Time passes rapidly when you are having fun. The thrill of seeing
people get well who might otherwise have died of disease . . . cannot
be described in words. The Nobel Prize was only the icing on the cake.

— Gertrude Elion, quoted in an article in Science, 2002
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oxygen in its contribution to the mass of living sys-

tems. Most of this nitrogen is bound up in amino
acids and nucleotides. In this chapter we address all as-
pects of the metabolism of these nitrogen-containing
compounds except amino acid catabolism, which is cov-
ered in Chapter 18.

Discussing the biosynthetic pathways for amino
acids and nucleotides together is a sound approach, not
only because both classes of molecules contain nitrogen
(which arises from common biological sources) but be-
cause the two sets of pathways are extensively inter-
twined, with several key intermediates in common.
Certain amino acids or parts of amino acids are incorpo-
rated into the structure of purines and pyrimidines, and
in one case part of a purine ring is incorporated into an
amino acid (histidine). The two sets of pathways also
share much common chemistry, in particular a prepon-
derance of reactions involving the transfer of nitrogen or
one-carbon groups.

The pathways described here can be intimidating to
the beginning biochemistry student. Their complexity
arises not so much from the chemistry itself, which in
many cases is well understood, but from the sheer num-
ber of steps and variety of intermediates. These path-
ways are best approached by maintaining a focus on
metabolic principles we have already discussed, on key

N itrogen ranks behind only carbon, hydrogen, and

intermediates and precursors, and on common classes
of reactions. Even a cursory look at the chemistry can be
rewarding, for some of the most unusual chemical trans-
formations in biological systems occur in these path-
ways; for instance, we find prominent examples of the
rare biological use of the metals molybdenum, selenium,
and vanadium. The effort also offers a practical divi-
dend, especially for students of human or veterinary
medicine. Many genetic diseases of humans and animals
have been traced to an absence of one or more enzymes
of amino acid and nucleotide metabolism, and many
pharmaceuticals in common use to combat infectious
diseases are inhibitors of enzymes in these pathways—
as are a number of the most important agents in cancer
chemotherapy.

Regulation is crucial in the biosynthesis of the
nitrogen-containing compounds. Because each amino
acid and each nucleotide is required in relatively small
amounts, the metabolic flow through most of these path-
ways is not nearly as great as the biosynthetic flow lead-
ing to carbohydrate or fat in animal tissues. Because the
different amino acids and nucleotides must be made in
the correct ratios and at the right time for protein and
nucleic acid synthesis, their biosynthetic pathways must
be accurately regulated and coordinated with each
other. And because amino acids and nucleotides are
charged molecules, their levels must be regulated to
maintain electrochemical balance in the cell. As dis-
cussed in earlier chapters, pathways can be controlled by
changes in either the activity or the amounts of specific
enzymes. The pathways we encounter in this chapter
provide some of the best-understood examples of the
regulation of enzyme activity. Control of the amounts of
different enzymes in a cell (that is, of their synthesis and
degradation) is a topic covered in Chapter 28.
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22.1 Overview of Nitrogen Metabolism

The biosynthetic pathways leading to amino acids and
nucleotides share a requirement for nitrogen. Because
soluble, biologically useful nitrogen compounds are gen-
erally scarce in natural environments, most organisms
maintain strict economy in their use of ammonia, amino
acids, and nucleotides. Indeed, as we shall see, free
amino acids, purines, and pyrimidines formed during
metabolic turnover of proteins and nucleic acids are
often salvaged and reused. We first examine the path-
ways by which nitrogen from the environment is intro-
duced into biological systems.

The Nitrogen Cycle Maintains a Pool
of Biologically Available Nitrogen

The most important source of nitrogen is air, which is
four-fifths molecular nitrogen (N5). However, relatively
few species can convert atmospheric nitrogen into
forms useful to living organisms. In the biosphere, the
metabolic processes of different species function inter-
dependently to salvage and reuse biologically available
nitrogen in a vast nitrogen cycle (Fig. 22-1). The
first step in the cycle is fixation (reduction) of atmo-
spheric nitrogen by nitrogen-fixing bacteria to yield am-
monia (NH; or NH;). Although ammonia can be used
by most living organisms, soil bacteria that derive
their energy by oxidizing ammonia to nitrite (NO;)
and ultimately nitrate (NOs) are so abundant and
active that nearly all ammonia reaching the soil is oxi-
dized to nitrate. This process is known as nitrifica-
tion. 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 bal-
ance is maintained between fixed nitrogen and atmo-
spheric nitrogen by bacteria that convert nitrate to Ny

under anaerobic conditions, a process called denitri-
fication (Fig. 22-1). These soil bacteria use NOs
rather than O, as the ultimate electron acceptor in a
series of reactions that (like oxidative phosphoryla-
tion) generates a transmembrane proton gradient,
which is used to synthesize ATP.

The nitrogen cycle is short-circuited by a recently
discovered group of bacteria that promote anaerobic
ammonia oxidation, or anammox (Fig. 22-1), a process
that converts ammonia and nitrite to N5. As much as
50% to 70% of the NHs-to-Ngy conversion in the bio-
sphere may occur through this pathway, undetected until
the 1980s. The obligate anaerobes that promote anam-
mox are fascinating in their own right and are providing
some useful solutions to waste-treatment problems
(Box 22-1).

Now let’s examine the process of nitrogen fixation,
the first step in the nitrogen cycle.

Nitrogen Is Fixed by Enzymes of the Nitrogenase Complex

Only certain bacteria and archaea can fix atmospheric
nitrogen. These include the cyanobacteria of soils and
fresh and salt waters, methanogenic archaea (strict
anaerobes that obtain energy and carbon by converting
H, and CO, to methane), other kinds of free-living soil
bacteria such as Azotobacter species, and the nitrogen-
fixing bacteria that live as symbionts in the root nod-
ules 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 exer-
gonic reaction:

N2 + 3H2 - 2NH3 AG'° = —33.5 kd/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 atmo-
spheric nitrogen is almost chemically inert under normal
conditions. Ammonia is produced industrially by the
Haber process (named for its inventor, Fritz Haber),
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BOX 22-1

Air-breathers that we are, we can easily overlook the
bacteria and archaea that thrive in anaerobic environ-
ments. Although rarely featured in introductory bio-
chemistry textbooks, these organisms constitute much
of the biomass of this planet, and their contributions to
the balance of carbon and nitrogen in the biosphere are
essential to all forms of life.

As detailed in earlier chapters, the energy used to
maintain living systems relies on the generation of proton
gradients across membranes. Electrons derived from a
reduced substrate are made available to electron carriers
in membranes and pass through a series of electron trans-
fers to a final electron acceptor. As a byproduct of this
process, protons are released on one side of the mem-
brane, generating the transmembrane proton gradient.
The proton gradient is used to synthesize ATP or to drive
other energy-requiring processes. For all eukaryotes, the
reduced substrate is generally a carbohydrate (glucose or
pyruvate) and the electron acceptor is oxygen.

Many bacteria and archaea are much more versatile.
In anaerobic environments such as marine and freshwa-
ter sediments, the variety of life strategies is extraordi-
nary. Almost any available redox pair can be an energy
source for some specialized organism or group of organ-
isms. For example, a large number of lithotrophic bacte-
ria (a lithotroph is a chemotroph that uses inorganic
energy sources; see Fig. 1-5) have a hydrogenase that
uses molecular hydrogen to reduce NAD™:

hydrogenase
Hy, + NAD" — 5 NADH + H*

The NADH is a source of electrons for a variety of mem-
brane-bound electron acceptors, generating the proton
gradient needed for ATP synthesis. Other lithotrophs
oxidize sulfur compounds (HsS, elemental sulfur, or
thiosulfate) or ferrous iron. A widespread group of ar-
chaea called methanogens, all strict anaerobes, extract
energy from the reduction of CO4 to methane. And this
is just a small sampling of what anaerobic organisms do
for a living. Their metabolic pathways are replete with
interesting reactions and highly specialized cofactors
unknown in our own world of obligate aerobic metabo-
lism. Study of these organisms can yield practical divi-
dends. It can also provide clues about the origins of life
on an early earth, in an atmosphere that lacked molecu-
lar oxygen.

The nitrogen cycle depends on a wide range of spe-
cialized bacteria. There are two groups of nitrifying bac-
teria: those that oxidize ammonia to nitrites and those
that oxidize the resulting nitrites to nitrates (see Fig.
22-1). Nitrate is second only to O4 as a biological elec-
tron acceptor, and a great many bacteria and archaea
can catalyze the denitrification of nitrates to nitrogen,
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Unusual Lifestyles of the Obscure but Abundant

which the nitrogen-fixing bacteria then convert back
into ammonia. Ammonia is a major pollutant in sewage
and in farm animal waste, and is a byproduct of fertilizer
manufacture and oil refining. Waste-treatment plants
have generally made use of communities of nitrifying
and denitrifying bacteria to convert ammonia waste to
atmospheric nitrogen. The process is expensive, requir-
ing inputs of organic carbon and oxygen.

In the 1960s and 1970s, a few articles appeared
in the research literature suggesting that ammonia
could be oxidized to nitrogen anaerobically, using ni-
trite as an electron acceptor; this process was called
anammox. The reports received little notice until bac-
teria promoting anammox were discovered in a waste-
treatment system in Delft, the Netherlands, in the
mid-1980s. A team of Dutch microbiologists led by Gijs
Kuenen and Mike Jetten began to study these bacteria,
which were soon identified as belonging to an unusual
bacterial phylum, Planctomycetes. Some surprises
were to follow.

The biochemistry underlying the anammox process
was slowly unraveled (Fig. 1). Hydrazine (NyH,), a highly
reactive molecule used as a rocket fuel, was an unex-
pected intermediate. As a small molecule, hydrazine
is both highly toxic and difficult to contain. It readily
diffuses across typical phospholipid membranes. The

(continued on next page)
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FIGURET The anammox reactions. Ammonia and ammonium hydrox-
ide are converted to hydrazine and H,O by hydrazine hydrolase, and
the hydrazine is oxidized by hydrazine-oxidizing enzyme, generating
N, and protons. The protons generate a proton gradient for ATP
synthesis. On the anammoxosome exterior, protons are used by the
nitrite-reducing enzyme, producing ammonium oxide and completing
the cycle. All of the anammox enzymes are embedded in the anam-
moxosome membrane.
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FIGURE2 (a) Ladderane lipids of the anammoxosome membrane. The
mechanism for synthesis of the unstable fused cyclobutane ring struc-
tures is unknown. (b) Ladderanes can stack to form a very dense, im-

anammox bacteria solve this problem by sequestering hy-
drazine in a specialized organelle, dubbed the anammox-
osome. The membrane of this organelle is composed of
lipids known as ladderanes (Fig. 2), never before en-
countered in biology. The fused cyclobutane rings of lad-
deranes stack tightly to form a very dense barrier, greatly
slowing the release of hydrazine. Cyclobutane rings are
strained and difficult to synthesize; the bacterial mecha-
nisms for synthesizing these lipids are not yet known.

The anammoxosome was a surprising finding. Bac-
terial cells generally do not have compartments, and the
lack of a membrane-enclosed nucleus is often cited as
the primary distinction between eukaryotes and bacte-
ria. One type of organelle in a bacterium was interesting
enough, but planctomycetes also have a nucleus: their
chromosomal DNA is contained within a membrane
(Fig. 3). Discovery of this subcellular organization has
prompted further research to trace the origin of the
planctomycetes and the evolution of eukaryotic nuclei.
Planctomycetes are an ancient bacterial line with multi-
ple genera, three of which are known to carry out the
anammox reactions. Further study of this group may ul-
timately bring us closer to a key goal of evolutionary bi-
ology: a description of the organism affectionately
referred to as LUCA—the Last Universal Common An-
cestor of all life on our planet.

For now, the anammox bacteria offer a major ad-
vance in waste treatment, reducing the cost of ammonia

permeable, hydrophobic membrane structure, allowing sequestration
of the hydrazine produced in the anammox reactions.

removal by as much as 90% (the conventional denitrifi-
cation steps are eliminated completely, and the aeration
costs associated with nitrification are lower) and reduc-
ing the release of polluting byproducts. Clearly, a
greater familiarity with the bacterial underpinnings of
the biosphere can pay big dividends as we deal with the
environmental challenges of the twenty-first century.

NE
NN\
\
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FIGURE 3 Transmission electron micrograph of a cross section through
Gemmata obscuriglobus, showing the DNA in a nucleus (N) with
enclosing nuclear envelope (NE). Bacteria of the Gemmata genus
(phylum Planctomycetes) do not promote the anammox reactions.

which requires temperatures of 400 to 500 °C and nitro-
gen and hydrogen at pressures of tens of thousands of
kilopascals (several hundred atmospheres) to provide
the necessary activation energy. Biological nitrogen fix-
ation, however, must occur at biological temperatures
and at 0.8 atm of nitrogen, and the high activation bar-
rier 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

Ny + 10H" + 8¢~ + 16ATP — 2NH} + 16ADP + 16P; + H,

Biological nitrogen fixation is carried out by a
highly conserved complex of proteins called the nitro-
genase complex (Fig. 22-2), the crucial components
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FIGURE 22-3 Enzymes and cofactors of the nitrogenase complex.
(PDB ID 1N2C) (@) In this ribbon diagram, the dinitrogenase subunits
are shown in gray and pink, the dinitrogenase reductase subunits in
blue and green. The bound ADP is red. Note the 4Fe-4S complex (Fe
atoms orange, S atoms yellow) and the iron-molybdenum cofactor (Mo
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FIGURE 22-2 Nitrogen fixation by the nitrogenase complex. Electrons
are transferred from pyruvate to dinitrogenase via ferredoxin (or flavo-
doxin) and dinitrogenase reductase. Dinitrogenase reductase reduces
dinitrogenase one electron at a time, with at least six electrons re-
quired to fix one molecule of N,. An additional two electrons are used
to reduce 2 H™ to H, in a process that obligatorily accompanies nitro-
gen fixation in anaerobes, making a total of eight electrons required
per N, molecule. The subunit structures and metal cofactors of the
dinitrogenase reductase and dinitrogenase proteins are described in
the text and in Figure 22-3.

of which are dinitrogenase reductase and dinitro-
genase (Fig. 22-3). Dinitrogenase reductase (M,
60,000) is a dimer of two identical subunits. It con-
tains a single 4Fe-4S redox center (see Fig. 19-5),
bound between the subunits, and can be oxidized and
reduced by one electron. It also has two binding sites
for ATP/ADP (one site on each subunit). Dinitroge-
nase (M, 240,000), a tetramer with two copies of two
different subunits, contains both iron and molybde-
num; its redox centers have a total of 2 Mo, 32 Fe, and
30 S per tetramer. About half of the iron and sulfur is
present as two bridged pairs of 4Fe-4S centers called
P clusters; the remainder is present as part of a novel
iron-molybdenum cofactor. A form of nitrogenase that
contains vanadium rather than molybdenum has been
discovered, and some bacterial species can produce
both types of nitrogenase system. The vanadium-con-
taining enzyme may be the primary nitrogen-fixing
system under some environmental conditions, but it is

(c)

black, homocitrate light gray). The P clusters (bridged pairs of 4Fe-4S
complexes) are also shown. (b) The dinitrogenase complex cofactors
without the protein (colors as in (a)). (c) The iron-molybdenum cofac-
tor contains 1T Mo (black), 7 Fe (orange), 9 S (yellow), and one mole-
cule of homocitrate (gray).
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not yet as well characterized as the molybdenum-
dependent enzyme.

Nitrogen fixation is carried out by a highly reduced
form of dinitrogenase and requires eight electrons: six
for the reduction of Ny, and two to produce one molecule
of Hy as an obligate part of the reaction mechanism.
Dinitrogenase is reduced by the transfer of electrons
from dinitrogenase reductase (Fig. 22-2). The dinitro-
genase tetramer has two binding sites for the reductase.
The required eight electrons are transferred from re-
ductase to dinitrogenase one at a time: a reduced reduc-
tase molecule binds to the dinitrogenase and transfers a
single electron, then the oxidized reductase dissociates
from dinitrogenase, in a repeating cycle. Each turn of
the cycle requires the hydrolysis of two ATP molecules
by the dimeric reductase. The immediate source of elec-
trons to reduce dinitrogenase reductase varies, with re-
duced ferredoxin (p. 753; see also Fig. 19-5), reduced
flavodoxin, and perhaps other sources playing a role. In
at least one species, the ultimate source of electrons to
reduce ferredoxin is pyruvate (Fig. 22-2).

The role of ATP in this process is somewhat un-
usual. As you will recall, ATP can contribute not only
chemical energy, through the hydrolysis of one or more
of its phosphoanhydride bonds, but also binding en-
ergy (pp. 189, 297), 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. The binding of two ATP molecules
to the reductase shifts the reduction potential (£'°) of
this protein from —300 to —420 mV, an enhancement
of its reducing power that is required to transfer elec-
trons to dinitrogenase. The ATP molecules are then
hydrolyzed just before the actual transfer of one electron
to dinitrogenase.

FIGURE 22-4 Nitrogen-fixing nodules. (a) Root nod-
ules of bird’s-foot trefoil, a legume. The flower of this
common plant is shown in the inset. (b) Artificially
colorized electron micrograph of a thin section
through a pea root nodule. Symbiotic nitrogen-fixing
bacteria, or bacteroids (red), live inside the nodule
cell, surrounded by the peribacteroid membrane
(blue). Bacteroids produce the nitrogenase complex
that converts atmospheric nitrogen (N,) to ammo-
nium (NHY); without the bacteroids, the plant is un-
able to utilize N,. The infected root cell provides
some factors essential for nitrogen fixation, including
leghemoglobin; this heme protein has a very high
binding affinity for oxygen, which strongly inhibits
(The cell
yellow/green. Not visible in this micrograph are

nitrogenase. nucleus is shown in
other organelles of the infected root cell that are nor-

mally found in plant cells.)

Another important characteristic of the nitroge-
nase complex is its extreme lability in the presence of
oxygen. The reductase is inactivated in air, with a half-
life of 30 seconds; dinitrogenase has a half-life of 10
minutes in air. Free-living bacteria that fix nitrogen
cope with this problem in a variety of ways. Some live
only anaerobically or repress nitrogenase synthesis
when oxygen is present. Some aerobic species, such as
Azotobacter vinelandii, partially uncouple electron
transfer from ATP synthesis so that oxygen is burned
off as rapidly as it enters the cell (see Box 19-1). When
fixing nitrogen, cultures of these bacteria actually in-
crease in temperature as a result of their efforts to rid
themselves of oxygen.

The symbiotic relationship between leguminous
plants and the nitrogen-fixing bacteria in their root
nodules (Fig. 22—-4) takes care of both the energy re-
quirements and the oxygen lability of the nitrogenase
complex. The energy required for nitrogen fixation was
probably the evolutionary driving force for this plant-
bacteria association. The bacteria in root nodules have
access to a large reservoir of energy in the form of
abundant carbohydrate and citric acid cycle intermedi-
ates made available by the plant. This may allow the
bacteria to fix hundreds of times more nitrogen than
do their free-living cousins under conditions generally
encountered in soils. To solve the oxygen-toxicity
problem, the bacteria in root nodules are bathed in a
solution of the oxygen-binding heme protein leghemo-
globin, produced by the plant (although the heme
may be contributed by the bacteria). Leghemoglobin
binds all available oxygen so that it cannot interfere
with nitrogen fixation, and efficiently delivers the oxy-
gen to the bacterial electron-transfer system. The ben-
efit to the plant, of course, is a ready supply of reduced
nitrogen. The efficiency of the symbiosis between
plants and bacteria is evident in the enrichment of soil

(a) (b)
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nitrogen brought about by leguminous plants. This en-
richment is the basis of crop rotation methods, in
which plantings of nonleguminous plants (such as
maize) that extract fixed nitrogen from the soil are al-
ternated every few years with plantings of legumes
such as alfalfa, peas, or clover.

Nitrogen fixation is the subject of intense study,
because of its immense practical importance. Indus-
trial production of ammonia for use in fertilizers re-
quires a large and expensive input of energy, and this
has spurred a drive to develop recombinant or trans-
genic organisms that can fix nitrogen. Recombinant
DNA techniques (Chapter 9) are being used to trans-
fer the DNA that encodes the enzymes of nitrogen fix-
ation into non-nitrogen-fixing bacteria and plants.
Success in these efforts will depend on overcoming
the problem of oxygen toxicity in any cell that pro-
duces nitrogenase.

Ammonia Is Incorporated into Biomolecules
through Glutamate and Glutamine

Reduced nitrogen in the form of NHJ is assimilated into
amino acids and then into other nitrogen-containing bio-
molecules. Two amino acids, glutamate and gluta-
mine, provide the critical entry point. Recall that these
same two amino acids play central roles in the catabo-
lism of ammonia and amino groups in amino acid oxida-
tion (Chapter 18). Glutamate is the source of amino
groups for most other amino acids, through transamina-
tion reactions (the reverse of the reaction shown in
Fig. 18-4). The amide nitrogen of glutamine is a source
of amino groups in a wide range of biosynthetic
processes. In most types of cells, and in extracellular flu-
ids in higher organisms, one or both of these amino acids
are present at higher concentrations—sometimes an or-
der of magnitude or more higher—than other amino
acids. An Escherichia coli cell requires so much gluta-
mate that this amino acid is one of the primary solutes in
the cytosol. Its concentration is regulated not only in re-
sponse to the cell’s nitrogen requirements but also to
maintain an osmotic balance between the cytosol and
the external medium.

The biosynthetic pathways to glutamate and gluta-
mine are simple, and all or some of the steps occur in
most organisms. The most important pathway for the as-
similation of NHJ into glutamate requires two reactions.
First, glutamine synthetase catalyzes the reaction of
glutamate and NHj to yield glutamine. This reaction
takes place in two steps, with enzyme-bound y-glutamyl
phosphate as an intermediate (see Fig. 18-8):

(1) Glutamate + ATP — y-glutamyl phosphate + ADP

(2) y-Glutamyl phosphate + NH; —— glutamine + P; + H*

Sum: Glutamate + NHj + ATP —

glutamine + ADP + P; + H (22-1)
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Glutamine synthetase is found in all organisms. In addi-
tion to its importance for NHJ assimilation in bacteria, it
has a central role in amino acid metabolism in mammals,
converting free NH7, which is toxic, to glutamine for
transport in the blood (Chapter 18).

In bacteria and plants, glutamate is produced from
glutamine in a reaction catalyzed by glutamate syn-
thase. a-Ketoglutarate, an intermediate of the citric
acid cycle, undergoes reductive amination with gluta-
mine as nitrogen donor:

a-Ketoglutarate + glutamine + NADPH + HY —

2 glutamate + NADP™ (22-2)

The net reaction of glutamine synthetase and glutamate
synthase (Eqns 22-1 and 22-2) is

a-Ketoglutarate + NH, + NADPH + ATP —
L-glutamate + NADP" + ADP + P;

Glutamate synthase is not present in animals, which in-
stead maintain high levels of glutamate by processes
such as the transamination of a-ketoglutarate during
amino acid catabolism.

Glutamate can also be formed in yet another, albeit
minor, pathway: the reaction of a-ketoglutarate and
NHj to form glutamate in one step. This is catalyzed by
L-glutamate dehydrogenase, an enzyme present in all
organisms. Reducing power is furnished by NADPH:

a-Ketoglutarate + NH; + NADPH —
L-glutamate + NADP™ + H,0

We encountered this reaction in the catabolism of
amino acids (see Fig. 18-7). In eukaryotic cells, L-gluta-
mate dehydrogenase is located in the mitochondrial
matrix. The reaction equilibrium favors the reactants,
and the K, for NH; (~1 mm) is so high that the reaction
probably makes only a modest contribution to NH; as-
similation into amino acids and other metabolites. (Re-
call that the glutamate dehydrogenase reaction, in
reverse (see Fig. 18-10), is one source of NH; destined
for the urea cycle.) Concentrations of NH; high enough
for the glutamate dehydrogenase reaction to make a
significant contribution to glutamate levels generally
occur only when NHj is added to the soil or when or-
ganisms are grown in a laboratory in the presence of
high NH3 concentrations. In general, soil bacteria and
plants rely on the two-enzyme pathway outlined above
(Egns 22-1, 22-2).

Glutamine Synthetase Is a Primary Regulatory
Point in Nitrogen Metabolism

The activity of glutamine synthetase is regulated in vir-
tually all organisms—not surprising, given its central
metabolic role as an entry point for reduced nitrogen. In
enteric bacteria such as E. colz, the regulation is unusu-
ally complex. The enzyme has 12 identical subunits of



[858] Biosynthesis of Amino Acids, Nucleotides, and Related Molecules

M, 50,000 (Fig. 22-5) and is regulated both allosteri-
cally and by covalent modification. Alanine, glycine, and
at least six end products of glutamine metabolism are
allosteric inhibitors of the enzyme (Fig. 22-6). 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.
This control mechanism provides a constant adjust-
ment of glutamine levels to match immediate metabolic
requirements.

Superimposed on the allosteric regulation is inhibi-
tion by adenylylation of (addition of AMP to) Tyr**", lo-
cated near the enzyme’s active site (Fig. 22-7). This
covalent modification increases sensitivity to the
allosteric inhibitors, and activity decreases as more

(a)

(b)

FIGURE 22-5 Subunit structure of glutamine synthetase as deter-
mined by x-ray diffraction. (PDB ID 2GLS) (a) Side view. The 12 sub-
units are identical; they are differently colored to illustrate packing and
placement. (b) Top view, showing active sites (green).
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FIGURE 22-6 Allosteric regulation of glutamine synthetase. The en-
zyme undergoes cumulative regulation by six end products of gluta-
mine metabolism. Alanine and glycine probably serve as indicators of
the general status of amino acid metabolism in the cell.

subunits are adenylylated. Both adenylylation and
deadenylylation are promoted by adenylyltrans-
ferase (AT in Fig. 22-7), part of a complex enzymatic
cascade that responds to levels of glutamine, a-ketoglu-
tarate, ATP, and P;. The activity of adenylyltransferase
is modulated by binding to a regulatory protein called
Py, and the activity of Py, in turn, is regulated by cova-
lent modification (uridylylation), again at a Tyr
residue. The adenylyltransferase complex with uridy-
lylated Py (Pp-UMP) stimulates deadenylylation,
whereas the same complex with deuridylylated Py
stimulates adenylylation of glutamine synthetase. Both
uridylylation and deuridylylation of Py are brought
about by a single enzyme, uridylyltransferase.
Uridylylation is inhibited by binding of glutamine and
P; to uridylyltransferase and is stimulated by binding of
a-ketoglutarate and ATP to Py

The regulation does not stop there. The uridylylated
Py also mediates the activation of transcription of the
gene encoding glutamine synthetase, thus increasing
the cellular concentration of the enzyme; the deuridyly-
lated Py brings about a decrease in transcription of the
same gene. This mechanism involves an interaction of
Py with additional proteins involved in gene regulation,
of a type described in Chapter 28. The net result of this
elaborate system of controls is a decrease in glutamine
synthetase activity when glutamine levels are high, and
an increase in activity when glutamine levels are low and
a-ketoglutarate and ATP (substrates for the synthetase
reaction) are available. The multiple layers of regulation
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(a) o FIGURE 22-7 Second level of regulation of glutamine synthetase:
O covalent modifications. (@) An adenylylated Tyr residue. (b) Cascade
B leading to adenylylation (inactivation) of glutamine synthetase. AT
0 represents adenylyltransferase; UT, uridylyltransferase. Details of this
cascade are discussed in the text.
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»  Glutamate

2
.~
1)
t+
S
o,
=
+
o
I
o
t+
@

1
. e || ump
|
|
®
_ ) Glutamine
@ uridylylation synthetase
® (inactive)
4 \
|
Glutamine AMP
. PP Hy0

ATP

Glutamine
synthetase

~N
~ (active)

/

|
|
|
|
|
|
|
|
|
|
|
|
\

permit a sensitive response in which glutamine synthe-
sis is tailored to cellular needs.

Several Classes of Reactions Play Special Roles in the
Biosynthesis of Amino Acids and Nucleotides

The pathways described in this chapter include a variety
of interesting chemical rearrangements. Several of
these recur and deserve special note before we progress
to the pathways themselves. These are (1) transamina-
tion reactions and other rearrangements promoted by
enzymes containing pyridoxal phosphate; (2) transfer
of one-carbon groups, with either tetrahydrofolate
(usually at the —CHO and —CH,OH oxidation levels)
or S-adenosylmethionine (at the —CHs oxidation level)
as cofactor; and (3) transfer of amino groups derived
from the amide nitrogen of glutamine. Pyridoxal
phosphate (PLP), tetrahydrofolate (H, folate), and
S-adenosylmethionine (adoMet) are described in some
detail in Chapter 18 (see Figs 18-6, 18-17, and 18-18).
Here we focus on amino group transfer involving the
amide nitrogen of glutamine.

deadenylylation [ ADP
+ Pi
P; ADP
: MP
L 4
******************** Glutamine

More than a dozen known biosynthetic reactions
use glutamine as the major physiological source of
amino groups, and most of these occur in the pathways
outlined in this chapter. As a class, the enzymes catalyz-
ing these reactions are called glutamine amidotrans-
ferases. All have two structural domains: one binding
glutamine, the other binding the second substrate,
which serves as amino group acceptor (Fig. 22-8). 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. The NHs produced in this reaction is not
released, but instead is transferred through an “ammo-
nia channel” to a second active site, where it reacts with
the second substrate to form the aminated product. The
covalent intermediate is hydrolyzed to the free enzyme
and glutamate. If the second substrate must be acti-
vated, the usual method is the use of ATP to generate an
acyl phosphate intermediate (R—OX in Fig. 22-8, with
X as a phosphoryl group). The enzyme glutaminase acts
in a similar fashion but uses Hy;0 as the second sub-
strate, yielding NH; and glutamate (see Fig. 18-8).
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MECHANISM FIGURE 22-8 Proposed mechanism for glutamine amido-
transferases. 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 NH;-
acceptor (second-substrate) domain varies. 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 NH;.

SUMMARY 22.1 Overview of Nitrogen
Metabolism

= 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 N, 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 Ny, 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 Ny by denitrifying soil bacteria. The
anammox bacteria anaerobically oxidize ammonia
to nitrogen, using nitrite as an electron acceptor.

m Fixation of Ny as NHj is carried out by the
nitrogenase complex, in a reaction that requires
ATP. The nitrogenase complex is highly labile in
the presence of Os.

= 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
range of biosynthetic reactions. Glutamine
synthetase, which catalyzes the formation of
glutamine from glutamate, is a main regulatory
enzyme of nitrogen metabolism.

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

22.2 Biosynthesis of Amino Acids

All amino acids are derived from intermediates in gly-
colysis, the citric acid cycle, or the pentose phosphate
pathway (Fig. 22-9). 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 metabo-
lite from which they are derived. The biosynthetic path-
ways for others, such as the aromatic amino acids, are
more complex.

Organisms vary greatly in their ability to synthesize
the 20 common amino acids. Whereas 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 (see Table 18-1). The remainder, the essential
amino acids, must be obtained from food. Unless other-
wise indicated, the pathways for the 20 common amino
acids presented below are those operative in bacteria.

A useful way to organize these biosynthetic path-
ways is to group them into six families corresponding
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FIGURE 22-9 Overview of amino acid biosynthesis. The carbon skele-
ton precursors derive from three sources: glycolysis (pink), the citric
acid cycle (blue), and the pentose phosphate pathway (purple).

to their metabolic precursors (Table 22-1), and we
use this approach to structure the detailed descriptions
that follow. In addition to these six precursors, there is
a notable intermediate in several pathways of amino
acid and nucleotide synthesis: 5-phosphoribosyl-
1-pyrophosphate (PRPP):

I
“0—P—0—CH, O. H
(|), 0 0
H H I | .
H O—Il’—O—I"—O
OH oH O~ 0~
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a-Ketoglutarate Pyruvate

Glutamate Alanine

Glutamine Valine*

Proline Leucine*

Arginine Isoleucine*
3-Phosphoglycerate Phosphoenolpyruvate
Serine and erythrose
Glycine 4-phosphate
Cysteine Tryptophan*
Oxaloacetate Phenylalanine*
Aspartate Tyrosine’

Asparagine Ribose 5-phosphate
Methionine* Histidine*
Threonine*

Lysine*

*Essential amino acids.

Derived from phenylalanine in mammals.

PRPP is synthesized from ribose 5-phosphate derived
from the pentose phosphate pathway (see Fig. 14-21),
in a reaction catalyzed by ribose phosphate py-
rophosphokinase:

Ribose 5-phosphate + ATP —>
5-phosphoribosyl-1-pyrophosphate + AMP

This enzyme is allosterically regulated by many of the

biomolecules for which PRPP is a precursor.

a-Ketoglutarate Gives Rise to Glutamate,
Glutamine, Proline, and Arginine

a-Ketoglutarate

LN

| Glutamine | | Proline | | Arginine |

We have already described the biosynthesis of gluta-
mate and glutamine. Proline is a cyclized derivative
of glutamate (Fig. 22-10). In the first step of proline
synthesis, ATP reacts with the y-carboxyl group of glu-
tamate to form an acyl phosphate, which is reduced by
NADPH or NADH to glutamate y-semialdehyde. This
intermediate undergoes rapid spontaneous cyclization
and is then reduced further to yield proline.

Arginine is synthesized from glutamate via or-
nithine and the urea cycle in animals (Chapter 18). In
principle, ornithine could also be synthesized from glu-
tamate 7y-semialdehyde by transamination, but the
spontaneous cyclization of the semialdehyde in the
proline pathway precludes a sufficient supply of this
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FIGURE 22-10 Biosynthesis of proline and arginine from glutamate in
bacteria. All five carbon atoms of proline arise from glutamate. In
many organisms, glutamate dehydrogenase is unusual in that it uses ei-
ther NADH or NADPH as a cofactor. The same may be true of other en-
zymes in these pathways. The y-semialdehyde in the proline pathway
undergoes a rapid, reversible cyclization to A'-pyrroline-5-carboxylate
(P5C), with the equilibrium favoring P5C formation. Cyclization is

H

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. Although 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 cit-
rulline and argininosuccinate as intermediates (see Fig. 18-10).

Here, and in subsequent figures in this chapter, the reaction arrows
indicate the linear path to the final products, without considering the re-
versibility of individual steps. For example, the step of the pathway lead-
ing to arginine that is catalyzed by N-acetylglutamate dehydrogenase is
chemically similar to the glyceraldehyde 3-phosphate dehydrogenase
reaction in glycolysis (see Fig. 14-7), and is readily reversible.
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intermediate for ornithine synthesis. Bacteria have a de
novo biosynthetic pathway for ornithine (and thus argi-
nine) that parallels some steps of the proline pathway
but includes two additional steps that avoid the prob-
lem of the spontaneous cyclization of glutamate y-semi-
aldehyde (Fig. 22-10). In the first step, the a-amino
group of glutamate is blocked by an acetylation requir-
ing acetyl-CoA; then, after the transamination step, the
acetyl group is removed to yield ornithine.

The pathways to proline and arginine are some-
what different in mammals. Proline can be synthesized
by the pathway shown in Figure 22-10, but it is also
formed from arginine obtained from dietary or tissue
protein. Arginase, a urea cycle enzyme, converts argi-
nine to ornithine and urea (see Figs 18-10, 18-26).
The ornithine is converted to glutamate y-semialde-
hyde by the enzyme ornithine é-aminotransferase
(Fig. 22-11). The semialdehyde cyclizes to Al-pyrro-
line-5-carboxylate, which is then converted to proline
(Fig. 22-10). The pathway for arginine synthesis
shown in Figure 22-10 is absent in mammals. When
arginine from dietary intake or protein turnover is in-
sufficient for protein synthesis, the ornithine §-amino-
transferase reaction operates in the direction of
ornithine formation. Ornithine is then converted to cit-
rulline and arginine in the urea cycle.

Serine, Glycine, and Cysteine Are Derived

from 3-Phosphoglycerate

3-Phosphoglycerate

|
/o \

| Glycine | | Cysteine |

The major pathway for the formation of serine is the
same in all organisms (Fig. 22-12). In the first step, the
hydroxyl group of 3-phosphoglycerate is oxidized by a
dehydrogenase (using NAD™") to yield 3-phosphohy-
droxypyruvate. Transamination from glutamate yields
3-phosphoserine, which is hydrolyzed to free serine by
phosphoserine phosphatase.

22.2 Biosynthesis of Amino Acids [863]

FIGURE22-11 Ornithine 8-aminotransferase
reaction: a step in the mammalian pathway
to proline. This enzyme is found in the mito-
chondrial matrix of most tissues. Although the
equilibrium favors P5C formation, the reverse
reaction is the only mammalian pathway for
H synthesis of ornithine (and thus arginine)
when arginine levels are insufficient for pro-
= tein synthesis.
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FIGURE 22-12 Biosynthesis of serine from 3-phosphoglycerate and of
glycine from serine in all organisms. Glycine is also made from CO,
and NH3 by the action of glycine synthase, with N°,N'°-methylenete-
trahydrofolate as methyl group donor (see text).
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Serine (three carbons) is the precursor of glycine
(two carbons) through removal of a carbon atom by
serine hydroxymethyltransferase (Fig. 22-12).
Tetrahydrofolate accepts the B carbon (C-3) of serine,
which forms a methylene bridge between N-5 and N-10
to yield N° N'°-methylenetetrahydrofolate (see Fig.
18-17). The overall reaction, which is reversible, also
requires pyridoxal phosphate. In the liver of verte-
brates, glycine can be made by another route: the re-
verse of the reaction shown in Figure 18-20c,
catalyzed by glycine synthase (also called glycine
cleavage enzyme):

CO, + NH, + N5 N'%methylenetetrahydrofolate +
NADH + H" —
glycine + tetrahydrofolate + NAD*

Plants and bacteria produce the reduced sulfur re-
quired for the synthesis of cysteine (and methionine,

described later) from environmental sulfates; the path-
way is shown on the right side of Figure 22-13. 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
the formation of cysteine from serine in a two-step path-
way. Mammals synthesize cysteine from two amino acids:
methionine furnishes the sulfur atom, and serine fur-
nishes the carbon skeleton. Methionine is first converted
to S-adenosylmethionine (see Fig. 18-18), which can
lose its methyl group to any of a number of acceptors to
form S-adenosylhomocysteine (adoHcy). This demethy-
lated product is hydrolyzed to free homocysteine, which
undergoes a reaction with serine, catalyzed by cystathio-
nine B-synthase, to yield cystathionine (Fig. 22-14).
Finally, cystathionine vy-lyase, a PLP-requiring en-
zyme, catalyzes removal of ammonia and cleavage of
cystathionine to yield free cysteine.
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+ -
HN—C—H ATP sulfurylase
\ Serine PP;
CH,
ke 4 s
/O
serine H,C—C N Adenosine
acetyltransferase CoA-SH S-CoA 5'-phosphosulfate (APS)
(‘300 N
N
H.N—C—H
|
CH,
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i
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|
CH, .
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O-acetylserine ST +H 5'-phosphosulfate (PAPS)
(thiol) lyase CH30007
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\ Cysteine NADPH
(‘3H2 PAPS reductase NADP+
SH 3’-Phosphoadenosine 5'-phosphate (PAP)
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FIGURE 22-13 Biosynthesis of cysteine from serine in bacteria and plants. The origin of reduced sulfur is

shown in the pathway on the right.
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FIGURE 22-14 Biosynthesis of cysteine from homocysteine and serine

a-Ketobutyrate

in mammals. The homocysteine is formed from methionine, as de-
scribed in the text.

Three Nonessential and Six Essential Amino Acids
Are Synthesized from Oxaloacetate and Pyruvate

Oxaloacetate

Aspartate

O\ T~

| Asparagine | | Methionine | | Lysine | | Threonine |

|

| Alanine | |Valine | | Leucine | | Isoleucine |
\ 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 NHJ . These are
nonessential amino acids, and their simple biosynthetic
pathways occur in all organisms.
? For reasons incompletely understood, the malig-
nant lymphocytes present in childhood acute lym-
phoblastic leukemia (ALL) require serum asparagine for
growth. The chemotherapy for ALL is administered

22.2 Biosynthesis of Amino Acids [865]

together with an L-asparaginase derived from bacteria,
with the enzyme functioning to reduce serum asparagine.
The combined treatment results in a greater than 95% re-
mission rate in cases of childhood ALL (L-asparaginase
treatment alone produces remission in 40% to 60% of
cases). However, the asparaginase treatment has some
deleterious side effects, and about 10% of patients who
achieve remission eventually suffer relapse, with tumors
resistant to drug therapy. Researchers are now develop-
ing inhibitors of human asparagine synthetase to aug-
ment these therapies for childhood ALL. m

Methionine, threonine, lysine, isoleucine, valine,
and leucine are essential amino acids. Their biosynthetic
pathways are complex and interconnected (Fig. 22-15).
In some cases, the pathways in bacteria, fungi, and
plants differ significantly. Figure 22—15 shows the bacte-
rial pathways.

Aspartate gives rise to methionine, threonine,
and lysine. Branch points occur at aspartate B-
semialdehyde, an intermediate in all three pathways,
and at homoserine, a precursor of threonine and me-
thionine. Threonine, in turn, is one of the precursors
of isoleucine. The valine and isoleucine pathways
share four enzymes (Fig. 22-15, steps @ to @)
Pyruvate gives rise to valine and isoleucine in path-
ways that begin with condensation of two carbons of
pyruvate (in the form of hydroxyethyl thiamine py-
rophosphate; see Fig. 14-14) with another molecule of
pyruvate (the valine path) or with a-ketobutyrate (the
isoleucine path). The a-ketobutyrate is derived from
threonine in a reaction that requires pyridoxal phos-
phate (Fig. 22—15, step <@). An intermediate in the
valine pathway, a-ketoisovalerate, is the starting point
for a four-step branch pathway leading to leucine
(steps @ to @)).

Chorismate Is a Key Intermediate in the Synthesis
of Tryptophan, Phenylalanine, and Tyrosine

Phosphoenolpyruvate
+
Erythrose 4-phosphate

/ | N\

| Phenylalanine |

Aromatic rings are not readily available in the environ-
ment, even though the benzene ring is very stable. The
branched pathway to tryptophan, phenylalanine, and ty-
rosine, occurring in bacteria, fungi, and plants, is the
main biological route of aromatic ring formation. It pro-
ceeds through ring closure of an aliphatic precursor fol-
lowed by stepwise addition of double bonds. The first

| Tyrosine | | Tryptophan |
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FIGURE 22-15 Biosynthesis of six essential amino acids from oxalo-
acetate and pyruvate in bacteria: methionine, threonine, lysine,
isoleucine, valine, and leucine. Here, and in other multistep pathways,
the enzymes are listed in the key. Note that L,L-a,e-diaminopimelate,
the product of step aa, is symmetric. The carbons derived from pyru-
vate (and the amino group derived from glutamate) are not traced be-
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3-Dehydroshikimate
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N Shikimate
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P

3-Dehydroquinate

Chorismate

3-Dehydroshikimate

four steps produce shikimate, a seven-carbon molecule
derived from erythrose 4-phosphate and phospho-
enolpyruvate (Fig. 22-16). Shikimate is converted to
chorismate in three steps that include the addition of
three more carbons from another molecule of phospho-
enolpyruvate. Chorismate is the first branch point of the
pathway, with one branch leading to tryptophan, the
other to phenylalanine and tyrosine.

In the tryptophan branch (Fig. 22-17), choris-
mate 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.

5-Enolpyruvylshikimate
3-phosphate

FIGURE 22-16 Biosynthesis of chorismate, an intermediate in the
synthesis of aromatic amino acids in bacteria and plants. All car-
bons are derived from either erythrose 4-phosphate (light purple)
or phosphoenolpyruvate (pink). Note that the NAD™ required as
a cofactor in step(g:‘» is released unchanged; it may be transiently
reduced to NADH during the reaction, with formation of an ox-
idized reaction intermediate. Step@ is competitively inhibited
by glyphosate ("COO—CH,—NH—CH,—PO3 "), the active
ingredient in the widely used herbicide Roundup. The herbicide
is relatively nontoxic to mammals, which lack this biosynthetic
pathway. The chemical names quinate, shikimate, and choris-
mate are derived from the names of plants in which these inter-
mediates have been found to accumulate.

The indole ring of tryptophan is derived from the ring
carbons and amino group of anthranilate plus two car-
bons derived from PRPP. The final reaction in the se-
quence is catalyzed by tryptophan synthase. This
enzyme has an asf35 subunit structure and can be disso-
ciated into two a subunits and a 85 unit that catalyze dif-
ferent parts of the overall reaction:
Indole-3-glycerol phosphate ——
« subunit
indole + glyceraldehyde 3-phosphate

Indole + serine —— tryptophan + H,O
Bz subunit
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FIGURE 22-17 Biosynthesis of tryptophan from chorismate in bacte-
ria and plants. In E. coli, enzymes catalyzing steps ﬁ and /i are
subunits of a single complex.
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@ anthranilate synthase

@ anthranilate phosphoribosyltransferase

@ N-(5'-phosphoribosyl)-anthranilate isomerase
@ indole-3-glycerol phosphate synthase

@ tryptophan synthase

The second part of the reaction requires pyridoxal phos-
phate (Fig. 22-18). Indole formed in the first part is
not released by the enzyme, but instead moves through
a channel from the a-subunit active site to one of the 8-
subunit active sites, where it condenses with a Schiff
base intermediate derived from serine and PLP. Inter-
mediate channeling of this type may be a feature of the
entire pathway from chorismate to tryptophan. Enzyme
active sites catalyzing different steps (sometimes not
sequential steps) of the pathway to tryptophan are
found on single polypeptides in some species of fungi
and bacteria, but are separate proteins in other species.
In addition, the activity of some of these enzymes re-
quires a noncovalent association with other enzymes of
the pathway. These observations suggest that all the
pathway enzymes are components of a large, multien-
zyme complex in both bacteria and eukaryotes. Such
complexes are generally not preserved intact when the
enzymes are isolated using traditional biochemical
methods, but evidence for the existence of multienzyme
complexes is accumulating for this and other metabolic
pathways (p. 619).

In plants and bacteria, phenylalanine and tyro-
sine are synthesized from chorismate in pathways much
less complex than the tryptophan pathway. The com-
mon intermediate is prephenate (Fig. 22-19). The final
step in both cases is transamination with glutamate.

Animals can produce tyrosine directly from pheny-
lalanine through hydroxylation at C-4 of the phenyl
group by phenylalanine hydroxylase; this enzyme
also participates in the degradation of phenylalanine
(see Figs 18-23, 18-24). Tyrosine is considered a condi-
tionally essential amino acid, or as nonessential insofar
as it can be synthesized from the essential amino acid
phenylalanine.

Histidine Biosynthesis Uses Precursors
of Purine Biosynthesis

Ribose 5-phosphate

The pathway to histidine in all plants and bacteria dif-
fers in several respects from other amino acid biosyn-
thetic pathways. Histidine is derived from three
precursors (Fig. 22-20): PRPP contributes five carbons,
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FIGURE 22-19 Biosynthesis of phenylalanine and tyrosine from cho-
rismate in bacteria and plants. Conversion of chorismate to prephen-

Indole condenses adduct . . . .
. ® ate is a rare biological example of a Claisen rearrangement.
rylate intermediate
(2 steps).
/—~ BT HB™
H H', a
- H
CHz C>COO CH,—CH—COO"~ PLP E
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Quinonoid intermediate

MECHANISM FIGURE 22-18 Tryptophan synthase reaction. This en-
zyme catalyzes a multistep reaction with several types of chemical re-
arrangements. The PLP-facilitated transformations occur at the 8 carbon

Aldimine with tryptophan

(C-3) of the amino acid, as opposed to the a-carbon reactions de-
scribed in Figure 18-6. The B carbon of serine is attached to the indole
ring system. @ Tryptophan Synthase Mechanism
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FIGURE 22-20 Biosynthesis of histidine in bacteria and plants. Atoms
derived from PRPP and ATP are shaded pink and blue, respectively. Two
of the histidine nitrogens are derived from glutamine and glutamate

the purine ring of ATP contributes a nitrogen and a car-
bon, 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 (step (1) in Fig. 22-20); purine ring
opening that ultimately leaves N-1 and C-2 of adenine

(green). Note that the derivative of ATP remaining after step /g (AICAR)
is an intermediate in purine biosynthesis (see Fig. 22-33, step @), so
ATP is rapidly regenerated.

linked to the ribose (step (3)); and formation of the imi-
dazole ring, a reaction in which glutamine donates a ni-
trogen (step (5)). The use of ATP as a metabolite rather
than a high-energy cofactor is unusual—but not wasteful,
because it dovetails with the purine biosynthetic
pathway. The remnant of ATP that is released after the
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transfer of N-1 and C-2 is b-aminoimidazole-4-carbox-
amide ribonucleotide (AICAR), an intermediate of
purine biosynthesis (see Fig. 22-33) that is rapidly re-
cycled to ATP.

Amino Acid Biosynthesis Is under Allosteric Regulation

As detailed in Chapter 15, the control of flux through a
metabolic pathway often reflects the activity of multiple
enzymes in that pathway. In the case of amino acid syn-
thesis, regulation takes place in part through feedback
inhibition of the first reaction by the end product of
the pathway. This first reaction is often catalyzed by an
allosteric enzyme that plays an important role in the
overall control of flux through that pathway. As an ex-
ample, Figure 22-21 shows the allosteric regulation of
isoleucine synthesis from threonine (detailed in Fig.
22-15). The end product, isoleucine, is an allosteric in-
hibitor of the first reaction in the sequence. In bacteria,
such allosteric modulation of amino acid synthesis con-
tributes to the minute-to-minute adjustment of pathway
activity to cellular needs.

Allosteric regulation of an individual enzyme can be
considerably more complex. An example is the remark-
able set of allosteric controls exerted on glutamine syn-
thetase of E. colt (Fig. 22—-6). Six products derived from
glutamine serve as negative feedback modulators of the
enzyme, and the overall effects of these and other mod-
ulators are more than additive. Such regulation is called
concerted inhibition.

Additional mechanisms contribute to the regulation
of the amino acid biosynthetic pathways. Because the 20
common amino acids must be made in the correct
proportions for protein synthesis, cells have developed
ways not only of controlling the rate of synthesis of indi-

.
s
CHg*C\H*CH*COOf Threonine
OH
77777 -> threonine dehydratas
}/ ®l eonine deny atase
| i
| CH3—CH,—C—COO~ a-Ketobutyrate
|
|
i 5 steps l N
| ITTHs
[
\**CHg—CH2—(‘3H—CH—C007 Isoleucine
CHj

FIGURE 22-21 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. The steps from a-
ketobutyrate to isoleucine correspond to steps @ through@ in Fig-
ure 22-15 (five steps, because @ is a two-step reaction).

vidual amino acids but also of coordinating their forma-
tion. Such coordination is especially well developed in
fast-growing bacterial cells. Figure 22-22 shows how
E. coli cells coordinate the synthesis of lysine, methion-
ine, threonine, and isoleucine, all made from aspartate.
Several important types of inhibition patterns are evi-
dent. The step from aspartate to aspartyl-B-phosphate
is catalyzed by three isozymes, each independently con-
trolled by different modulators. This enzyme multi-
plicity prevents one biosynthetic end product from
shutting down key steps in a pathway when other prod-
ucts of the same pathway are required. The steps from
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A 4
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/,$®l B, | B,
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FIGURE 22-22 Interlocking regulatory mechanisms in the biosynthe-
sis of several amino acids derived from aspartate in E. coli. Three en-
zymes (A, B, C) have either two or three isozyme forms, indicated by
numerical subscripts. In each case, one isozyme (A,, By, and C,) has
no allosteric regulation; these isozymes are regulated by changes in
the amount synthesized (Chapter 28). Synthesis of isozymes A, and B,
is repressed when methionine levels are high, and synthesis of isozyme
C, is repressed when isoleucine levels are high. Enzyme A is asparto-
kinase; B, homoserine dehydrogenase; C, threonine dehydratase.



aspartate B-semialdehyde to homoserine and from thre-
onine to a-ketobutyrate (detailed in Fig. 22—15) are also
catalyzed by dual, independently controlled isozymes.
One isozyme for the conversion of aspartate to aspartyl-
B-phosphate is allosterically inhibited by two different
modulators, lysine and isoleucine, whose action is more
than additive—another example of concerted inhibition.
The sequence from aspartate to isoleucine undergoes
multiple, overlapping negative feedback inhibitions; for
example, isoleucine inhibits the conversion of threonine
to a-ketobutyrate (as described above), and threonine
inhibits its own formation at three points: from ho-
moserine, from aspartate 8-semialdehyde, and from as-
partate (steps 4), 3/, and (I/in Fig. 22-15). This overall
regulatory mechanism is called sequential feedback
inhibition.

Similar patterns are evident in the pathways leading
to the aromatic amino acids. The first step of the early
pathway to the common intermediate chorismate is cat-
alyzed by the enzyme 2-keto-3-deoxy-D-arabinoheptu-
losonate 7-phosphate (DAHP) synthase (step 1) in
Fig. 22-16). Most microorganisms and plants have three
DAHP synthase isozymes. One is allosterically inhibited
(feedback inhibition) by phenylalanine, another by tyro-
sine, and the third by tryptophan. This scheme helps the
overall pathway to respond to cellular requirements for
one or more of the aromatic amino acids. Additional reg-
ulation takes place after the pathway branches at cho-
rismate. For example, the enzymes catalyzing the first
two steps of the tryptophan branch are subject to
allosteric inhibition by tryptophan.

SUMMARY 22.2 Biosynthesis of Amino
Acids

= 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 a-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 transamination.
The carbon chain of serine is derived from
3-phosphoglycerate. Serine is a precursor of
glycine; the B-carbon atom of serine is transferred
to tetrahydrofolate. 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
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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 (and thus is
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 en-
zyme is usually the first in the sequence. Regulation
of the various synthetic pathways is coordinated.

22.3 Molecules Derived from Amino Acids

In addition to their role as the building blocks of pro-
teins, amino acids are precursors of many specialized
biomolecules, including hormones, coenzymes, nu-
cleotides, alkaloids, cell wall polymers, porphyrins,
antibiotics, pigments, and neurotransmitters. We de-
scribe here the pathways to a number of these amino
acid derivatives.

Glycine Is a Precursor of Porphyrins

The biosynthesis of porphyrins, for which glycine is a
major precursor, is our first example because of the cen-
tral importance of the porphyrin nucleus in heme pro-
teins such as hemoglobin and the cytochromes. The
porphyrins are constructed from four molecules of the
monopyrrole derivative porphobilinogen, which itself
is derived from two molecules of §-aminolevulinate.
There are two major pathways to é-aminolevulinate.
In higher eukaryotes (Fig. 22-23a), glycine reacts
with succinyl-CoA in the first step to yield a-amino-
B-ketoadipate, which is then decarboxylated to
o-aminolevulinate. In plants, algae, and most bacteria,
o-aminolevulinate is formed from glutamate (Fig. 22-23b).
The glutamate is first esterified to glutamyl-tRNAS™
(see Chapter 27 on the topic of transfer RNAs); reduc-
tion by NADPH converts the glutamate to glutamate
1-semialdehyde, which is cleaved from the tRNA. An
aminotransferase converts the glutamate 1-semialde-
hyde to 6-aminolevulinate.

In all organisms, two molecules of §-aminolevulinate
condense to form porphobilinogen and, through a series
of complex enzymatic reactions, four molecules of por-
phobilinogen come together to form protoporphyrin
(Fig. 22-24). The iron atom is incorporated after the
protoporphyrin has been assembled, in a step catalyzed
by ferrochelatase. Porphyrin biosynthesis is regulated in
higher eukaryotes by the concentration of the heme
product, which serves as a feedback inhibitor of early
steps in the synthetic pathway. Genetic defects in the
biosynthesis of porphyrins can lead to the accumulation
of pathway intermediates, causing a variety of human
diseases known collectively as porphyrias (Box 22-2).
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FIGURE 22-23 Biosynthesis of §-aminolevulinate. (a) In most animals,
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BOX 22-2 m On Kings and Vampires

Porphyrias are a group of genetic diseases that result from
defects in enzymes of the biosynthetic pathway from
glycine to porphyrins; specific porphyrin precursors accu-
mulate in erythrocytes, body fluids, and the liver. The
most common form is acute intermittent porphyria. Most
individuals inheriting this condition are heterozygotes and
are usually asymptomatic, because the single copy of the
normal gene provides a sufficient level of enzyme func-
tion. However, certain nutritional or environmental factors
(as yet poorly understood) can cause a buildup of &-
aminolevulinate and porphobilinogen, leading to attacks
of acute abdominal pain and neurological dysfunction.
King George III, British monarch during the American
Revolution, suffered several episodes of apparent mad-
ness that tarnished the record of this otherwise accom-
plished man. The symptoms of his condition suggest that
George III suffered from acute intermittent porphyria.
One of the rarer porphyrias results in an accumula-
tion of uroporphyrinogen I, an abnormal isomer of a pro-
toporphyrin precursor. This compound stains the urine
red, causes the teeth to fluoresce strongly in ultraviolet
light, and makes the skin abnormally sensitive to sunlight.
Many individuals with this porphyria are anemic because
insufficient heme is synthesized. This genetic condition

may have given rise to the vampire myths of folk legend.

The symptoms of most porphyrias are now readily
controlled with dietary changes or the administration of
heme or heme derivatives.

8-Aminolevulinate

®—> Doss porphyria
Porphobilinogen

®—> Acute intermittent porphyria
Preuroporphyrinogen

®—> Congenital erythropoietic porphyria
Urophorphyrinogen III

®—> Porphyria cutanea tarda
Coproporphyrinogen

®—> Hereditary coproporphyria
Protoporphyrinogen

®—> Variegate porphyria
Protoporphyrin

®—> Erythropoietic protoporphyria

Heme

Heme Is the Source of Bile Pigments

ﬂf- The iron-porphyrin (heme) group of hemoglobin,

released from dying erythrocytes in the spleen, is
degraded to yield free Fe** and, ultimately, bilirubin.
This pathway is arresting for its capacity to inject color
into human biochemistry.

The first step in the two-step pathway, catalyzed by
heme oxygenase, converts heme to biliverdin, a linear
(open) tetrapyrrole derivative (Fig. 22-25). The other
products of the reaction are free Fe?" and CO. The Fe?™
is quickly bound by ferritin. Carbon monoxide is a poi-
son that binds to hemoglobin (see Box 5-1), and the
production of CO by heme oxygenase ensures that, even
in the absence of environmental exposure, about 1% of
an individual’s heme is complexed with CO.

Biliverdin is converted to bilirubin in the second
step, catalyzed by biliverdin reductase. You can moni-
tor this reaction colorimetrically in a familiar in situ ex-
periment. When you are bruised, the black and/or
purple color results from hemoglobin released from
damaged erythrocytes. Over time, the color changes to
the green of biliverdin, and then to the yellow of biliru-
bin. Bilirubin is largely insoluble, and it travels in the
bloodstream as a complex with serum albumin. In the
liver, bilirubin is transformed to the bile pigment biliru-
bin diglucuronide. This product is sufficiently water-

soluble to be secreted with other components of bile
into the small intestine, where microbial enzymes con-
vert it to several products, predominantly urobilino-
gen. Some urobilinogen is reabsorbed into the blood
and transported to the kidney, where it is converted to
urobilin, the compound that gives urine its yellow color
(Fig. 22-25, left branch). Urobilinogen remaining in
the intestine is converted (in another microbe-depend-
ent reaction) to stercobilin (Fig. 22-25, right branch),
which imparts the red-brown color to feces.

Impaired liver function or blocked bile secretion
causes bilirubin to leak from the liver into the blood, re-
sulting in a yellowing of the skin and eyeballs, a condition
called jaundice. In cases of jaundice, determination of
the concentration of bilirubin in the blood may be useful
in the diagnosis of underlying liver disease. Newborn in-
fants sometimes develop jaundice because they have not
yet produced enough glucuronyl bilirubin transferase to
process their bilirubin. A traditional treatment to reduce
excess bilirubin, exposure to a fluorescent lamp, causes
a photochemical conversion of bilirubin to compounds
that are more soluble and easily excreted.

These pathways of heme breakdown play significant
roles in protecting cells from oxidative damage and in
regulating certain cellular functions. The CO produced
by heme oxygenase is toxic at high concentrations, but
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FIGURE 22-25 Bilirubin and its breakdown
products. M represents methyl; V, vinyl; Pr, pro-
pionyl; E, ethyl. For ease of comparison, these
structures are shown in linear form, rather than
in their correct stereochemical conformations.

Heme

heme oxygenase cO

Fe2+

-
NN W N W o
H
Biliverdin
NADPH, H*

biliverdin
reductase

NADP*

bilirubin

Bilirubin diglucuronide

Urobilinogen

l

Bilirubin

glucuronyl- (in blood) RN
~ ~ _as complex with
transferase (liver) >~ _serum albumin
N

~ _transport in blood

Bilirubin
transport to intestine (in bile)
Urobilinogen
transport to kidney l

M

M E M Pr Pr M M E E M Pr Pr M M E
_ _ _ H H ¢ H H

07NN N N Ny N Y0 07N NN N N~ 0
o H H i i i

Urobilin

at the very low concentrations generated during heme
degradation it seems to have some regulatory and/or sig-
naling functions. It acts as a vasodilator, much the same
as (but less potent than) nitric oxide (discussed below).
Low levels of CO also have some regulatory effects on
neurotransmission. Bilirubin is the most abundant an-
tioxidant in mammalian tissues and is responsible for
most of the antioxidant activity in serum. Its protective
effects seem to be especially important in the develop-
ing brain of newborn infants. The cell toxicity associated
with jaundice may be due to bilirubin levels in excess of
the serum albumin needed to solubilize it.

Given these varied roles of heme degradation prod-
ucts, the degradative pathway is subject to regulation,
mainly at the first step. Humans have at least three
isozymes of heme oxygenase (HO). HO-1 is highly regu-
lated; the expression of its gene is induced by a wide
range of stress conditions (shear stress, angiogenesis
(uncontrolled development of blood vessels), hypoxia,

Stercobilin

hyperoxia, heat shock, exposure to ultraviolet light, hy-
drogen peroxide, and many other metabolic insults).
HO-2 is found mainly in brain and testes, where it is con-
tinuously expressed. The third isozyme, HO-3, is not yet
well characterized. m

Amino Acids Are Precursors of Creatine and Glutathione

Phosphocreatine, derived from creatine, is an im-
portant energy buffer in skeletal muscle (see Fig.
13-15). Creatine is synthesized from glycine and argi-
nine (Fig. 22-26); methionine, in the form of
S-adenosylmethionine, acts as methyl group donor.
Glutathione (GSH), present in plants, animals,
and some bacteria, often at high levels, can be thought
of as a redox buffer. It is derived from glutamate, cys-
teine, and glycine (Fig. 22-27). The -y-carboxyl group
of glutamate is activated by ATP to form an acyl phos-
phate intermediate, which is then attacked by the
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FIGURE 22-26 Biosynthesis of creatine and phosphocreatine. Crea-
tine is made from three amino acids: glycine, arginine, and methion-
ine. This pathway shows the versatility of amino acids as precursors of
other nitrogenous biomolecules.

a-amino group of cysteine. A second condensation reac-
tion follows, with the a-carboxyl group of cysteine acti-
vated to an acyl phosphate to permit reaction with
glycine. The oxidized form of glutathione (GSSG), pro-
duced in the course of its redox activities, contains two
glutathione molecules linked by a disulfide bond.
Glutathione probably helps maintain the sulfhydryl
groups of proteins in the reduced state and the iron of
heme in the ferrous (Fe®") state, and it serves as a re-
ducing agent for glutaredoxin in deoxyribonucleotide
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FIGURE 22-27 Glutathione metabolism. (a) Biosynthesis of glutathione.
(b) Oxidized form of glutathione.

synthesis (see Fig. 22-39). 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—0—0—H — GSSG + H,0 + 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
(see Fig. 3-8a), which is essential for its activity.

D-Amino Acids Are Found Primarily in Bacteria

ﬂi,-— Although D-amino acids do not generally occur
in proteins, they do serve some special functions
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in the structure of bacterial cell walls and peptide an-
tibiotics. Bacterial peptidoglycans (see Fig. 20-31)
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 co-
factor (see Fig. 18-6). Amino acid racemization is
uniquely important to bacterial metabolism, and en-
zymes such as alanine racemase are prime targets for
pharmaceutical agents. One such agent, L-fluoroala-
nine, is being tested as an antibacterial drug. Another,
cycloserine, is used to treat tuberculosis. Because
these inhibitors also affect some PLP-requiring human
enzymes, however, they have potentially undesirable
side effects. m

COO~
N ‘ Ve O\
H3N—‘C—H Hzc\ /NH
CHy HC—C
\ 2N
F NH;3 (¢}
r-Fluoroalanine Cycloserine

Aromatic Amino Acids Are Precursors
of Many Plant Substances

Phenylalanine, tyrosine, and tryptophan are converted
to a variety of important compounds in plants. The
rigid polymer lignin, derived from phenylalanine and
tyrosine, is second only to cellulose in abundance in
plant tissues. The structure of the lignin polymer is com-
plex and not well understood. Tryptophan is also the
precursor of the plant growth hormone indole-3-
acetate, or auxin (Fig. 22-28a), which is important
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 flavoring of cinnamon oil (Fig. 22-28b), nutmeg,
cloves, vanilla, cayenne pepper, and other products.

Biological Amines Are Products

of Amino Acid Decarboxylation
*f Many important neurotransmitters are primary or
secondary amines, derived from amino acids in
simple pathways. In addition, some polyamines that form
complexes with DNA are derived from the amino acid or-
nithine, a component of the urea cycle. A common de-
nominator of many of these pathways is amino acid
decarboxylation, another PLP-requiring reaction (see
Fig. 18-6).

The synthesis of some neurotransmitters is illus-
trated in Figure 22-29. Tyrosine gives rise to a family
of catecholamines that includes dopamine, norepi-
nephrine, and epinephrine. Levels of catecholamines
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amino-
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FIGURE 22-28 Biosynthesis of two plant substances from amino acids.
(@) Indole-3-acetate (auxin) and (b) cinnamate (cinnamon flavor).

are correlated with, among other things, changes in
blood pressure. The neurological disorder Parkinson’s
disease is associated with an underproduction of
dopamine, and it has traditionally been treated by ad-
ministering L-dopa. Overproduction of dopamine in the
brain may be linked to psychological disorders such as
schizophrenia.

Glutamate decarboxylation gives rise to y-amino-
butyrate (GABA), an inhibitory neurotransmitter. Its
underproduction is associated with epileptic seizures.
GABA analogs are used in the treatment of epilepsy and
hypertension. Levels of GABA can also be increased by
administering inhibitors of the GABA-degrading enzyme
GABA aminotransferase. Another important neuro-
transmitter, serotonin, is derived from tryptophan in a
two-step pathway.

Histidine undergoes decarboxylation to histamine,
a powerful vasodilator in animal tissues. Histamine is
released in large amounts as part of the allergic re-
sponse, and it also stimulates acid secretion in the stom-
ach. A growing array of pharmaceutical agents are being
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FIGURE 22-29 Biosynthesis of some neurotransmitters from amino acids. The key step is the same in each

case: a PLP-dependent decarboxylation (shaded in pink).

designed to interfere with either the synthesis or the ac-
tion of histamine. A prominent example is the histamine
receptor antagonist cimetidine (Tagamet), a structural
analog of histamine:

CH; (CH,—S—CH,—CH, —NH—(H}—NH—CHg
S N—C=N
N _NH

It promotes the healing of duodenal ulcers by inhibiting
secretion of gastric acid.

Polyamines such as spermine and spermidine, in-
volved in DNA packaging, are derived from methionine
and ornithine by the pathway shown in Figure 22-30.
The first step is decarboxylation of ornithine, a precursor
of arginine (Fig. 22-10). Ornithine decarboxylase, a
PLP-requiring enzyme, is the target of several powerful
inhibitors used as pharmaceutical agents (Box 22-3). m
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dependent decarboxylation steps are shaded in pink. In these reac-
tions, S-adenosylmethionine (in its decarboxylated form) acts as a
source of propylamino groups (shaded blue).

African sleeping sickness, or African trypanosomiasis, is
caused by protists (single-celled eukaryotes) called
trypanosomes (Fig. 1). This disease (and related try-
panosome-caused diseases) is medically and economi-
cally significant in many developing nations. Until the
late twentieth century, the disease was virtually incur-
able. Vaccines are ineffective because the parasite has a
novel mechanism to evade the host immune system.

The cell coat of trypanosomes is covered with a sin-
gle protein, which is the antigen to which the immune
system responds. Every so often, however, by a process
of genetic recombination (see Table 28-1), a few cells in
the population of infecting trypanosomes switch to a new
protein coat, not recognized by the immune system. This
process of “changing coats” can occur hundreds of times.
The result is a chronic cyclic infection: the human host
develops a fever, which subsides as the immune system
beats back the first infection; trypanosomes with
changed coats then become the seed for a second infec-
tion, and the fever recurs. This cycle can repeat for
weeks, and the weakened person eventually dies.

Some modern approaches to treating African sleep-
ing sickness have been based on an understanding of
enzymology and metabolism. In at least one such
approach, this involves pharmaceutical agents designed
as mechanism-based enzyme inactivators (suicide
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FIGURE 1 Trypanosoma brucei rhodesiense, one of several try-
panosomes known to cause African sleeping sickness.

inactivators; p. 204). A vulnerable point in trypanosome
metabolism is the pathway of polyamine biosynthesis.
The polyamines spermine and spermidine, involved in
DNA packaging, are required in large amounts in rap-
idly dividing cells. The first step in their synthesis is cat-
alyzed by ornithine decarboxylase, a PLP-requiring
enzyme (see Fig. 22-30). In mammalian cells, ornithine
decarboxylase undergoes rapid turnover—that is, a
constant round of enzyme degradation and synthesis.
In some trypanosomes, however, the enzyme (for rea-
sons not well understood) is stable, not readily replaced
by newly synthesized enzyme. An inhibitor of ornithine
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FIGURE 2 Mechanism of ornithine decarboxylase reaction.

decarboxylase that binds permanently to the enzyme
would thus have little effect on human cells, which
could rapidly replace inactivated enzyme, but would
adversely affect the parasite.

The first few steps of the normal reaction catalyzed
by ornithine decarboxylase are shown in Figure 2. Once
COy is released, the electron movement is reversed and
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putrescine is produced (see Fig. 22-30). Based on this
mechanism, several suicide inactivators have been de-
signed, one of which is difluoromethylornithine
(DFMO). DFMO is relatively inert in solution. When it
binds to ornithine decarboxylase, however, the enzyme
is quickly inactivated (Fig. 3). The inhibitor acts by
providing an alternative electron sink in the form of
two strategically placed fluorine atoms, which are ex-
cellent leaving groups. Instead of electrons moving into
the ring structure of PLP, the reaction results in dis-
placement of a fluorine atom. The S of a Cys residue at
the enzyme’s active site then forms a covalent complex
with the highly reactive PLP-inhibitor adduct in an es-
sentially irreversible reaction. In this way, the inhibitor
makes use of the enzyme’s own reaction mechanisms
to kill it.

DFMO has proved highly effective against African
sleeping sickness in clinical trials and is now used to
treat African sleeping sickness caused by Trypanosoma
brucei gambiense. Approaches such as this show great
promise for treating a wide range of diseases. The
design of drugs based on enzyme mechanism and struc-
ture can complement the more traditional trial-and-
error methods of developing pharmaceuticals.
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FIGURE 22-31 Biosynthesis of nitric oxide. Both steps are catalyzed by nitric oxide synthase. The ni-

trogen of the NO is derived from the guanidinium group of arginine.

Arginine Is the Precursor for Biological Synthesis
of Nitric Oxide

A surprise finding in the mid-1980s was the role of nitric
oxide (NO)—previously known mainly as a component
of smog—as an important biological messenger. This
simple gaseous substance diffuses readily through mem-
branes, although its high reactivity limits its range of dif-
fusion to about a 1 mm radius from the site of synthesis.
In humans NO plays a role in a range of physiological
processes, including neurotransmission, blood clotting,
and the control of blood pressure. Its mode of action is
described in Chapter 12 (p. 446).

Nitric oxide is synthesized from arginine in an
NADPH-dependent reaction catalyzed by nitric oxide
synthase (Fig. 22-31), a dimeric enzyme structurally
related to NADPH cytochrome P-450 reductase (see
Box 21-1). The reaction is a five-electron oxidation.
Each subunit of the enzyme contains one bound mole-
cule of each of four different cofactors: FMN, FAD,
tetrahydrobiopterin, and Fe®* heme. NO is an unstable
molecule and cannot be stored. Its synthesis is stimu-
lated by interaction of nitric oxide synthase with Ca®*-
calmodulin (see Fig. 12-11).

SUMMARY 22.3 Molecules Derived from
Amino Acids

= 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.

m Bacteria synthesize D-amino acids from L-amino
acids in racemization reactions requiring pyridoxal

phosphate. D-Amino acids are commonly found in
certain bacterial walls and certain antibiotics.

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

= Arginine is the precursor of nitric oxide, a biological
messenger.

22.4 Biosynthesis and Degradation
of Nucleotides

As discussed in Chapter 8, nucleotides have a variety of
important functions in all cells. They 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, as well as of
activated biosynthetic intermediates such as UDP-
glucose and CDP-diacylglycerol. Some, such as cAMP
and cGMP, are also cellular second messengers.

Two types of pathways lead to nucleotides: the de
novo pathways and the salvage pathways. De novo
synthesis of nucleotides begins with their metabolic pre-
cursors: amino acids, ribose 5-phosphate, CO5, and NHs.
Salvage pathways recycle the free bases and nucleo-
sides released from nucleic acid breakdown. Both types
of pathways are important in cellular metabolism and
both are discussed in this section.

The de novo pathways for purine and pyrimidine
biosynthesis seem to be nearly identical in all living or-
ganisms. Notably, the free bases guanine, adenine,
thymine, cytidine, and uracil are not intermediates in
these pathways; that is, the bases are not synthesized
and then attached to ribose, as might be expected. 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 required in nucleic acid synthe-
sis. Although the free bases are not intermediates in the
de novo pathways, they are intermediates in some of the
salvage pathways.

Several important precursors are shared by the de
novo pathways for synthesis of pyrimidines and purines.
Phosphoribosyl pyrophosphate (PRPP) is important in
both, and in these pathways the structure of ribose is
retained in the product nucleotide, in contrast to its fate in
the tryptophan and histidine biosynthetic pathways dis-
cussed earlier. An amino acid is an important precursor in
each type of pathway: glycine for purines and aspartate
for pyrimidines. Glutamine again is the most important
source of amino groups—in five different steps in the de
novo pathways. Aspartate is also used as the source of an
amino group in the purine pathways, in two steps.

Two other features deserve mention. First, there is
evidence, especially in the de novo purine pathway, that
the enzymes are present as large, multienzyme com-
plexes in the cell, a recurring theme in our discussion of
metabolism. Second, the cellular pools of nucleotides
(other than ATP) are quite small, perhaps 1% or less of
the amounts required to synthesize the cell's DNA.
Therefore, cells must continue to synthesize nu-
cleotides during nucleic acid synthesis, and in some
cases nucleotide synthesis may limit the rates of DNA
replication and transcription. Because of the impor-
tance of these processes in dividing cells, agents that in-
hibit nucleotide synthesis have become particularly
important in medicine.

We examine here the biosynthetic pathways of
purine and pyrimidine nucleotides and their regulation,
the formation of the deoxynucleotides, and the degrada-
tion of purines and pyrimidines to uric acid and urea. We
end with a discussion of chemotherapeutic agents that
affect nucleotide synthesis.

De Novo Purine Nucleotide Synthesis
Begins with PRPP

The two parent purine nucleotides of nucleic acids are
adenosine 5’-monophosphate (AMP; adenylate) and
guanosine 5’-monophosphate (GMP; guanylate), contain-
ing the purine bases adenine and
guanine. Figure 22-32 shows
the origin of the carbon and ni-
trogen atoms of the purine ring
system, as determined by John
Buchanan using isotopic tracer
experiments in birds. The de-
tailed pathway of purine biosyn-
thesis was worked out primarily
by Buchanan and G. Robert
Greenberg in the 1950s.

In the first committed step of
the pathway, an amino group

John Buchanan
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FIGURE 22-32 Origin of the ring atoms of purines. This information
was obtained from isotopic experiments with '*C- or '°N-labeled pre-
cursors. Formate is supplied in the form of N'%-formyltetrahydrofolate.

donated by glutamine is attached at C-1 of PRPP (Fig.
22-33). 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 struc-
ture. The pathway described here is identical in all
organisms, with the exception of one step that differs in
higher eukaryotes as noted below.

The second step is the addition of three atoms from
glycine (Fig. 22-33, step 2)). An ATP is consumed to ac-
tivate the glycine carboxyl group (in the form of an acyl
phosphate) for this condensation reaction. The added
glycine amino group is then formylated by N'*-formylte-
trahydrofolate (step (3)), and a nitrogen is contributed
by glutamine (step (4)), before dehydration and ring clo-
sure yield the five-membered imidazole ring of the
purine nucleus, as 5-aminoimidazole ribonucleotide
(AIR; step 5)).

At this point, three of the six atoms needed for the
second ring in the purine structure are in place. To
complete the process, a carboxyl group is first added
(step 6)). This carboxylation is unusual in that it does
not require biotin, but instead uses the bicarbonate gen-
erally present in aqueous solutions. A rearrangement
transfers the carboxylate from the exocyclic amino
group to position 4 of the imidazole ring (step (7,). Steps
{(6,and (7 are found only in bacteria and fungi. In higher
eukaryotes, including humans, the 5-aminoimidazole ri-
bonucleotide product of step (5)is carboxylated directly
to carboxyaminoimidazole ribonucleotide in one step in-
stead of two (step 6a). The enzyme catalyzing this re-
action is AIR carboxylase.

Aspartate now donates its amino group in two steps
(8 and (9)): formation of an amide bond, followed by
elimination of the carbon skeleton of aspartate (as
fumarate). (Recall that aspartate plays an analogous
role in two steps of the urea cycle; see Fig. 18-10.) The
final carbon is contributed by N 10-formyltetrahydrofo—
late (step 40), and a second ring closure takes place to
yield the second fused ring of the purine nucleus (step
@). The first intermediate with a complete purine ring
is inosinate (IMP).
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FIGURE 22-33 De novo synthesis of purine nucleotides: construction
of the purine ring of inosinate (IMP). Each addition to the purine ring
is shaded to match Figure 22-32. After step @, R symbolizes the
5-phospho-b-ribosyl group on which the purine ring is built. Formation
of 5-phosphoribosylamine (step j/) is the first committed step in
purine synthesis. Note that the product of step j%_)/, AICAR, is the rem-
nant of ATP released during histidine biosynthesis (see Fig. 22-20, step

(5) Abbreviations are given for most intermediates to simplify the
naming of the enzymes. Step (6a is the alternative path from AIR to
CAIR occurring in higher eukaryotes.
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FIGURE 22-34 Biosynthesis of
AMP and GMP from IMP.

As in the tryptophan and histidine biosynthetic
pathways, the enzymes of IMP synthesis seem to be or-
ganized as large, multienzyme complexes in the cell.
Once again, evidence comes from the existence of single
polypeptides with several functions, some catalyzing
nonsequential steps in the pathway. In eukaryotic cells
ranging from yeast to fruit flies to chickens, steps (1), 3,
and (5 in Figure 22-33 are catalyzed by a multifunc-
tional protein. An additional multifunctional protein cat-
alyzes steps 10 and 1. In humans, a multifunctional
enzyme combines the activities of AIR carboxylase and
SAICAR synthetase (steps6a and (8)). In bacteria, these
activities are found on separate proteins, but the pro-
teins may form a large noncovalent complex. The chan-
neling of reaction intermediates from one enzyme to the
next permitted by these complexes is probably espe-
cially important for unstable intermediates such as 5-
phosphoribosylamine.

Conversion of inosinate to adenylate requires the
insertion of an amino group derived from aspartate
(Fig. 22-34); this takes place in two reactions similar
to those used to introduce N-1 of the purine ring (Fig.
22-33, steps (8)and (9)). A crucial difference is that GTP
rather than ATP is the source of the high-energy phos-
phate in synthesizing adenylosuccinate. Guanylate is
formed by the NAD " -requiring oxidation of inosinate at
C-2, followed by addition of an amino group derived
from glutamine. ATP is cleaved to AMP and PP; in the
final step (Fig. 22-34).

Purine Nucleotide Biosynthesis Is Regulated
by Feedback Inhibition

Three major feedback mechanisms cooperate in regu-
lating the overall rate of de novo purine nucleotide
synthesis and the relative rates of formation of the two
end products, adenylate and guanylate (Fig. 22-35).
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FIGURE 22-35 Regulatory mechanisms in the biosynthesis of adenine
and guanine nucleotides in E. coli. Regulation of these pathways differs
in other organisms.

The first mechanism is exerted on the first reaction
that is unique to purine synthesis: transfer of an amino
group to PRPP to form 5-phosphoribosylamine. This
reaction is catalyzed by the allosteric enzyme
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glutamine-PRPP amidotransferase, which is inhibited
by the end products IMP, AMP, and GMP. AMP and
GMP act synergistically in this concerted inhibition.
Thus, whenever either AMP or GMP accumulates to
excess, the first step in its biosynthesis from PRPP is
partially inhibited.

In the second control mechanism, exerted at a later
stage, an excess of GMP in the cell inhibits formation of
xanthylate from inosinate by IMP dehydrogenase, with-
out affecting the formation of AMP (Fig. 22-35). Con-
versely, an accumulation of adenylate inhibits formation
of adenylosuccinate by adenylosuccinate synthetase,
without affecting the biosynthesis of GMP. In the third
mechanism, GTP is required in the conversion of IMP to
AMP, whereas ATP is required for conversion of IMP to
GMP (Fig. 22-34), a reciprocal arrangement that tends
to balance the synthesis of the two ribonucleotides.

The final control mechanism is the inhibition of
PRPP synthesis by the allosteric regulation of ribose
phosphate pyrophosphokinase. This enzyme is inhibited
by ADP and GDP, in addition to metabolites from other
pathways for which PRPP is a starting point.

Pyrimidine Nucleotides Are Made from Aspartate,
PRPP, and Carbamoyl Phosphate

The common pyrimidine ribonucleotides are cytidine
5’'-monophosphate (CMP; cytidylate) and uridine 5'-
monophosphate (UMP; uridylate), which contain the
pyrimidines cytosine and uracil. De novo pyrimidine
nucleotide biosynthesis (Fig. 22-36) proceeds in a
somewhat different manner from purine nucleotide
synthesis; the six-membered pyrimidine ring is made
first and then attached to ribose 5-phosphate. Re-
quired in this process is carbamoyl phosphate, also an
intermediate in the urea cycle (see Fig. 18-10). How-
ever, as we noted in Chapter 18, in animals the car-
bamoyl phosphate required in urea synthesis is made
in mitochondria by carbamoyl phosphate synthetase
I, whereas the carbamoyl phosphate required in
pyrimidine biosynthesis is made in the cytosol by a
different form of the enzyme, carbamoyl phosphate
synthetase II. In bacteria, a single enzyme supplies
carbamoyl phosphate for the synthesis of arginine
and pyrimidines. The bacterial enzyme has three sep-
arate active sites, spaced along a channel nearly 100
A long (Fig. 22-37). Bacterial carbamoyl phosphate
synthetase provides a vivid illustration of the chan-
neling of unstable reaction intermediates between ac-
tive sites.

FIGURE 22-36 De novo synthesis of pyrimidine nucleotides:
biosynthesis of UTP and CTP via orotidylate. The pyrimidine is con-
structed from carbamoyl phosphate and aspartate. The ribose 5-
phosphate is then added to the completed pyrimidine ring by orotate
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phosphoribosyltransferase. The first step in this pathway (not shown
here; see Fig. 18-11a) is the synthesis of carbamoyl phosphate from
CO, and NHj, catalyzed in eukaryotes by carbamoyl phosphate
synthetase .



