesis of amino acids and nucleotides

The pathways include a variety of interesting chemical 
rearrangements.

These are:

1) Transamination reactions and other rearrangements 
promoted by enzymes containing pyridoxal phosphate; 

2) Transfer of one-carbon groups, with either tetrahydrofolate
or S-adenosylmethionine as cofactor; 

3) Transfer of amino groups derived from the amide nitrogen 
of glutamine.



More than a dozen known biosynthetic reactions use 
glutamine as the major physiological source of amino 
groups.

The enzymes catalyzing these reactions are called 
glutamine amidotransferases.

All have two structural domains: one binding glutamine, 
the other binding the second substrate, which serves as 
amino group acceptor.

A conserved Cys residue in the glutamine-binding domain 
is believed to act as a nucleophile, cleaving the amide 
bond of glutamine and forming a covalent glutamyl-
enzyme intermediate.



Proposed mechanism for glutamine 
amidotransferases

Each enzyme has two domains. 

The glutamine-binding domain contains 
structural elements conserved among 
many of these enzymes, including a 
Cys residue required for activity.

The NH3-acceptor domain varies. 

1:
The -amido nitrogen of glutamine 
(red) is released as NH3 in a reaction 
that probably involves a covalent 
glutamyl-enzyme intermediate. 

The NH3 travels through a channel to 
the second active site.



2:

Where 2 it reacts with any of several 
acceptors. 

Two types of amino acceptors are 
shown.

X represents an activating group, 
typically a phosphoryl group derived 
from ATP, that facilitates 
displacement of a hydroxyl group 
from R−OH by NH3.



The covalent intermediate is hydrolyzed to the free enzyme 
and glutamate.

If the second substrate must be activated, the usual method is 
the use of ATP to generate an acyl phosphate intermediate.

The enzyme glutaminase acts in a similar fashion but uses 
H2O as the second substrate, yielding NH4 and glutamate.+



Summary for „Overview of Nitrogen Metabolism” I.

• The molecular nitrogen that makes up 80% of the earth’s 
atmosphere is unavailable to most living organisms 
until it is reduced. This fixation of atmospheric N2

takes place in certain free-living bacteria and in 
symbiotic bacteria in the root nodules of leguminous 
plants.

• The nitrogen cycle entails formation of ammonia by 
bacterial fixation of N2, nitrification of ammonia to 
nitrate by soil organisms, conversion of nitrate to 
ammonia by higher plants, synthesis of amino acids 
from ammonia by all organisms, and conversion of 
nitrate to N2 by denitrifying soil bacteria.



• Fixation of N2 as NH3 is carried out by the nitrogenase
complex, in a reaction that requires ATP.

• In living systems, reduced nitrogen is incorporated first 
into amino acids and then into a variety of other 
biomolecules, including nucleotides. The key entry 
point is the amino acid glutamate. Glutamate and 
glutamine are the nitrogen donors in a wide variety of 
biosynthetic reactions. Glutamine synthetase, which 
catalyzes the formation of glutamine from glutamate, is 
a main regulatory enzyme of nitrogen metabolism.

Summary for „Overview of Nitrogen Metabolism” II.



• The amino acid and nucleotide biosynthetic pathways 
make repeated use of the biological cofactors pyridoxal
phosphate, tetrahydrofolate, and S-adenosylmethioni-
ne. Pyridoxal phosphate is required for
transamination reactions involving glutamate and 
for other amino acid transformations. One-carbon 
transfers require S-adenosylmethionine and tetra-
hydrofolate. Glutamine amidotransferases catalyze 
reactions that incorporate nitrogen derived from 
glutamine.

Summary for „Overview of Nitrogen Metabolism” III.



2. Biosynthesis of Amino Acids



All amino acids are derived from intermediates in 
glycolysis, the citric acid cycle, or the pentose phosphate 
pathway. 

Nitrogen enters these pathways by way of glutamate and 
glutamine. 

Some pathways are simple, others are not. 

Ten of the amino acids are just one or several steps 
removed from the common metabolite from which they 
are derived. 

The biosynthetic pathways for others, such as the aromatic 
amino acids, are more complex.



Overview of amino acid biosynthesis

The carbon skeleton precursors derive 
from three sources: glycolysis (pink), the 
citric acid cycle (blue), and the pentose 
phosphate pathway (purple).



Organisms vary greatly in their ability to synthesize the 20 
common amino acids. 

Most bacteria and plants can synthesize all 20, mammals 
can synthesize only about half of them − generally those 
with simple pathways. 

These are the nonessential amino acids, not needed in the 
diet. 

The remainder, the essential amino acids, must be 
obtained from food.

The pathways for the 20 common amino acids presented 
below are those operative in bacteria.



A useful way to organize these biosynthetic pathways is to group
them into six families corresponding to their metabolic precursors.

Amino acid biosynthetic families,
grouped by metabolic precursor

*Essential amino acids.
†Derived from phenylalanine in mammals.



-ketoglutarate gives rise to glutamate, glutamine, 
proline, and arginine

Proline is a cyclized derivative of glutamate.
In the first step of proline synthesis, ATP reacts with the -

carboxyl group of glutamate to form an acyl phosphate, 
which is reduced by NADPH or NADH to glutamate -
semialdehyde. 

This intermediate undergoes rapid spontaneous cyclization
and is then reduced further to yield proline.



Biosynthesis of proline from 
glutamate in bacteria

All five carbon atoms of 
proline arise from glutama-
te. 

In many organisms, glutama-
te dehydrogenase is unusual 
in that it uses either NADH 
or NADPH as a cofactor. 



The same may be true of other 
enzymes in these pathways. 

The -semialdehyde in the 
proline pathway undergoes a 
rapid, reversible cyclization
to Δ1-pyrroline-5-carboxy-
late.



Arginine is synthesized from glutamate via ornithine and 
the urea cycle in animals.

In the first step, the -amino group of glutamate is blocked 
by an acetylation requiring acetyl-CoA.

Then, after the transamination step, the acetyl group is 
removed to yield ornithine.

Prolin is also formed from arginine obtained from dietary 
or tissue protein.

Arginase, a urea cycle enzyme, converts arginine to 
ornithine and urea. 



Biosynthesis of arginine from glutamate in bacteria

Cyclization is averted in the 
ornithine/arginine pathway by 
acetylation of the -amino 
group of glutamate in the first 
step and removal of the acetyl 
group after the transamination. 



Some bacteria lack arginase and 
thus the complete urea cycle, 
they can synthesize arginine
from ornithine in steps that 
parallel the mammalian urea 
cycle, with citrulline and 
argininosuccinate as intermedi-
ates.



The ornithine is converted to glutamate -semialdehyde by 
the enzyme ornithine -aminotransferase.

The semialdehyde cyclizes to Δ1-pyrroline-5-carboxylate, 
which is then converted to proline.

When arginine from dietary intake or protein turnover is 
insufficient for protein synthesis, the ornithine -
aminotransferase reaction operates in the direction of 
ornithine formation. 

Ornithine is then converted to citrulline and arginine in the 
urea cycle.



Ornithine -aminotransferase reaction: a step in the 
mammalian pathway to proline

This enzyme is found in the mitochondrial matrix of most 
tissues.



Serine, glycine, and cysteine are derived  from 3-
phosphoglycerate

The major pathway for the formation of serine is the same in 
all organisms.

In the first step, the hydroxyl group of 3-phosphoglycerate is 
oxidized by a dehydrogenase to yield 3-phospho-
hydroxypyruvate.

Transamination from glutamate yields 3-phosphoserine, which 
is hydrolyzed to free serine by phosphoserine phosphatase.



Biosynthesis of serine 
from 3-phospho-

glycerate



Biosynthesis of glycine from 
serine in all organism

Glycine is also made from CO2
and NH4 by the action of 
glycine synthase, with N5,N10-
methylene-tetrahydrofolate as 
methyl group donor.

Serine is the precursor of glycine through removal of a 
carbon atom by serine hydroxymethyl-transferase.

+



Tetrahydrofolate accepts the  carbon of serine, which 
forms a methylene bridge between N-5 and N-10 to yield 
N5,N10-methylenetetrahydrofolate.

The overall reaction, which is reversible, also requires 
pyridoxal phosphate. 

In the liver of vertebrates, glycine can be made by another 
route catalyzed by glycine synthase.

CO2 + NH4 + N5,N10-methylenetetrahydrofolate + NADH + H+ 

glycine + tetrahydrofolate + NAD+

+



Plants and bacteria produce the reduced sulfur required for 
the synthesis of cysteine (and methionine) from 
environmental sulfates.

Sulfate is activated in two steps to produce 3-
phosphoadenosine 5-phosphosulfate (PAPS), which 
undergoes an eight-electron reduction to sulfide. 

The sulfide is then used in formation of cysteine from 
serine in a two-step pathway. 

Mammals synthesize cysteine from two amino acids: 
methionine furnishes the sulfur atom and serine furnishes 
the carbon skeleton. 



Biosynthesis of cysteine
from serin in bacteria 

and plants

The origin of reduced sulfur is shown in the pathway on the right.



Methionine is first converted to S-adenosylmethionine, 
which can lose its methyl group to any of a number of 
acceptors to form S-adenosylhomocysteine.

This demethylated product is hydrolyzed to free 
homocysteine, which undergoes a reaction with serine, 
catalyzed by cystathionine -synthase, to yield 
cystathionine.

Finally, cystathionine -lyase, catalyzes removal of 
ammonia and cleavage of cystathionine to yield free 
cysteine.



Biosynthesis of cysteine
from homocysteine and 

serine in mammals

The homocysteine is 
formed from methionine.



Three nonessential and six essential amino acids are 
synthesized from oxaloacetate and pyruvate

Alanine and aspartate are synthesized from pyruvate and 
oxaloacetate, respectively, by transamination from glutamate. 

Asparagine is synthesized by amidation of aspartate, with glutamine 
donating the NH4.

These are nonessential amino acids, and their simple biosynthetic 
pathways occur in all organisms.

+

Oxaloacetate

Pyruvate

Asparagine ThreonineLysineMethionine

Alanine Valine Leucine Isoleucine



Methionine, threonine, lysine, isoleucine, valine, and 
leucine are essential amino acids. 

Their biosynthetic pathways are complex and 
interconnected

Aspartate gives rise to methionine, threonine, and lysine. 

Branch points occur at aspartate β-semialdehyde, an 
intermediate in all three pathways, and at homoserine, a 
precursor of threonine and methionine.

Threonine, in turn, is one of the precursors of isoleucine.



v

Aspartate

Aspartyl-β-
phosphate

Aspartate-β-
semialdehyde

Dihydropicolinate

N-Succinyl-2-amino-
6-keto-L-pimelate

N-Succinyl-L,L-
α,ε-diamino-pimelate

L,L-α,ε-diamino-pimelate meso-α,ε-diamino-pimelate Lysine

Threonine

Homocysteine

Cystathionine

O-Succinyl-
homoserine

Homoserine

Phospo-
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Δ1-Piperidine-2,6-dicarboxylate
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Biosynthesis of lysine, threonine and methionine
1. Aspartokinase
2. Aspartate -semialdehyde

dehydrogenase
3. Homoserine dehydrogenase
4. Homoserine kinase
5. Threonine synthase
6. Homoserine acyltransferase
7. Cystathionine -synthase
8. Cystathionine -lyase
9. Methionine synthase
10. Dihydropicolinate synthase
11. Δ1-piperidine-2,6,-

dicarboxylate dehydrogenase
12. N-succinyl-2-amino-6-

ketopimelate synthase
13. Succinyl diaminopimelate

aminotransferase
14. Succinyl diaminopimelate

desuccinylase
15. Diaminopimelate epimerase
16. Diaminopimelate

decarboxylase



The valine and isoleucine pathways share four enzymes.

Pyruvate gives rise to valine and isoleucine in pathways 
that begin with condensation of two carbons of pyruvate
(in the form of hydroxyethyl thiamine pyrophosphate) 
with another molecule of pyruvate (valine path) or with 
α-ketobutyrate (isoleucine path). 

The α-ketobutyrate is derived from threonine in a reaction 
that requires pyridoxal phosphate. 

An intermediate in the valine pathway, -ketoisovalerate, 
is the starting point for a four-step branch pathway 
leading to leucine.



17. Threonine dehydratase
18. Acetolactate synthase
19. Acetohydroxy acid 

isomeroreductase
20. Dihydroxy acid 

dehydratase
21. Valine aminotransferase
22. α-isopropylmalate

synthase
23. Isopropylmalate

isomerase
24. β-isopropylmalate

dehydrogenase
25. Leucine aminotransferase

Threonine

Pyruvate

α-ketoglutarate

Pyruvate

α-acetoacetateα-aceto-α-
hydroxybutyrate

α,β-dihydroxy-β-
methylvalerate

α-keto-β-
methylvalerate

Isoleucine Valine

Leucine

α-ketoisocaproate

β-isopropylmalate

α-isopropylmalate

α-ketoisovalerate

α,β-
dihydroxy-
isovalerate

Biosynthesis of 
isoleucine, valine

and leucine
17

18

18
18

19
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Chorismate is a key intermediate in the synthesis of 
tryptophan, phenylalanine, and tyrosine

Aromatic rings are not readily available in the 
environment, even though the benzene ring is very 
stable. 

The branched pathway to tryptophan, phenylalanine, and 
tyrosine, occurring in bacteria, fungi, and plants, is the 
main biological route of aromatic ring formation.



It proceeds through ring closure of an aliphatic precursor 
followed by stepwise addition of double bonds. 

The first four steps produce shikimate, a seven-carbon 
molecule derived from erythrose 4-phosphate and 
phosphoenolpyruvate.

Shikimate is converted to chorismate in three steps that 
include the addition of three more carbons from another 
molecule of phosphoenolpyruvate.

Chorismate is the first branch point of the pathway, with 
one branch leading to tryptophan, the other to 
phenylalanine and tyrosine.



Phosphoenol-
pyruvate (PEP)

Erythrose
4-phosphate

2-keto-3-
deoxy-D-
arabino-

heptulosonate
7 phosphate

3-dehydro-
quinate

3-dehydro-
shikimate

3-dehydroshikimate

Shikimate

Shikimate 3-
phosphate

5-enolpyruvyl-
shikimate 3-
phosphate

chorismate

Biosynthesis of chorismate, an 
intermediate in the synthesis of 

aromatic amino acids in 
bacteria and plants

All carbons are derived from either 
erythrose 4-phosphate (light 
purple) or phosphoenolpyruvate
(pink).

The chemical names quinate, 
shikimate, and chorismate are 
derived from the names of plants 
in which these intermediates have 
been found to accumulate.

1. 2-keto-3deoxy-D-arabinoheptulo-
sonate 7-phosphate synthase

2. Dehydroquinate synthase
3. 3-dehydroquinate dehydratase
4. Shikimate dehydrogenase
5. Shikimate kinase
6. 5-enolpyruvylshikimate 3-

phosphate synthase
7. Chorismate synthase



In the tryptophan branch, chorismate is converted to 
anthranilate in a reaction in which glutamine donates the 
nitrogen that will become part of the indole ring. 

Anthranilate then condenses with PRPP.

The indole ring of tryptophan is derived from the ring 
carbons and amino group of anthranilate plus two carbons 
derived from PRPP. 

The final reaction in the sequence is catalyzed by 
tryptophan synthase.

The overall reaction:
indole-3-glycerol phosphate

indole + glyceraldhyde 3-phosphate

indole + serine tryptophan + H2O

α subunit

β2 subunit



Biosynthesis of tryptophan from 
chorismate in bacteria and plants

1. Anthranilate synthase

2. Anthranilate phosphoribosyltransferase

3. N-(5’-phosphoribosyl)-anthranilate isomerase

4. Indole-3-glycerol phosphate synthase

5. tryptophan synthase



The second part of the reaction requires pyridoxal
phosphate. 

Indole formed in the first part is not released by the 
enzyme, but instead moves through a channel from the 
-subunit active site to the -subunit active site, where it 
condenses with an intermediate derived from serine and 
PLP. 

Intermediate channeling of this type may be a feature of 
the entire pathway from chorismate to tryptophan.



Tryptophan synthase reaction 
This enzyme catalyzes a multistep reaction with several 

types of chemical rearrangements.
(1) An aldol cleavage produces indole and glyceraldehyde 3-

phosphate; this reaction does not require PLP. 
(2) Dehydration of serine forms a PLP-aminoacrylate

intermediate.
In steps (3) and (4) this condenses with indole, and (5) the 

product is hydrolyzed to release tryptophan.



In plants and bacteria, phenylalanine and tyrosine are 
synthesized from chorismate in pathways much less 
complex than the tryptophan pathway. 

The common intermediate is prephenate. 

The final step in both cases is transamination with 
glutamate.

Animals can produce tyrosine directly from phenylalanine 
through hydroxylation at C-4 of the phenyl group by 
phenylalanine hydroxylase; this enzyme also 
participates in the degradation of phenylalanine.

Tyrosine is considered a conditionally essential amino 
acid, or as nonessential as it can be synthesized from the 
essential amino acid phenylalanine.



Biosynthesis of phenylalanine and 
tyrosine from chorismate in 

bacteria and plants

1. Chorismate mutase

2. Prephenate dehydrogenase

3. Prehenate dehydratase



Histidine biosynthesis uses precursors of purine
biosynthesis

Histidine is derived from three precursors: PRPP contributes five 
carbons, the purine ring of ATP contributes a nitrogen and a 
carbon, and glutamine supplies the second ring nitrogen. 

The key steps are condensation of ATP and PRPP, in which N-1 
of the purine ring is linked to the activated C-1 of the ribose of 
PRPP.

Purine ring opening that ultimately leaves N-1 and C-2 of adenine 
linked to the ribose, and  formation of the imidazole ring, a 
reaction in which glutamine donates a nitrogen. 

The use of ATP as a metabolite rather than a high-energy cofactor 
is unusual.



Biosynthesis of histidine in bacteria and plants
Atoms derived from PRPP and ATP are shaded red and blue, respectively.
Two of the histidine nitrogens are derived from glutamine and glutamate 

(green). The derivative of ATP 
remaining after step 5 is an 
intermediate in purine
biosynthesis, so ATP is 
rapidly regenerated.

ATP phosphoribosyl
transferase

pyrophosphohydrolase

phosphoribosyl-AMP 
cyclohydrolase



To purine biosynthesis

4. phosphoribosylformimino-5-aminoimidazole- 4-carboxamide ribonucleotide isomerase
5. glutamine amidotransferase
6. imidazole glycerol 3-phosphate dehydratase
7. L-histidinol phosphate aminotransferase
8. histidinol phosphate phosphatase
9. histidinol dehydrogenase



Amino acid biosynthesis is under allosteric regulation

The most responsive regulation of amino acid synthesis 
takes place through feedback inhibition of the first 
reaction in a sequence by the end product of the pathway.

This first reaction is usually irreversible and catalyzed by 
an allosteric enzyme.

The allosteric regulation of isoleucine synthesis from 
threonine: the end product, isoleucine, is an allosteric
inhibitor of the first reaction in the sequence. 

In bacteria, such allosteric modulation of amino acid 
synthesis occurs as a minute-to-minute response.



Allosteric regulation of isoleucine biosynthesis

The first reaction in the pathway from threonine to isoleucine is 
inhibited by the end product, isoleucine. 

This was one of the first examples of allosteric feedback inhibition to 
be discovered.



Allosteric regulation can be considerably more complex.

Allosteric controls exerted on glutamine synthetase of E. 
coli.

Six products derived from glutamine serve as negative 
feedback modulators of the enzyme, and the overall 
effects of these and other modulators are more than 
additive. 

Such regulation is called concerted inhibition.

Cells have developed ways not only of controlling the rate 
of synthesis of individual amino acids but also of 
coordinating their formation.



E. coli cells coordinate the synthesis of lysine, methionine, 
threonine, and isoleucine, all made from aspartate.

The step from aspartate to aspartyl--phosphate is 
catalyzed by three isozymes, each independently 
controlled by different modulators.

This enzyme multiplicity prevents one biosynthetic end 
product from shutting down key steps in a pathway when 
other products of the same pathway are required.

The steps from aspartate -semialdehyde to homoserine
and from threonine to -ketobutyrate are also catalyzed 
by dual, independently controlled isozymes.



One isozyme for the conversion of aspartate to aspartyl-β-
phosphate is allosterically inhibited by two different 
modulators, lysine and isoleucine, whose action is more 
than additive.

The sequence from aspartate to isoleucine undergoes 
multiple, overlapping negative feedback inhibition.

Isoleucine inhibits the conversion of threonine to α-
ketobutyrate, and threonine inhibits its own formation at 
three points: from homoserine, from aspartate β-
semialdehyde, and from aspartate.

This overall regulatory mechanism is called sequential 
feedback inhibition.

Similar patterns are evident in the pathways leading to the 
aromatic amino acids.



Aspartyl-β-phosphate

Aspartate

Aspartate-β-semialdehyde

Lysine Homoserine

Methionine
Threonine

α-Ketobutyrate

Isoleucine

Interlocking regulatory mechanisms in 
the biosynthesis of several amino 

acids derived from aspartate

Three enzymes (A, B, C) have either two 
or three isozyme forms, indicated by 
numerical subscripts. 

In each case, one isozyme (A2, B1, and 
C2) has no allosteric regulation.

These isozymes are regulated by changes 
in the amount synthesized.

Synthesis of isozymes A2 and B1 is 
repressed when methionine levels are 
high, and synthesis of isozyme C2 is 
repressed when isoleucine levels are 
high. 

Enzyme A is aspartokinase; B, homo-
serine dehydrogenase; C, threonine
dehydratase.



Summary for „Biosynthesis of Amino Acids” I.
• Plants and bacteria synthesize all 20 common amino 

acids. Mammals can synthesize about half; the others 
are required in the diet (essential amino acids).

• Among the nonessential amino acids, glutamate is formed 
by reductive amination of -ketoglutarate and serves as 
the precursor of glutamine, proline, and arginine. 
Alanine and aspartate (and thus asparagine) are formed 
from pyruvate and oxaloacetate, respectively, by trans-
amination.
The carbon chain of serine is derived from 3-
phospho-glycerate. Serine is a precursor of glycine; the
-carbon atom of serine is transferred to tetrahydrofolate.



Summary for „Biosynthesis of Amino Acids” II.

In microorganisms, cysteine is produced from 
serine and from sulfide produced by the reduction of 
environmental sulfate. Mammals produce cysteine
from methionine and serine by a series of reactions 
requiring S-adenosylmethionine and cystathionine.

• Among the essential amino acids, the aromatic amino acids 
(phenylalanine, tyrosine, and tryptophan) form by a 
pathway in which chorismate occupies a key branch 
point. Phosphoribosyl pyrophosphate is a precursor of 
tryptophan and histidine.



The pathway to histidine is interconnected with the 
purine synthetic pathway. Tyrosine can also be formed 
by hydroxylation of phenylalanine (considered 
conditionally essential). The pathways for the other 
essential amino acids are complex.

• The amino acid biosynthetic pathways are subject to 
allosteric end-product inhibition; the regulatory 
enzyme is usually the first in the sequence. Regulation 
of the various synthetic pathways is coordinated.

Summary for „Biosynthesis of Amino Acids” III.



3. Molecules Derived from 
Amino Acids



Amino acids are precursors of many specialized 

biomolecules, including hormones, coenzymes, nucleo-

tides, alkaloids, cell wall polymers, porphyrins, anti-

biotics, pigments, and neurotransmitters.



Glycine is a precursor of porphyrins
The porphyrins are constructed from four molecules of the 

monopyrrole derivative porphobilinogen, which derived 
from two molecules of -aminolevulinate.

In higher eukaryotes, glycine reacts with succinyl-CoA in 
the first step to yield -amino--ketoadipate, which is 
then decarboxylated to -aminolevulinate.

Two molecules of -aminolevulinate condense to form 
porphobilinogen and, through a series of complex 
enzymatic reactions, four molecules of porphobilinogen
come together to form protoporphyrin.

The iron atom is incorporated after the protoporphyrin has 
been assembled, in a step catalyzed by ferrochelatase.



Biosynthesis of -aminolevulinate

In mammals and other higher eukaryotes, -aminolevulinate is 
synthesized from glycine and succinyl-CoA. 

The atoms furnished by glycine are shown in red.



Biosynthesis of heme from -aminolevulinate
Ac represents acetyl (−CH2COO−); Pr, propionyl (−CH2CH2COO−)

1. Porphobilinogen synthase
2. Uroporphyrinogen synthase
3. Uroporphyrinogen III cosynthase
4. Uroporphyrinogen decarboxylase

5. Coproporphyrinogen oxidase
6. Protoporphyrinogen oxidase
7. Ferrochelatase



Heme is the source of bile pigments

The iron-porphyrin (heme) group of hemoglobin, released 
from dying erythrocytes in the spleen, is degraded to 
yield free Fe3+ and, ultimately, bilirubin.

Biliverdin is converted to bilirubin in the second step, 
catalyzed by biliverdin reductase.



Amino acids are precursors of 
creatine and glutathione

Phosphocreatine, derived from crea-
tine, is an important energy buffer in 
skeletal muscle.

Creatine is synthesized from glycine
and arginine; methionine, in the form 
of S-adenosylmethionine, acts as 
methyl group donor.

Glycine
Arginne

Methionine

Ornithine

Guanidinoacetate

Creatine

Phosphocreatine

amidino-
transferase

methyl-
transferase

Biosynthesis of creatine and phosphocreatine
Creatine is made from three amino acids: 

glycine, arginine, and methionine.

This pathway shows the versatility of amino 
acids as precursors of other nitrogenous 
biomolecules.

creatine
kinase



Glutathione (GSH), is derived from glycine, glutamate, 
and cysteine.

The -carboxyl group of glutamate is activated by ATP to 
form an acyl phosphate intermediate, which is then 
attacked by the -amino group of cysteine. 

A second condensation reaction follows, with the -
carboxyl group of cysteine activated to an acyl phosphate 
to permit reaction with glycine. 

The oxidized form of glutathione (GSSG) contains two 
glutathione molecules linked by a disulfide bond.



Glutathione metabolism

(a) Biosynthesis of glutathione.

(b) Reduced form of glutathione.

(a)

(b)



Glutathione probably helps maintain the sulfhydryl groups 
of proteins in the reduced state and the iron of heme in 
the ferrous (Fe2+) state.

Its redox function is also used to remove toxic peroxides 
formed in the normal course of growth and metabolism 
under aerobic conditions:

2 GSH + R−O−O−H → GSSG +H2O + R−OH

This reaction is catalyzed by glutathione peroxidase, a 
remarkable enzyme in that it contains a covalently bound 
selenium (Se) atom in the form of selenocysteine, which 
is essential for its activity.



D-amino acids are found primarily in bacteria

Although D-amino acids do not generally occur in 
proteins, they do serve some special functions in the 
structure of bacterial cell walls and peptide antibiotics.

Bacterial peptidoglycans contain both D-alanine and D-
glutamate. 

D-Amino acids arise directly from the L isomers by the 
action of amino acid racemases, which have pyridoxal
phosphate as cofactor.

Amino acid racemization is uniquely important to bacterial 
metabolism.



Aromatic amino acids are precursors of many plant 
substances

The rigid polymer lignin, derived from phenylalanine and 
tyrosine, is second only to cellulose in abundance in plant 
tissues.

Tryptophan is also the precursor of the plant growth hormone 
indole-3-acetate, or auxin, which has been implicated in 
the regulation of a wide range of biological processes in 
plants.

Phenylalanine and tyrosine also give rise to many 
commercially significant natural products, including the 
tannins that inhibit oxidation in wines.

Alkaloids such as morphine, which have potent physiological 
effects; and the flavouring of cinnamon oil vanilla, cayenne 
pepper, and other products.



Biosynthesis of two plant 
substances from amino acids

(a) Indole-3-acetate (auxin) 

(b) Cinnamate (cinnamon flavour).



Biological amines are products of amino acid 
decarboxylation

Many important neurotransmitters are primary or 
secondary amines, derived from amino acids in simple 
pathways.

Some polyamines are derived from the amino acid 
ornithine, a component of the urea cycle. 

A common denominator of many of these pathways is 
amino acid decarboxylation.

Tyrosine gives rise to a family of catecholamines that 
includes dopamine, norepinephrine, and epinephrine.



The neurological disorder Parkinson’s disease is associated 
with an underproduction of dopamine, and it has 
traditionally been treated by administering L-dopa.

Overproduction of dopamine in the brain may be linked to 
psychological disorders such as schizophrenia.

Glutamate decarboxylation gives rise to -aminobutyrate
(GABA), an inhibitory neurotransmitter. 

Its underproduction is associated with epileptic seizures.



Another important neurotransmitter, serotonin, is derived 
from tryptophan in a two-step pathway.

Histidine undergoes decarboxylation to histamine, a 
powerful vasodilator in animal tissues.

Polyamines such as spermine and spermidine are derived 
from methionine and ornithine.

The first step is decarboxylation of ornithine, a precursor 
of arginine. 

Ornithine decarboxylase, a PLP-requiring enzyme, is the 
target of several powerful inhibitors used as pharma-
ceutical agents.



Biosynthesis of some neurotransmitters from amino acids 
The key step is the same in each case: a PLP-dependent 

decarboxylation



The PLP-dependent decarboxylation steps 
are shaded in pink. 

In these reactions, S-adenosylmethionine
(in its decarboxylated form) acts as a 
source of propylamino groups (shaded 
blue).

Biosynthesis of spermidine
and spermine

−



Summary for „Molecules Derived from Amino Acids” I.

• Many important biomolecules are derived from amino 
acids. Glycine is a precursor of porphyrins. 
Degradation of iron-porphyrin (heme) generates 
bilirubin, which is converted to bile pigments, with 
several physiological functions.

• Glycine and arginine give rise to creatine and 
phosphocreatine, an energy buffer. Glutathione, formed 
from three amino acids, is an important cellular 
reducing agent.



• Bacteria synthesize D-amino acids from L-amino acids in 
racemization reactions requiring pyridoxal phosphate.

• The aromatic amino acids give rise to many plant 
substances. The PLP-dependent decarboxylation of 
some amino acids yields important biological amines, 
including neurotransmitters.

Summary for „Molecules Derived from Amino Acids” II.



4. Biosynthesis and Degradation 
of Nucleotides



Nucleotides are the precursors of DNA and RNA. 

They are essential carriers of chemical energy − a role 
primarily of ATP and to some extent GTP. 

They are components of the cofactors NAD, FAD, S-
adenosylmethionine, and coenzyme A.

Two types of pathways lead to nucleotides: the de novo 
pathways and the salvage pathways. 

De novo synthesis of nucleotides begins with their 
metabolic precursors: amino acids, ribose 5-phosphate, 
CO2, and NH3.

Salvage pathways recycle the free bases and nucleosides 
released from nucleic acid breakdown.



The de novo pathways for purine and pyrimidine
biosynthesis appear to be nearly identical in all living 
organisms.

The purine ring structure is built up one or a few atoms at a 
time, attached to ribose throughout the process. 

The pyrimidine ring is synthesized as orotate, attached to 
ribose phosphate, and then converted to the common 
pyrimidine nucleotides.



De novo purine nucleotide synthesis begins with PRPP

In the first step of the pathway, an amino group donated by 
glutamine is attached at C-1 of PRPP. 

The resulting 5-phosphoribosylamine is highly unstable, 
with a half-life of 30 seconds at pH 7.5.

The purine ring is subsequently built up on this structure.

Origin of the ring atoms of purines

This information was obtained from 
isotopic experiments with 14C- or 
15N-labelled precursors.

Formate is supplied in the form of 
N10-formyltetrahydrofolate.



The second step is the addition of three atoms from 
glycine. 

An ATP is consumed to activate the glycine carboxyl 
group for this condensation reaction. 

The added glycine amino group is then formylated by N10-
formyltetrahydrofolate, and a nitrogen is contributed by 
glutamine, before dehydration and ring closure yield the 
five-membered imidazole ring of the purine nucleus, as 
5-aminoimidazole ribonucleotide.



De novo synthesis of purine nucleotides: construction of the purine ring of inosinate (IMP).

Glutamine-PRPP 
aminotransferase

GAR synthetase

GAR 
transformylase

FGAR 
amido-

transferase

FGAM cyclase
(AIR synthetase)



To complete the process, a carboxyl group is first added.

This carboxylation is unusual in that it does not require 
biotin, but instead uses the bicarbonate generally present 
in aqueous solutions. 

A rearrangement transfers the carboxylate from the 
exocyclic amino group to position 4 of the imidazole
ring.

Aspartate now donates its amino group in two steps: 
formation of an amide bond, followed by elimination of 
the carbon skeleton of aspartate.

The final carbon is contributed by N10-formyltetra-
hydrofolate, and a second ring closure takes place to yield 
the second fused ring of the purine nucleus.



N5-Carboxyaminoimidazole 
ribonucleotide (N5-CAIR)

Carboxyaminoimidazole
ribonucleotide (CAIR)

N-Succinyl-5-amino-
imidazole-4-carboxiamide 
ribonucleotide (SAICAR)

5-aminoimidazole-4-
carboxiamide 
ribonucleotide

(AICAR)

N-formilamino-
imidazole-4-
carboxiamide 
ribonucleotide

(FAICAR)

Inosinate (IMP)

AIR carboxylase

N5-CAIR
synthetase

N5-CAIR
mutase

SAICAR 
synthase

SAICAR 
lyase

AICAR 
transformylase

IMP 
synthase



The first intermediate with a complete purine ring is 
inosinate (IMP).

The enzymes of IMP synthesis appear to be organized as 
large, multienzyme complexes in the cell.



Purine nucleotide 
biosynthesis is regulated 
by feedback inhibition

Regulatory mechanisms in the 
biosynthesis of adenine
and guanine nucleotides

Ribose phosphate 
pyrophosphokinase
(PRPP synthetase)

Glutamine-PRPP 
amidotransferase

Adenylsuccinate
synthetase IMP 

dehydrogenase

XMP-glutamine 
amidptransferase

Adenylosuccinate
lyase



Pyrimidine nucleotides are made from aspartate, 
PRPP, and carbamoyl phosphate

The common pyrimidine ribonucleotides are cytidine 5-mono-
phosphate (CMP; cytidylate) and uridine 5-monophosphate 
(UMP; uridylate), which contain the pyrimidines cytosine 
and uracil.

The six-membered pyrimidine ring is made first and then 
attached to ribose 5-phosphate. 

Required in this process is carbamoyl phosphate, also an 
intermediate in the urea cycle.

Carbamoyl phosphate reacts with aspartate to yield N-
carbamoylaspartate in the first committed step of pyrimidine
biosynthesis.

This reaction is catalyzed by aspartate transcarbamoylase.



De novo synthesis of pyrimidine
nucleotides: biosynthesis of UTP 

and CTP via orotidylate

The pyrimidine is constructed from 
carbamoyl phosphate and aspartate. 

The ribose 5-phosphate is then added 
to the completed pyrimidine ring by 
orotate phosphoribosyltransferase.

The first step in this pathway is the 
synthesis of carbamoyl phosphate 
from CO2 and NH4, catalyzed in 
eukaryotes by carbamoyl phosphate 
synthetase II.

+

aspartate
trans-

carbamoylase

dihydroorotase

dihydroorotate
dehydrogenase

Orotate
phosphoribosyl-

transferase



orotidylate
decarboxylae

kinases

cytidylate
synthetase



By removal of water from N-carbamoylaspartate, a reaction 
catalyzed by dihydroorotase, the pyrimidine ring is closed to 
form L-dihydroorotate. 

This compound is oxidized to the pyrimidine derivative orotate.

In eukaryotes, the first three enzymes in this pathway −
carbamoyl phosphate synthetase II, aspartate trans-
carbamoylase, and dihydroorotase − are part of a single 
trifunctional protein.

Once orotate is formed, the ribose 5-phosphate side chain, 
provided once again by PRPP, is attached to yield orotidylate. 

Orotidylate is then decarboxylated to uridylate, which is 
phosphorylated to UTP. 

CTP is formed from UTP by the action of cytidylate
synthetase.



Pyrimidine nucleotide biosynthesis is regulated by 
feedback inhibition

Regulation of the rate of pyrimidine nucleotide synthesis in 
bacteria occurs in large part through aspartate
transcarbamoylase (ATCase), which catalyzes the first 
reaction in the sequence and is inhibited by CTP, the end 
product of the sequence.



Nucleoside monophosphates are converted to 
nucleoside triphosphates

Nucleotides to be used in biosynthesis are generally 
converted to nucleoside triphosphates.

Phosphorylation of AMP to ADP is promoted by 
adenylate kinase.

The ADP is phosphorylated to ATP by the glycolytic
enzymes or through oxidative phosphorylation.

ATP also brings about the formation of other nucleoside 
diphosphates by the action of a class of enzymes called 
nucleoside monophosphate kinases.

ATP + NMP ADP + NDP



Nucleoside diphosphates are converted to triphosphates by 
the action of nucleoside diphosphate kinase, which 
catalyzes the reaction

NTPD + NDPA NDPD + NTPA

This nonspecificity applies to both phosphate acceptor (A) 
and donor (D), although the donor (NTPD) is almost 
invariably ATP.



Ribonucleotides are the precursors of deoxyribonucleotides

Deoxyribonucleotides are derived from the corresponding 
ribonucleotides by direct reduction at the 2’-carbon atom 
of the D-ribose to form the 2’-deoxy derivative.

Adenosine diphosphate (ADP) is reduced to 2’-
deoxyadenosine diphosphate (dADP), and GDP is 
reduced to dGDP.

The reaction is catalyzed by ribonucleotide reductase.

The reduction of the D-ribose portion of a ribonucleoside
diphosphate to 2’-deoxy-D-ribose requires a pair of 
hydrogen atoms, which are ultimately donated by 
NADPH via an intermediate hydrogen-carrying protein, 
thioredoxin.



Thioredoxin has pairs of −SH groups that carry hydrogen 
atoms from NADPH to the ribonucleoside diphosphate. 

Its oxidized (disulfide) form is reduced by NADPH in a 
reaction catalyzed by thioredoxin reductase, and 
reduced thioredoxin is then used by ribonucleotide
reductase to reduce the nucleoside diphosphates (NDPs) 
to deoxyribonucleoside diphosphates (dNDPs). 

A second source of reducing equivalents for ribonucleotide
reductase is glutathione (GSH). 

Glutathione serves as the reductant for a protein closely 
related to thioredoxin, glutaredoxin, which then 
transfers the reducing power to ribonucleotide reductase.



Reduction of ribonucleotides
to deoxyribonucleotides by 
ribonucleotide reductase

Electrons are transmitted (blue 
arrows) to the enzyme from 
NADPH by (a) glutaredoxin
or (b) thioredoxin.

The sulfide groups in 
glutaredoxin reductase are 
contributed by two mole-
cules of bound glutathione 
(GSH; GSSG indicates 
oxidized glutathione). 

Thioredoxin reductase is a 
flavoenzyme, with FAD as 
prosthetic group.



Thymidylate is derived from dCDP and dUMP

DNA contains thymine rather than uracil, and the de novo 
pathway to thymine involves only deoxyribonucleotides.

The immediate precursor of thymidylate (dTMP) is dUMP. 

The pathway to dUMP begins with formation of dUTP, 
either by deamination of dCTP or by phosphorylation of 
dUDP. 

The dUTP is converted to dUMP by a dUTPase. 

The latter reaction must be efficient to keep dUTP pools 
low and prevent incorporation of uridylate into DNA.



Biosynthesis of thymidylate (dTMP)

The pathways are shown beginning with the reaction 
catalyzed by ribonucleotide reductase.

ribonucleotide
reductase

nucleoside 
diphosphate

kinase

deaminase

dUTPase

thymidylate
synthase



Degradation of purines and pyrimidines produces uric 
acid and urea, respectively

Purine nucleotides are degraded by a pathway in which 
they lose their phosphate through the action of 5-
nucleotidase.

Adenylate yields adenosine, which is deaminated to 
inosine by adenosine deaminase, and inosine is 
hydrolyzed to hypoxanthine  and D-ribose.  

Hypoxanthine is oxidized successively to xanthine and 
then uric acid by xanthine oxidase, a flavoenzyme with 
an atom of molybdenum and four iron-sulfur centres in 
its prosthetic group. 

Molecular oxygen is the electron acceptor in this complex 
reaction.



Guanosine

Guanine

GMP

AMP

adenosine

inosine

Hypoxanthine
(keto form)

Xanthine
(keto form)

Uric acid

5’-nucleotidase

nucleotidase

guanine 
deaminase

5’-nucleotidase

adenosin
deaminase

nucleotidase

Xanthine
oxidase

Xanthine
oxidase

Catabolism of purine
nucleotides

Primates excrete much more 
nitrogen as urea via the 
urea cycle than as uric acid 
from purine degradation. 

Similarly, fish excrete much 
more nitrogen as NH4

than as urea produced by 
the pathway shown here.

+



Uric acid

Allantion

Allantoate

Urea

Excreted by:

Primates, birds, 
reptiles, insects

Most mammals

Bony fishes

Amphibians, 
cartilaginous 

fishes

Marine 
invertebrates4 NH4

+

urate
oxidase

allantoinase

allantoicase

urease



GMP catabolism also yields uric acid as end product.

GMP is first hydrolyzed to guanosine, which is then 
cleaved to free guanine. 

Guanine undergoes hydrolytic removal of its amino group 
to yield xanthine, which is converted to uric acid by 
xanthine oxidase.

Uric acid is the excreted end product of purine catabolism 
in primates, birds, and some other animals. 

A healthy adult human excretes uric acid at a rate of about 
0.6 g/24 h; the excreted product arises in part from 
ingested purines and in part from turnover of the purine
nucleotides of nucleic acids.



In most mammals and many other vertebrates, uric acid is 
further degraded to allantoin by the action of urate
oxidase.

The pathways for degradation of pyrimidines generally 
lead to NH4 production and thus to urea synthesis.

Thymine, for example, is degraded to methylmalonyl-
semialdehyde, an intermediate of valine catabolism. 

It is further degraded through propionyl-CoA and 
methylmalonyl-CoA to succinyl-CoA.

+



dihydrouracil
dehydrogenase

Dihydrothymine

-Ureidoisobutyrate

-Aminoisobutyrate

Methylmalonyl-
semialdehyde

dihydro-
pyrimidinase

-ureido-
propionase

amino-
transferase

Catabolism of a pyrimidine

Shown here is the pathway for 
thymine. 

The methylmalonylsemialdehyde is 
further degraded to succinyl-CoA.



Purine and pyrimidine bases are recycled by salvage 
pathways

Free purine and pyrimidine bases are constantly released in 
cells during the metabolic degradation of nucleotides.

Free purines are in large part salvaged and reused to make 
nucleotides, in a pathway much simpler than the de novo 
synthesis of purine nucleotides. 

One of the primary salvage pathways consists of a single 
reaction catalyzed by adenosine phosphoribosyl-
transferase, in which free adenine reacts with PRPP to 
yield the corresponding adenine nucleotide:

adenine + PRPP → AMP + PPi



Free guanine and hypoxanthine (the deamination product 
of adenine) are salvaged in the same way by 
hypoxanthine-guanine phosphoribosyltransferase.

A similar salvage pathway exists for pyrimidine bases in 
microorganisms, and possibly in mammals.



Excess uric acid causes gout

Gout is a disease of the joints caused by an elevated 
concentration of uric acid in the blood and tissues.

The joints become inflamed, painful, and arthritic, owing 
to the abnormal deposition of sodium urate crystals.

The kidneys are also affected, as excess uric acid is 
deposited in the kidney tubules. 

Gout occurs predominantly in males. 

Its precise cause is not known, but it often involves an 
underexcretion of urate. 

A genetic deficiency of one or another enzyme of purine
metabolism may also be a factor in some cases.



Summary for „Biosynthesis and Degradation of 
Nucleotides” I.

• The purine ring system is built up step-by-step beginning 
with 5-phosphoribosylamine. The amino acids glutamine, 
glycine, and aspartate furnish all the nitrogen atoms of 
purines. Two ring-closure steps form the purine nucleus.

• Pyrimidines are synthesized from carbamoyl phosphate and 
aspartate, and ribose 5-phosphate is then attached to yield 
the pyrimidine ribonucleotides.

• Nucleoside monophosphates are converted to their 
triphosphates by enzymatic phosphorylation reactions. 
Ribonucleotides are converted to deoxyribonucleotides
by ribonucleotide reductase. The thymine nucleotides are 
derived from dCDP and dUMP.



• Uric acid and urea are the end products of purine and 
pyrimidine degradation.

• Free purines can be salvaged and rebuilt into nucleotides.

• Accumulation of uric acid crystals in the joints, possibly 
caused by genetic deficiency, results in gout.

Summary for „Biosynthesis and Degradation of 
Nucleotides” II.


