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Preface

1 am probably biased, because it is my specialist field of research, but 1
consider that the metabolism of amino acids is one of the more fascinating
areas of biochemistry. While there are a number of specialist reference works
that cover the field in an encyclopaedic manner, and reviews frequently
appear in the various secondary journals, these are generally directed at the
specialist research worker, and are more detailed than a student would want,
or need, to read. At the same time, the coverage of amino acid metabolism
in most undergraduate text-books of biochemistry is necessarily brief. I have
written this book in the hope of filling the gap and providing a book that
will be useful to both undergraduate and post-graduate students.

Because this is a book on a specialized aspect of biochemistry, it does
not contain very much general biochemistry—1 have assumed that read-
ers will have a general understanding and knowledge of the principles of
enzymology, metabolic biochemistry and molecular biology. An appropri-
ate level of knowledge would be that of the final year undergraduate in a
British Honours B.Sc. course, or a post-graduate student taking a Master’s
degree.

Comparative studies of biochemistry aid our understanding of evolution
and the differentiation of species, but in general the major interest of bio-
chemistry lies in its application to clinical and veterinary medicine, agri-
culture and, increasingly, to the industrial synthesis of a wide variety of
compounds ranging from detergents and artificial sweeteners to drugs and
pesticides. Through the history of biochemistry a number of different or-
ganisms have been studied for various reasons: yeasts have an obvious com-
mercial importance; fungi such as Neurospora crassa are easy to maintain
in culture; Escherichia coli is a convenient bacterium which is not particu-
larly pathogenic; the rat is widely used as a conveniently small and friendly
mammal; and more recently a number of human cell lines (mostly derived
from tumours) have been used. We hope that the biochemistry we study in
these different systems is sufficiently close to normal human biochemistry to
permit us to make useful extrapolations from the laboratory to the human
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situation. To a great extent this hope is justified. Where the biochemistry of
bacteria, parasites and tumours differs from that of man and his crops and
domestic animals, we have a key to controlling and treating disease.

1 have attempted in this book not only to give an insight into the fas-
cinating area of amino acid biochemistry, but also to indicate where the
information is of relevance to the solution of human problems. I hope that
I have shown that the study of basic biochemistry is not merely academic
self-indulgence, but is justifiable in the terms of the most rigorous criteria
of relevance and economic necessity.

1 hope that I have steered the correct course between rigorous systematic
nomenclature and common usage, and that the trivial names I have used are
acceptable. I have avoided undefined abbreviations other than those which
journals such as the Biochemical Journal permit without definition. The
references I have cited are not intended to be exhaustive, but are to key
papers ‘and reviews that should give the reader ready access to the literature.

In the decade that has elapsed since the first edition of this book was
written, the major advances in metabolic biochemistry have been in our
understanding of the mechanisms of enzymic catalysis and regulation. 1 hope
that 1 have done justice to these advances in this second edition, and that
this book will prove useful to students and research workers alike.

August 1984 DAVID A. BENDER



Contents

Preface

Chapter 1: Nitrogen Metabolism .

The assimilation of inorganic nitrogen

Nitrogen fixation .
Nitrogenase

The assimilation of mtrate and mmte
Denitrification reactions .

The assimilation of ammonia
Reductive amination .
The formation of amino acid amldes .

The synthesis of pyrimidine and purine nucleoudes

Pyrimidine synthesis
Purine synthesis
Purine catabolism and salvage
Gout and the Lesch-Nyhan syndrome
The excretion of nitrogenous waste . .
The formation of ammonia from amino ac1ds .
The toxicity of ammonia
End-products of nitrogen metabohsm
" The synthesis of urea .

Inborn errors of metabolism affecung the urea synthesns

cycle .
The entero-hepatic c1rculatlon of urea
Other nitrogenous compounds in human urine

Chapter 2: Nitrogen Balance and Protein Turnover: Amino

Acids in Mammalian Nutrition .

Nitrogen balance .
Proteolysis .

vii

bk

0 00 OO\ = =

10

13
15
18
18
22
22
25
27
29

32
34
35

39

39
43



viii

The intracellular catabolism of proteins .
Lysosomal autophagy . .
Non-lysosomal ATP-dependent proteases .
Protein carboxyl methylation .
Active site proteolysis of apo-enzymes
Protein nutrition . . .
Essential and non- essenttal amino ac1ds .
Protein nutritional value
Protein (chemical) score . .
Biological methods of determmmg protem quallty .
Protein requirements
Protein-energy nutrition
Amino acid imbalance and antagomsm
Measurement of whole body protein turnover .

Isotopic methods for determining rates of protein turnover .

Urinary excretion of 3-methylhistidine
Responses to fasting and food intake .
Inter-organ metabolism of amino acids
The glucose-alanine cycle .

Chapter 3: The Transport of Amino Acids Across Membranes

Intestinal transport of amino acids and peptides .
Renal transport of amino acids
Cystinuria .
Hartnup disease .
Methods of studying renal amino ac1d transport .
In vivo studies
In vitro studies .
Blood-brain barrier transport of amino acnds .
The uptake of tryptophan into the brain and other tlssues
The enzymology of amino acid transport

Chapter 4: The Role of Vitamin B4 in Amino Acid Metabolism

The metabolism of vitamin By .

Enzymic reactions involving vitamin B,
a-Decarboxylation .
Racemization of the amino acnd substrate .
Transamination
Side-chain elimination and replacement reactlons

Serine dehydratase and tryptophan synthetase .

Pyruvate-containing bacterial enzymes

Regulation of the activity of pyridoxal phosphate dependent

enzymes in vivo

Vitamin B¢ dependency .

44
44
45
45
45
46
46
47
47
49
49
50
51
52
52
56
56
59
59

63

63
66
66
67
67
68
68
68
70
70

75

76
78
82
82
83
85
86
87

88
90



Chapter 5:  Glycine, Serine, Threonine and the ‘One Carbon’ Pool

The interconversion of serine and glycine .
Aldolases: serine hydroxymethyltransferase
The glycine cleavage system . .

Other pathways of glycine catabolism
Interconversion between glycine and glyoxylate
The amino-acetone pathway .

Porphyrin synthesis .

The deamination of serine and lhreomne

The biosynthesis of serine .

The metabolism of one carbon compounds
S -Adenosylmethionine
Folic acid . .

Deficiency of fohc ac1d and vitamin B]')

The phospholipid bases .

Protein carboxyl methylation

Chapter 6: Amino Acids Synthesized from Glutamate:
Proline, Ornithine and Arginine

Glutamine and glutamine synthetase
~v-Aminobutyrate (GABA) .
Alternative pathways of GABA synthesns
From arginine Ce e
From ornithine .
5-Oxoproline (pyroglutamic acnd)
«-Carboxyglutamate .
Proline .
The mterconversnon of glutamate and prolme . e
Hydroxyproline . . . S
Proline and lysine hydroxylases
Ornithine, citrulline and arginine
Muscle phosphagens
Arginine catabolism
The diamines and polyammes ..
The biosynthesis of the diamines and polyammes
Catabolism of the polyamines and diamines .

Chapter 7:  Amino Acids Synthesized from Aspartate: Lysine,
Methionine (and Cysteine) and Threonine .

The common metabolic pathway . .
Lysine . e e e e e e e
Bacterial blosymhesxs of lysme the dlamlnoplmehc acid
pathway .

ix

95

96

96

99
101
101
103
103
108
109
110
111
111
114
115
116

119

120
121
123
123
123
124
125
127
127
129
131
134
136
138
138
140
143

146

146
149

149



Lysine biosynthesis in yeasts and fungi: the a-aminoadipic
acid pathway .
Lysine catabolism . . . . . . . . .
Bacterial and fungal catabolism of lysme
Mammalian catabolism of lysine .

The role of lysine in the cross-linkage of collagen and elastm .

Carnitine .
Methionine and cysteme . .
Biosynthesis in plants and micro- orgamsms .

The catabolism of methionine and the biosynthesis of cysteme

Taurine
Selenocysteine e
Glutathione . . . . . . . . ..

Chapter 8: The Branched-chain Amino Acids: Leucine, Isoleucine
and Valine . . . . . . . .

Biosynthesis of the branched-chain amino acids
Isoleucine and valine . . . . . . . . .
Leucine . . . . . . . . . ... ..

Catabolism of the branched cham amino acnds
Leucine . . . . . . . . . . .. ..
Isoleucine . . . . . . . . . . . ..
Valine .

Chapter 9: Histidine . . . . . . . . . .

Biosynthesis of histidine .
Genetic control of histidine blosymhesm in Salmonella
typhimurium .o L

Histidine catabolism . . . . . . . .

Histamine .

Histidine-containing peptxdes carnosine, anserine and

homocarnosine .

Chapter 10: The Aromatic Amino Acids: Phenylalanine,
Tyrosine and Tryptophan .

The synthesis of aromatic amino acids -
The common pathway of aromatic biosynthesis .
Phenylalanine and tyrosine synthesis from chorismic ac1d
Tryptophan synthesis from chorismic acid .
The metabolism of phenylalanine and tyrosine in mammals .
Phenylalanine hydroxylase . .
Tyrosine catabolism . . . . . . .

149
152
152
156
157
159
162
162
165
169
170
171

178

176
176
178
180
182
186
186

188
188

191
192
196

199

201

201
201
204
206
208
208
211



The catecholamines: dopamine, noradrenaline and adrenaline .

Melanin . . . . . . . . . .. ...
Thyroxine and tri- 10dothyromne e

The metabolism of tryptophan . . .
The kynurenine pathway and NAD syntheSIS .
Indoleacetic acid (auxin) formation . . . . .
5-Hydroxytryptamine (serotonin)
Bacterial metabolism of tryptophan

Appendix I: The Amino Acids .
Appendix II: Inborn Errors of Amino Acid Metabolism

Index

xi

213
217
219
221
221
229
230
232

235

240

246



CHAPTER 1

Nitrogen Metabolism

Antoine Lavoisier gave the name ‘azote’ to the gas nitrogen when he discov-
ered it in 1787, meaning ‘without life’, because of both its lack of chemical
reactivity and its inability to support life. Nevertheless, the metabolism of
nitrogenous compounds is central to the metabolic processes of all living
organisms.

Micro-organisms and plants are capable of using simple inorganic ni-
trogen compounds such as nitrogen gas, ammonia, nitrites and nitrates,
and incorporating these into such organic compounds as amino acids,
purine and pyrimidine nucleotides, amino sugars and a variety of co-
factors and coenzymes that are vitamins for animals. Animals are not
able to make use of inorganic nitrogen compounds to any significant ex-
tent, but must receive organic nitrogen compounds in the diet. These
are taken in largely as proteins, although dietary nucleic acids and other
organic nitrogenous compounds can also be used to a greater or lesser
extent. Ruminants are able to make use of inorganic sources of nitro-
gen, indirectly, because of their large intestinal population of commen-
sal bacteria. This is economically important, since chemically synthesized
urea fed to ruminants releases large amounts of more expensive protein-
rich oil-seed cake and single cell proteins for consumption by man and
monogastric livestock. The waste products of nitrogen metabolism excreted
by animals are generally relatively simple organic compounds (urea or
purines), together with moderate amounts of ammonia and other inorganic
salts.

Thus, nitrogen metabolism can be seen as a cyclic process, with the fixation
of nitrogen gas into a usable form (ammonium ions) by micro-organisms,
the assimilation of this into organic compounds by micro-organisms and
plants, the interconversion of these primary nitrogenous compounds into
the variety of metabolites required by micro-organisms, plants and animals,
and finally the excretion of waste products of nitrogen metabolism, and
their further catabolism to ammonia, nitrites and nitrates and even back to
nitrogen gas, by chemo-autotrophic micro-organisms. This is the ‘nitrogen
cycle’, shown in Figure 1.1.
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Figure 1.1. The nitrogen cycle
THE ASSIMILATION OF INORGANIC NITROGEN

Nitrogen fixation

The N =N bond is extremely resistant to chemical attack, with a bond en-
ergy of 0.94 MJ (225 kcal) per mol. This stable bond must be broken before
any metabolic use can be made of gaseous nitrogen, which makes up some
78% of the atmosphere. Chemically the bond can be broken for example
by burning magnesium in air, when small amounts of magnesium nitride
are formed, as well as the oxide, or by catalytic reduction with hydrogen at
a temperature in excess of 300 °C and under several hundred atmospheres
pressure—the Haber-Bosch chemical fixation of nitrogen which is the basis
of the synthetic fertilizer industry.

The overall fixation of nitrogen into soluble ammonium salts, nitrites and
nitrates, by all means, is of the order of 10°-10'" tonnes per year. About
2x 107 tonnes are accounted for by chemical reduction, and a further 5% 10’
to 50x 107 tonnes by the formation in the atmosphere of oxides of nitro-
gen, which are washed into soil and water as nitrites and nitrates, While
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most of this atmospheric oxidation is natural, the result of lightning, the
contribution made by high compression internal combustion engines can-
not be ignored. It has been estimated that in the United States as much
as 3X 10° tonnes of nitrogen may be fixed by automobiles, compared with
about 8 X 10° tonnes from the American fertilizer industry. The remaining
9x 10’ tonnes of nitrogen fixed annually is the result of bacterial action.

The only organisms capable of fixing nitrogen from the atmosphere into
forms that can be used by other organisms are the relatively primitive
prokaryotic bacteria and some of the blue-green algae. Most studies of ni-
trogen fixation have been carried out using free-living organisms, because
their system is less complex, and more amenable to investigation, than those
of the photosynthetic organisms or the plant—micro-organism symbionts.
However, these latter two groups of organisms make a greater contribution
to nitrogen ecology than do free-living nitrogen fixers.

Table 1.1. Some organisms capable of fixing nitrogen

Free-living organisms

Obligate aerobic heterotrophs Azotobacter and Mycobacterium spp.
Facultative anaerobic heterotrophs Klebsiella pneumoniae

Bacillus polymyxa
Obligate anaerobic heterotrophs Clostridium pasteurianum

Clostridium butyricum

Facultative anaerobic photo-autotrophs Rhodospirillum rubrum
Rhodopseudomonas palustris

Obligate anaerobic photo-autotrophs Chromatium spp.
Chlorobium spp.
Aerobic photo-autotrophs Blue-green algae, including

Anabena, Nostoc and Plecionema

Symbiotic associations
Blue-green algae with Fungi (the lichens)
Liverworts
Azolla and tropical grasses

Bacterial symbionts with higher plants  Klebsiella in leaf nodules
Azotobacter in roots and leaves
Rhizobium in legume root nodules
Frankia in non-legume root nodules

Nitrogen fixation is found in organisms occupying a wide variety of eco-
logical niches, as can be seen in the list in Table 1.1. Both obligate anaer-
obes (e.g. Clostridium pasteurianum) and obligate aerobes (e.g. Azotobacter
vinelandii) as well as facultative anaerobes such as Klebsiella pneumoniae
among the heterotrophic bacteria, and a number of autotrophic (photosyn-
thetic) bacteria, including Rhodospirillum rubrum and Chromatium species,
can be classed together as free-living nitrogen fixing organisms. By means
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of bacterial mating and bacteriophage transduction it has also been possi-
ble to transfer the genetic information for nitrogen-fixation (the nif gene)
from Klebsiella pneumoniae into the free-living Escherichia coli (Dixon and
Postgate, 1972).

A number of plant-bacteroid symbiont pairs are also capable of fixing
nitrogen. The best known is the association between leguminous plants
and bacteroids of the genus Rhizobium, but a number of other organisms,
which have been assigned the genus Frankia, form associations with non-
leguminous plants. Organisms of these two genera are not capable of in-
dependent existence, but are obligate symbionts. By contrast, a number of
other organisms (e.g. Azotobacter spp.) and blue-green algae, although they
are capable of independent existence, frequently form symbiotic associations
in leaf nodules of higher plants or around the roots of water plants. The asso-
ciation of Azotobacter paspulum with tropical grasses may contribute more
than 100 kg of nitrogen per hectare per year, and the symbiotic blue-green
algae in rice paddies may fix up to 20 kg per hectare per year. Legumes
make a greater contribution to nitrogen ecology; the association of Rhizo-
bium in the root nodules of alfalfa may fix up to 500 kg of nitrogen per
hectare annually. One of the aims of much current plant research is to
encourage the formation of nitrogen-fixing symbiotic associations between
suitable organisms and temperate and sub-tropical cereal plants such as
wheat, barley, millet, etc.; this would have obvious economic and agricultural
advantages.

There are three essential components for nitrogen fixation: the enzyme
nitrogenase, which reduces nitrogen to ammonia; a source of reductant for
the reaction and an electron carrier to couple the reductant with the enzyme.
A relatively large amount of ATP is also required. In vitro 15 mol of ATP
are required per mol of nitrogen reduced, and in vivo the requirement may
be higher. In Clostridium as much as 30% of the metabolic energy derived
from fermentation may be used for nitrogen fixation.

The electron carrier for nitrogen reduction is frequently ferredoxin, the
iron-sulphur protein that is found in all photosynthetic organisms. Some
bacteria grown in iron-deficient media are capable of forming an alternative
electron carrier protein, flavodoxin, which contains flavin mononucleotide
rather than iron, and under similar conditions the blue-green algae form
phytoflavin, and Azotobacter forms azotoflavin. In photosynthetic organisms
the source of reductant for nitrogen fixation is the same photoreduction as
is used in carbon dioxide fixation, and reduced ferredoxin from a variety of
sources can be used as a reducing agent in cell-free preparations in the dark.
Plant ferredoxins will react with nitrogenase from bacteria, although plant
ferredoxin is a single electron carrier, while the bacterial protein carries two
electrons per molecule. The flavoproteins azotoflavin and flavodoxin have
also been shown to carry electrons between illuminated chloroplasts and
nitrogenase in vitro. In non-photosynthetic (heterotrophic) nitrogen-fixing
organisms, the reductant is frequently pyruvate, with oxidation linked to the
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reduction of ferredoxin or a flavoprotein rather than through lipoamide to
NAD, as occurs in other organisms.

Nitrogenase

Nitrogenase from various sources consists of two proteins, a small ferro-
protein and a larger protein containing both iron and molybdenum, to which
N; binds. Both proteins are essential for enzymic activity. They have been
purified from a number of sources since the original demonstration of ni-
trogen fixation in a cell-free preparation from Clostridium pasteurianum by
Carnahan and coworkers (1960). Although there are considerable species
differences, the components of nitrogenase from different species will fre-
quently combine to form active enzymes.

The reduction of N, to NHj is not the only reaction of nitrogenase. Indeed,
it has been suggested that the reduction of nitrogen was not its function in
the primitive organisms in which it evolved; in the ammonia-rich primaeval
seas such a reaction would have been superfluous, and it is more likely
that the most important reaction catalysed by nitrogenase was the reductive
detoxication of cyanide.

Nitrogenase also catalyses the reduction of acetylene to ethylene. While
the biological usefulness of the reaction is doubtful, it has been widely ex-
ploited as an extremely convenient and sensitive method of measuring the
activity of nitrogenase, since acetylene can readily be measured by gas chro-
matography. It also provides a specific test for the presence of nitrogenase,
since no other system capable of catalysing this reduction has been detected.
It is mainly on the basis of ethylene reduction that the presence of small
numbers of nitrogen-fixing organisms has been established among the hu-
man intestinal flora.

Nitrogenase is irreversibly inactivated by oxygen, and in all nitrogen-fixing
organisms other than obligate anaerobes there are systems to regulate the
activity of the enzyme in response to changes in Pop, .

In the obligate aerobe Azotobacter vinelandii, the enzyme undergoes a
conformational change to an inactive form which is also insensitive to oxy-
gen, as the P, rises. Azotobacter also has two distinct terminal cytochromes
in its electron transport chain, a conventional cytochrome a;/o, associated
with phosphorylation site 111, and an alternative, cytochrome a, which is not
associated with the phosphorylation of ADP to ATP. When the organism is
grown under conditions of high oxygen availability, the proportion of cy-
tochrome a, increases. This is believed to represent an oxygen scavenging
system, in that growth under conditions of high oxygen tension leads to in-
creased use of the electron transport chain with a P: O ratio of 2 rather than
3 for the oxidation of NADH—a partial uncoupling of electon transport and
phosphorylation to overcome respiratory control by the availability of ADP,
and so maintain the intracellular concentration of oxygen below the level at
which nitrogenase would be inactivated.



For the blue-green algae that fix nitrogen, the problem of oxygen inac-
tivation of nitrogenase is more complex, since they release oxygen during
photosynthesis. In the filamentous alga Anabena this has been overcome by
the development of specialized heterocysts along the algal filament. Nitrogen
fixation is limited to these heterocycts, which lack the oxygen-producing pho-
tosystem II, and have a highly reducing internal environment. The formation
of these heterocysts is inversely related to the availability of ammonium salts
in the culture medium.

The unicellular blue-green alga Plectonema, which can be either free-living
or symbiotic in the leaf cavities of the water fern Azolla, fixes nitrogen
only under conditions of low oxygen tension, and only when the level of
illumination is so low that photolysis of water cannot occur. Nitrogenase in
Plectonema undergoes a conformational change to a protected inactive form
under conditions of high oxygen tension, as does that from Azotobacter. The
symbiotic pair of Plectonema in the leaf cavities of Azolla can live entirely
without an exogenous source of fixed nitrogen, and makes a considerable
contribution to the fertility of rice paddies, and may add considerably to the
fixed nitrogen content of ponds and canals in temperate regions.

Legume root nodules containing symbiotic Rhizobium are aerobic, and
the nitrogenase, which is contained entirely in the bacteroids, must be pro-
tected from oxygen, while ensuring adequate penetration of oxygen to the
actively metabolizing tissue of the root. Leghaemogobin is a haemoglobin-
like protein in the root nodules; it both stimulates the nitrogenase activity
of the bacteroids and increases oxygen uptake by the nodules. In intact
nodules, nitrogenase is inhibited by carbon monoxide, while the enzyme
in isolated bacteroids is not; carbon monoxide pretreated leghaemoglobin
will not enhance the activity of isolated bacteroids as does the native pro-
tein. Therefore Bergerson et al. (1973) have suggested that the function
of leghaemoglobin in root nodules is to maintain a sufficiently low oxygen
tension around the bacteroids to allow nitrogen reduction, while ensuring
the transport of adequate amounts of oxygen to the remainder of the tis-
sue for normal metabolism to continue. The kinetics of the association of
leghaemoglobin with oxygen support this hypothesis.

The assimilation of nitrate and nitrite

Nitrates applied to the soil as fertilizer, or washed into the soil together
with nitrites formed by the atmospheric oxidation of nitrogen, are reduced
to ammonia before they are used by plants for amino acid synthesis. The
two enzymes involved, nitrate reductase (which forms nitrite) and nitrite re-
ductase (which forms ammonia), are widely distributed in plants and micro-
organisms.

The intermediate formation of nitrite from nitrates has given rise to con-
cern about pollution of drinking water supplies by nitrates used as fertiliz-
ers. Nitrite, either in the water or formed by intestinal bacteria, is capable



of combining irreversibly with haemoglobin to give the biologically inactive
methaemoglobin. Fetal haemoglobin (HbF) is especially sensitive to nitrite,
and methaemoglobinaemia resulting from nitrate in the drinking water and
some foods is a problem in some parts of the world. The presence of nitrites
in foods is also potentially hazardous, since under the acid conditions of the
stomach small amounts of carcinogenic nitrosamines may be formed by re-
action between nitrite and dietary amines. Nitrates do not present the same
hazard, since the reduction of nitrate to nitrite occurs by bacterial action in
the large intestine.

Nitrate reductase in plants is a molybdeno-flavoprotein which uses ferre-
doxin as the intermediate electron carrier from the photosynthetic light re-
action, which is the ultimate reductant for the reaction, coupled through
NAD or NADP.

The six-electron reduction of nitrite to ammonia occurs without any de-
tectable intermediates in algae and green tissues of higher plants. Nitrite
reductase is a ferro-protein in the chloroplasts; the photosynthetic light re-
action is again the source of reductant, and the reaction uses ferredoxin as
the electron carrier.

As well as using the photosynthetic light reaction as a source of reductant
for both nitrate and nitrite reductases, some plants show a requirement for
light for the synthesis of the enzymes. Etiolated rice seedlings require about
3 h after exposure to light before there is any detectable activity of either
enzyme. By contrast, seedlings that have been raised in the light and then
kept in the dark for up to 36 h show no such lag in the activation of the
reductases after exposure to light.

While photosynthetic organisms generally reduce nitrate and nitrite at the
expense of photosynthetically generated reductant to allow the incorporation
of inorganic nitrogen into tissue components, fungi and heterotrophic bacte-
ria use nitrate and nitrite as terminal electron acceptors under conditions of
low oxygen availability. The production of usable nitrogenous compounds
is coincidental.

In Klebsiella aerogenes, the same nitrate reductase can function either
aerobically for nitrogen assimilation, when the nitrite produced is further
reduced to ammonia, or anaerobically as a terminal electron acceptor, when
the nitrite accumulates. In anaerobic respiration cytochrome b is used as
the electron carrier, as in normal oxygen-terminated respiration in this or-
ganism, while in nitrate assimilation the cytochrome is not used, and the
reaction requires metabolic energy. Under aerobic conditions there is com-
petition between oxygen and nitrate for cytochrome b and the electrons
generated by substrate oxidation (van’t Riet e1 al., 1972).

In the mould Neurospora crassa, nitrate reductase is again an alternative to
oxygen as the termination of electron transport. The enzyme consists of two
proteins, a particulate molybdenum-containing protein which is constitu-
tive and a nitrate-inducible protein which solubilizes the particulate enzyme
and has NADPH-cytochrome ¢ reductase activity. The inducible protein will



