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Preface

The accelerating pace of present-day research in physiology
and biochemistry demands that our knowledge of a given area
be subjected to constant review. Such review probably serves
a threefold need: information on current progress for re-
search workers outside of the special area, education for new
investigators (such as graduate students) entering the area,
and re-examination of ideas for workers already in the area.
The present review concerns the chemical pathways of nitro-
gen metabolism in plants. In order that the review be adequate
(and still remain within the required limitations of space for
this monograph series), it has been necessary to limit the dis-
cussion strictly to an examination of our current knowledge of
the chemical pathways of cellular nitrogen metabolism. This
has required the exclusion of much excellent work on soil-
nitrogen relationships, the absorption and translocation of
nitrogenous substances, the chemistry of both common and
exotic nitrogenous compounds, and the influence of various
factors (such as virus infection) on nitrogen metabolism. Such
information is available in other reviews, however.

This review would not have been possible without the help
of many friends. The author wishes to express his appreciation
to them, and especially to his colleague, J. E. Varner, for
encouragement and aid during the preparation of the manu-
script.

Columbus, Ohio George Webster
January 20, 1958
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AMP
ADP
ATP
ASi
CoA
DNA
DPN
DPNH
E
FAD
FMN
GLU
GLU-NH,
SLU-P
P;
P-P;
RNA
TPN
TPNH

adenosine monophosphate

adenosine diphosphate

adenosine triphosphate

arsenate

coenzyme A

deoxyribonucleic acid
diphosphopyridine nucleotide
reduced diphosphopyridine nucleotide
enzyme

flavin adenine dinucleotide

flavin mononucleotide

glutamate

glutamine

glutamyl phosphate

orthophosphate

pyrophosphate

ribonucleic acid

triphosphopyridine nucleotide
reduced triphosphopyridine nucleotide
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Chapter 1

Introduction:
Nitrogen Nutrition

Our knowledge of nitrogen metabolism has developed
through several overlapping phases. The first phase encom-
passed the discovery and characterization of the common
nitrogenous constituents in plants. Subsequently, extensive
measurements were made of the manner in which these ni-
trogenous constituents vary under different experimental
conditions. In recent years, employment of the tools of the
biochemist and biophysicist (especially isotopic techniques)
has resulted in the characterization of many of the actual
chemical pathways involved in nitrogen metabolism. In some
cases the detailed chemical steps in the metabolism of a ni-
trogenous substance are known, and the enzymes catalyzing
each step have been isolated and characterized. In most
instances, however, only the general outline of a metabolic
sequence is apparent at present, and much interesting re-
search will be necessary before the metabolic pathway is
clarified. Although researches up to the present time have
shown many of the chemical pathways in nitrogen metab-
olism to be very complex, the rapid pace of present-day
research, together with the continual application of new re-
search techniques, leads one to expect that some knowledge
of the exact steps involved in most phases of nitrogen metab-
olism will be available in the forseeable future.

The known chemical pathways of plant nitrogen metab-
olism may be divided roughly into four areas: (a) the as-
similation of nitrogen, (b) the formation and interconversion
of amino acids, (¢) the synthesis of amides, peptides, and
other simple nitrogenous substances, and (d) the formation
and degradation of proteins and nucleic acids. In the follow-
ing pages, these pathways are summarized.
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NITROGEN NUTRITION

The first questions to be answered in a consideration of
nitrogen metabolism are: (a) what nitrogenous substances
can be assimilated by plants, and (b) what are the pathways
involved in the assimilatory process? The nitrogenous sub-
stances assimilated by plants can be divided into four major
classes: organic nitrogen, ammonia nitrogen, nitrate nitro-
gen, and molecular nitrogen. Although a few plants (certain
bacteria and algae) can assimilate all four forms of nitrogen,
the great majority can utilize only nitrate, ammonia, and
various forms of organic nitrogen (Table I). There is, how-
ever, a small group of plants capable ol using only ammonia
or organic nitrogen, and a further small number that can
utilize only certain forms of organic nitrogen (Robbins,
1937).

Metabolism of organic mitrogen compounds. The cred-
ibility of early claims of the utilization of organic nitrogen
compounds by plants is lessened by the lack of aseptic tech-
niques employed by the investigators. Obviously, if the or-
ganic compound were decomposed by micro-organisms to
nitrate or ammonia prior to its assimilation, the results
indicate nothing concerning the plant’s ability to use the
intact organic substance. Under aseptic conditions, in fact,
the growth of both excised tomato roots (White, 1937) and

TABLE 1
Utilization of Various Forms of Nitrogen by Plants!

Organic Ammonia Nitrate Molecular

Group Organism nitrogen nitrogen nitrogen nitrogen

I  Some fungi (Endomyces, Phyco- X
myces); some bacteria; and
some species of Euglena

II  Some fungi (Mucor, Rhizopus); X
some bacteria

III  Most bacteria, fungi, algae and X X X
higher plants

IV Some bacteria and blue-green al- X X X X
gae

1 Adapted from Robbins (1937).



INTRODUCTION: NITROGEN NUTRITION 3

cress roots (Andrus and Quastel, 1947) is inhibited by a
number of different amino acids. In the case of orchid em-
bryos (Spoerl, 1948), only arginine promotes growth, while
each of eighteen other amino acids is inhibitory. However,
Ghosh and Burris (1950), in an extensive study, found that
a wide variety of amino acids can be used by clover and by
tomato plants. Of these, alanine, arginine, asparagine, gluta-
mate, glycine, histidine, isoleucine, leucine, lysine, and phen-
ylalanine arc better nitrogen sources than ammonia for
clover. Alanine, asparagine, glutamate, histidine, and phen-
ylalanine are better than ecither ammonia or nitrate. In
tomato plants, a nuimber of amino acids are better nitrogen
sources than ammonia, but only glutamate is utilized more
readily than nitrate. In tobacco, nitrate and ammonia arc
superior to all organic nitrogen compounds that have been
examined. Ratner, et al. (1956) have found that corn and
sunflower plants can grow with glycine, aspartate, glutamate,
or argininc as their sole sources of nitrogen, but that none
of these substances is as effective as inorganic nitrogen. Lysinc
and alanine are used only poorly, while phenylalanine and
tyrosine inhibit growth. In contrast, Chlorella has been ob-
served to grow faster in the presence of scveral different
amino acids than with cither nitrate or ammonia (Ghosh and
Burris, 1950; Arnow, et al., 1953). It is evident from this
work that some plants can not only utilize amino acids as a
nitrogen source, but also that these amino acids are some-
times better nitrogen sources than ammonia or nitrate. Pre-
sumably, in most of these cases, the amino acid is absorbed
by the cells as such, and is simply fed into the metabolic
machinery of the cell. Virtanen and Linkola (1946) have
reported that aspartate and glutamate are taken up in intact
form and utilized as a nitrogen source by both peas and
clover. Ratner, et al. (1956) have found C!-tyrosine to be
taken up as a unit by corn and sunflower roots. Likewise,
when radioactive glutamate is given to bean seedlings, the
intact glutamate molecule cnters the cell and forms a pool
of free glutamate inside the cells (Webster, 1954). Evidently,
the glutamate is absorbed by the cells faster than it is metab-
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olized, as the glutamate eventually is found in glutamine,
glutathione, and protein. When radioactive aspartate is given
to lupine seedlings, a similar accumulation of free aspartate
in the cells takes place, although the greater portion of the
aspartate is converted to asparagine (Webster and Varner,
1955a). The subsequent utilization of these pools of free
glutamate and aspartate in various synthetic and degradative
processes (Webster, 1954; Webster and Varner, 1955a) leaves
little doubt that at least some plants can incorporate amino
acids directly into their metabolic pathways.

In the case of plant tissue cultures, a somewhat different
situation exists. Individual amino acids gencrally have no
promoting effect on growth. In fact, as mentioned earlier,
they often cause growth inhibition (White, 1937; Andrus and
Quastel, 1947; Riker and Gutsche, 1948). Mixtures of amino
acids, however, have been shown to enhance appreciably
the growth of cultures of several different tissues (Paris
and Duhamet, 1953; Straus and LaRue, 1954; Netien and
Beauchesne, 1954). The effectiveness of mixtures of amino
acids may be of considerable significance. The ability of
individual amino acids to be better nitrogen sources than
inorganic nitrogen is dependent upon two factors: (a) a faster
rate of absorption than inorganic nitrogen sources, and (b)
the availability of amino groups for transfer to other keto
acids faster than they can be transferred following assimila-
tion of inorganic nitrogen. It is not surprising, therefore,
that individual amino acids often fail to provide nitrogen
as effectively as ammonia or nitrate. In the case of amino
acid mixtures, however, the necessity for transfer of amino
groups no longer exists, provided all amino acids are taken
up readily by the cells, and thus such mixtures could well
serve as efficient sources of nitrogen. Unfortunately, extensive
studies on the relative efficiency of amino acid mixtures in
comparison with single amino acids have not been performed.
Likewise, little is known concerning the relative rates of
cellular absorption of amino acids and inorganic forms of
nitrogen.

In addition to studies with amino acids, many investiga-
tions on the utilization of organic nitrogen compounds have
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dealt with urea, which has been demonstrated to serve as a
nitrogen source for a large number of plants. Urea is ab-
sorbed as an intact molecule by bean plants, and forms a
pool of free urea in the cells before it is metabolized (Web-
ster, et al., 1955b). In some higher plants, urea may be hy-
drolyzed to carbon dioxide and ammonia (Hinsvark, et al.,
1953). Studies with C!4-urea in bean plants have shown that
the radioactive carbon is incorporated into many amino acids
and into protein in the same general pattern as is obtained
with C'*.carbon dioxide (Webster, et al., 1955b). Likewise,
the absorption of N%-urea results in an incorporation of N'¢
into amino and amide nitrogen in a fashion comparable with
that obtained with ammonia (Boynton, et al., 1953). The
possibility must not be overlooked, however, that the car-
bamyl group of urea is used directly, and there is some in-
direct evidence (Walker, 1952; Steward and Pollard, 1956)
that this is the case. This possibility requires further study.
In this connection, the recent findings of Slocum (1958)
on urease activity are of interest. It has been known for some
time that phosphate inhibits and arsenate promotes the ur-
ease-catalyzed hydrolysis of urea. Slocum allowed urease to
act on urea in the presence of phosphate or arsenate labeled
with oxygen-18. Under these circumstances, the carbon di-
oxide liberated from urea contained oxygen-18. The results
suggest that urease is capable of catalyzing the reactions:

urea + phosphate —— carbamyl phosphate 4 NH;
urea -} arsenate —— carbamyl arsenate + NH;

As carbamyl phosphate is probably more stable than carbamyl
arsenate, arsenate might well be expected to enhance urea
hydrolysis while phosphate inhibits hydrolysis. These inter-
esting experiments indicate that urease may catalyze some
carbamyl transfer reaction which is part of the normal ni-
trogen metabolism of the plant cell. The hydrolytic activity
of urease could result simply from its ability to transfer a
carbamyl group, much like the phosphatase activity of gly-
ceraldehyde phosphate dehydrogenase and the glutamyl
transfer ability of glutamine synthetase.
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Aside from amino acids and urea, most of the other organic
nitrogen compounds which have been examined are very
poor nitrogen sources for plants. The value of organic ni-
trogen compounds for normal plant nutrition, therefore,
would appear to be a function either of the ease with which
they can be decomposed to form ammonia, or of the efficiency
with which they can be incorporated into the normal meta-
bolic cycles of the plant cells.

Metabolism of ammonia. Our knowledge of the metabolic
fate of ammonia in cells has been aided immeasurably by
the use of isotopic N'"H, . Thus, Vickery, et al. (1940) dem-
onstrated that the nitrogen of N'"H, is incorporated by to-
bacco plants into amides, amino acids, and proteins. Similar
findings were reported by Hevesy, ¢t al. (1940) with sunflower
plants. These experiments were extended by MacVicar and
Burris (1948), who showed that glutamic and aspartic acids
become highly labeled with N3 from N'"H,. Their results
suggest that glutamate and aspartate are primary products of
the assimilation of ammonia by plants. In agreement with
these conclusions are the findings of Rautanen (1948) that
glutamate, aspartate, their amides, and alanine are the major
products of ammonia uptake.

The detailed manner in which all of these products are
formed is only partially understood at present. The extremely
high labeling of glutamate is almost certainly the result of
its direct production by the reductive amination of a-keto-
glutarate. The enzyme catalyzing this reaction, glutamic de-
hydrogenase, has been isolated from a number of plant
sources (Adler, et al., 1938; Damodaran and Nair, 1938;
Bulen, 1956), and the reaction shown to proceed as follows:

a-ketoglutarate + NH; 4+ DPNH 4+ H+ =
glutamate 4+ DPN+*+ + H,O

Glutamic dehydrogenase has been purified about forty-six-
fold from corn leaves by Bulen (1956). The enzyme is specific
for DPN, unlike the TPN-specific dehydrogenase from yeast
and bacteria, or the glutamic dehydrogenase of animals which
can use either coenzyme.
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The manner in which ammonia is incorporated into
aspartate is not so clear. Three possible pathways have been
suggested:

fumarate + NH; = aspartate €))
oxalacetate + NH; + DPNH (or TPNH) 4+ H+ = (b
aspartate + DPN+ 4+ H,O

oxalacetate 4+ glutamate = aspartate 4 a-ketoglutarate (c)

Virtanen and Tarnanen (1932) have found the enzyme, as-
partase, which catalyzes the direct amination of fumarate,
in seedlings and in leaves of green plants. The occurrence of
a reductive amination of oxalacetate has not been demon-
strated, but the recent finding of Zelitch (1957) of a DPN-
dependent deamination of aspartate in plants suggests the
presence of an aspartic dehydrogenase that may be similar
to glutamic dehydrogenase. The transfer of the amino group
of glutamate to oxalacetate by transamination has been
clearly demonstrated (Chapter 2). Thus, it is possible that
enzymes catalyzing all three activities may be present in
plants. The same degree of uncertainty holds true in the
case of alanine formation, where either a reductive amina-
tion of pyruvate or a transamination of pyruvate with glu-
tamate is possible. Such reactions have been reported to
occur in cell-free extracts of either higher plants or yeast
(Chapter 2).

The relative importance of these reactions to the cellular
assimilation of ammonia cannot be stated with certainty at
present. When N!-ammonia is taken up by cells, it is usu-
ally incorporated most readily into glutamate, followed by
its incorporation into aspartate and alanine. This could be
due to a vigorous amination of a-ketoglutarate concomitant
with less active aminations of oxalacetate and pyruvate. Al-
ternatively, the principal pathway of ammonia assimilation
could be chiefly or entirely through the formation of glu-
tamate, followed by the transfer of ammonia to other sub-
stances by transamination. The surprising number of sub-
stances that will undergo transamination with glutamate
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(Chapter 2) is in accord with this concept. Unequivocal evi-
dence for either of these possibilities is difficult to obtain.
However, Fincham (1950, 1951, 1954) has observed that two
strains of Neurospora crassa, which grow only very slowly on
ammonia, lack glutamic dehydrogenase. They also lack the
ability to form other «-amino acids from ammonia to any sig-
nificant extent, but apparently contain normal transamination
activities. Normal growth can be obtained by substituting glu-
tamate or, to a lesser extent, other amino acids, for ammonia.
These findings indicate that initial ammonia assimilation in
Neurospora proceeds almost entirely through the formation
of glutamate by glutamic dehydrogenase. It would not be
surprising if a similar situation exists in other plants.

Regardless of the relative importance of the pathways in-
volved, all evidence supports the aminative formation of
glutamate, and either the aminative or transaminative forma-
tion of aspartate and alanine as the chief means by which am-
monia is incorporated into the metabolic pathways of plant
cells (Figure 1).

Utilization of nitrate. Numerous investigations have es-
tablished that nitrate is reduced by plants to ammonia. For
example, Warburg and Negelein (1920) showed that incuba-
tion of Chlorella suspensions in nitrate resulted in a disap-

OXALACETATE > ASPARTATE
(OPNH?) \
i ARATE OXALACETATE
\
P
s KETOGLUTARATE GLUTAMATE
DPNH
PYRUVATE
/
PYRUVATE > ALANINE

(DPNH?)

Figure 1. Pathways of ammonia assimilation.
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pearance of nitrate and an accumulation of ammonia in the
surrounding medium. Similar results were subsequently ob-
tained with higher plants (Pearsall and Billimoria, 1937;
Rautanen, 1948). Both Delwiche (1951) and Mendel and
Visser (1951) have demonstrated that the nitrogen of N?5-
nitrate is readily converted to N*5-ammonia by various plants,
and that the distribution of N5 in different organic fractions
follows the same pattern regardless of whether N'-nitrate or
N'5-ammonia is given to the plant. The conversion is strictly
a reduction of nitrate to ammonia, however, as Delwiche
(1951) showed that N%-ammonia is not converted to N
nitrate. The mechanism by which nitrate is reduced to am-
monia has remained obscure for a long time. Meyer and
Schultze (1894) apparently first suggested the pathway might
be:

nitrate — nitrite — hyponitrite — hydroxylamine — ammonia

Until recently, evidence for the occurrence of this pathway,
or of any of the suspected intermediates was rather meager,
and rested principally on the detection of small quantities
of nitrite and hydroxylamine in plants (Lemoigne, et al.,
1936, 1937; Michlin, 1938; Virtanen and Ahrimo, 1939).

Nitrate reductase. Our knowledge of the actual mechanism
by which nitrate is reduced began with the isolation by
Evans and Nason (1952, 1953, 1954) of an enzyme from both
higher plants and Neurospora which catalyzes nitrate reduc-
tion by the following reaction:

NO;- 4+ TPNH + H* = NO,~ 4+ TPN* +4 H,O

Although the Neurospora enzyme is fairly specific for TPNH,
a soybean enzyme can use TPNH or DPNH equally well.
The reductase from each source has been purified some sixty-
to seventy-fold, and extensive studies have been made on the
properties of the isolated enzymes. Reductase activity has been
found in extracts of six other plant tissues in addition to
soybean and Neurospora. A specific DPNH-nitrate reductase
has been found in soybean nodules (Evans, 1954). The pyri-
dine nucleotide-nitrate reductase would seem, therefore, to
occur generally in plants.
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Aside from its probable importance to the cellular con-
version of nitrate to ammonia, the nitrate reductase itself
has many properties of interest. Analysis has shown the
enzyme to be a flavoprotein with flavin adenine dinucleotide
as the prosthetic group. The strong inhibitions of reductase
activity obtained with cyanide, azide, thiourea, o-phenanthro-
line, and 8-hydroxyquinoline suggest the involvement of a
metal in reductase action. Nicholas, Nason, and McElroy
(1954) have identified the metal as molybdenum. The ac-
cumulation of nitrate in plants suffering from molybdenum
deficiency (Anderson and Spencer, 1950; Hewitt and Jonecs,
1947; Wilson and Waring, 1948; Mulder, 1948) appears,
therefore, to be a direct reflection of decreased nitrate re-
ductase resulting from a deficiency of the essential metal
constituent.

The manner in which molybdenum acts in nitrate re-
duction is becoming clear. It has been suggested (McElroy
and Nason, 1954) that molybdenum acts as an electron carrier
between reduced FAD and nitrate in the following manner:

TPNH — FAD — MO — NO;~

Evidence in favor of this sequence has been provided by
Nicholas and Nason (1954). They find that the molybdenum-
free enzyme has lost its ability to catalyze the reduction of
nitrate by TPNH or reduced FAD, but will catalyze the
reduction of FAD by TPNH. Addition of molybdate restores
the lost abilities. That molybdenum acts as an electron carrier
is also indicated by the ability of chemically reduced molyb-
denum to serve as an electron donor for nitrate reduction in
the absence of TPNH or reduced FAD.

In addition to the involvement of FAD and molybdenum
in reductase activity, the enzyme also requires the presence
of free sulfhydryl groups. Nicholas and Nason (1954) have
found that the sulfhydryl groups are chiefly concerned with
the reduction of FAD by TPNH. They suggest the sulfhydryl
groups either function as electron carriers or are involved in
binding TPNH or FAD to the enzyme.

Nitrite reduction. In connection with their studies on
nitrate reductase, Evans and Nason (1953) showed that plant
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extracts catalyze a slow disappearance of nitrite in the pres-
ence of TPNH. This nitrite disappearance is inhibited some
80% by 0.001 M hydroxylamine. Vanecko and Varner (1955)
found that N¥-nitrite is reduced to amino nitrogen by intact
leaves in both light and darkness, the rate of reduction in
the light being ten to twenty times that in darkness. Their
results indicate that nitrite is reduced to the level of am-
monia, and are in accordance with the formulation:

2HNO, + 2H,0 — oNH, + 30,

where photochemical splitting of water provides the reducing
power for the reaction.

A purified nitrite reductasc has not yet been prepared, but
Nason, Abraham, and Averbach (1954) have prepared an
enzyme system from both Neurospora and soybean leaves
that converts nitrite to ammonia. The system can use either
DPNH or TPNH, and apparently is a flavoprotein. For each
mole of nitrite reduced, three moles of reduced pyridine
nucleotide are oxidized. Medina and Nicholas (1957; Nicho-
las, 1957) have reported that nitrite reduction requires both
iron and copper, and that hyponitrite is the product of the
reduction. In agreement with this, Frear (1955) has observed
that N'-hyponitrite can be reduced by plant preparations
to the level of ammonia. Furthermore, Medina and Nicholas
(1957) have found an enzyme in Neurospora crassa that will
reduce hyponitrite to hydroxylamine in the presence of
DPNH. The activity of the enzyme requires both iron and
copper, and is inhibited by metal chelating agents and by
sulfhydryl reagents. It is also inhibited by dinitrophenol.

Hydroxylamine reductase. The final step in the reduction
sequence suggested by Meyer and Schultze (1894) is the
reduction of hydroxylamine to ammonia. An enzyme catalyz-
ing this reaction has been found in both Neurospora (Zucker
and Nason, 1955) and higher plants (Frear and Burrell, 1955).
The reductase from Neurospora has been purified partially
and its activity studied in some detail. It catalyzes the re-
action:

NH,OH + DPNH + H* — NH; 4 DPN+ 4 H,O
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Present evidence indicates that hydroxylamine reductase, like
nitrate reductase, is a metallo-flavoprotein. Nicholas (1957)
has reported that the activity depends upon the presence of
manganese.

The above experiments on nitrate, nitrite, hyponitrite, and
hydroxylamine reduction all support the thesis that nitrate
reduction can proceed via these intermediates to ammonia,
and that such a sequence may be an important pathway of
nitrate reduction in plants. The possible existence of other
pathways must not be ignored, however. In addition to a
strictly inorganic pathway, it is possible that nitrogen, prob-
ably after the initial reduction of nitrate to some inter-
mediate, is conjugated with an organic molecule, and reduced
to the amino group level. For example, Virtanen and Ahrimo
(1939) have suggested that the pathway of hydroxylamine
reduction may not always proceed through the formation of
free ammonia. Instead, the following sequence is postulated:

NH,OH + a-keto acid — oxime — a-amino acid

Definitive evidence for this pathway is not available, how-
ever. Studies on nitrate reduction by a series of Neurospora
mutants (Silver and McElroy, 1954; McElroy and Spencer,
1956) support the view that nitrate reductase is operative
in the normal pathway of nitrate reduction, but that free
hyponitrite and hydroxylamine may not be on the principal
pathway of nitrite reduction. Instead, the Neurospora studies
are in agreement with the pathway of hydroxylamine reduc-
tion presented below, which involves pyridoxal:

pyridoxal phosphate 4+ NH,;OH — pyridoxal phosphate oxime
pyridoxal phosphate oxime — pyridoxamine phosphate
pyridoxamine phosphate 4 a-keto acid —
pyridoxal phosphate 4+ amino acid
It is possible that any or all of the above pathways are opera-
tive in different plants, but their acceptance must await

critical experiments, both with mutants and with appropriate
isotopic techniques.
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Effect of various factors on the assimilation of nitrate and
ammonia. A huge literature has grown up over the years
concerning the effects of various environmental conditions
on nitrogen assimilation by plants. Many of the observations
concern effects on the availability of various nitrogen sources
in the soil. These will not be discussed here as they have
been reviewed so thoroughly by Nightingale (1937, 1948).
A second class of environmental factors affect nitrogen as-
similation by affecting respiration. As is the case with other
ions, the accumulation of nitrate and ammonia by roots is
dependent upon respiratory energy. Therefore, any factor
which influences respiration (oxygen tension, tempcrature,
carbohydrates, respiratory inhibitors, etc.) also influences the
metabolism of nitrate and ammonia in an explainable man-
ner.

Nitrate and ammonia, however, differ markedly in their
response to certain environmental factors. For example, the
pH of the nutrient medium exerts a considerable influence
on the relative utilization of nitrate and ammonia. In gen-
eral, a low pH favors nitrate uptake, while a high pH favors
the uptake of ammonia (Arrington and Shive, 1935). The
age of the plant also influences nitrogen assimilation. Thus,
rice utilizes ammonia, but can utilize nitrate only very poorly
when young. However, rice gains the ability to assimilate
nitrate when mature (Bonner, 1946). Likewise, both wheat
and oat seedlings assimilate ammonia better than nitrate, but
attain the ability to assimilate nitrate equally well upon
maturation (Theelin and Beaumont, 1934; Sessions and Shive,
1933).

Depending upon the plant, either ammonia or nitrate can
be absorbed faster than it is assimilated. For example, 56%
of the total nitrogen of Amaranthus and 80% of the soluble
nitrogen of celery have been reported to be in the form of
nitrate. Ammonia often is stored in plants with acid sap in
the form of the ammonium salts of organic acids. Begonia
leaves, in the dark, sometimes accumulate up to 30% of their
total nitrogen as such ammonium salts. These situations are
undoubtedly atypical, however.
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Ulilization of molecular nitrogen. As pointed out earlier,
only a limited number of organisms possess the ability to
assimilate molecular nitrogen. These include: (a) species of
photosynthetic bacteria, (b) species of Azotobacter, Clostrid-
ium, Rhizobium, and other genera, (c) at least one species
of Rhodotorula, and (d) several species of blue-green algae
(Nostocaceae). The manner in which thesc organisms trans-
form molecular nitrogen into organic forms is of considerable
interest, and has clicited a vast amount of investigation over
the ycars, which has resulted in an cqually vast literature.
Although the exact chemical steps involved in nitrogen fixa-
tion arc not known, a number of important observations
bearing on the mechanism have appeared.

Requirements for nitrogen fixation. The assimilation of
molecular nitrogen has exhibited no unique requirements.
A survey of the optimal conditions for fixation (Wilson,
1940; Burk and Burris, 1941) suggests that those conditions
which result in a vigorous metabolic rate are optimal for
nitrogen fixation. A supply of metabolic substrate (carbo-
hydrate or other material), and, in the aerobic organisms, a
supply of oxygen, are necessary for fixation. No necessity for
specific organic cofactors has as yet been found. Although ni-
trogen-fixing organisms show rather marked responses to cal-
cium, iron, and molybdenum, it is not clear that any of these
metals participate directly in the nitrogen-fixing system. The
increased requirement of Azotobacter for molybdenum when
cells are grown on molecular nitrogen instead of ammonia is
of considerable interest, but unequivocal evidence for the
direct participation of molybdenum in the nitrogen-fixing
system must await the isolation and purification of the system.

Inhibition of nitrogen fixation. Inhibitors of nitrogen fix-
ation may be grouped into several classes: (a) inhibitors of
cellular metabolism (b) hydrogen (c) various nitrogenous sub-
stances, and (d) tungsten. In view of the seeming dependence
of nitrogen-fixation on normal metabolism in the cell, it is
not surprising that various inhibitors of metabolism also in-
hibit nitrogen fixation. In the case of carbon monoxide,
however, nitrogen fixation by Azotobacter is far more sen-
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sitive than is respiration or nitrate assimilation (Lind and
Wilson, 1942). Carbon monoxide, therefore, seemingly affects
some portion of the actual nitrogen-fixing process.

The spectacular inhibition of nitrogen fixation by hydro-
gen has aroused considerable interest (Wilson and Burris,
1947; Wyss and Wilson, 1941; Burris and Wilson, 1945).
The facts are that hydrogen competitively inhibits nitrogen
fixation in Azotobacter and other acrobic organisms (Wilson,
et al., 1938), although it has no effect on nitrogen fixation by
the anaerobic organism, Clostridium Pasteurianum (Rosen-
blum and Wilson, 1950). In addition, nitrogen inhibits the
photo-production of hydrogen by Rhodospirillum rubrum
(Kamen and Gest, 1949). These facts, plus some indirect
evidence, have led to the hypothesis that hydrogenase (the
enzyme which activates molecular hydrogen) is implicated in
nitrogen fixation. Objections to this hypothesis have been:
(a) hydrogenase occurs in organisms that do not fix nitrogen,
(b) hydrogenase activity is seemingly absent from nitrogen-
fixing root nodules, and (c) no direct evidence is available
implicating hydrogenase in nitrogen fixation. The first ob-
jection, of course, is without merit, as organisms devoid of
the ability to fix nitrogen may be devoid of somne enzyme,
other than hydrogenase, necessary for nitrogen fixation. The
lack of hydrogenase activity in root nodules has always been
a far more serious objection, but Hoch, et al. (1957) have
now provided evidence for the presence of hydrogenase in
root nodules. Direct evidence for the participation of hydro-
genase in nitrogen fixation is not available. Two observa-
tions of considerable interest have been made, however. First,
in both Azotobacter and Rhodospirillum, the hydrogenase
content of cells grown on molecular nitrogen is far greater
than in cells grown on combined nitrogen (Lee and Wilson,
1943; Gest, et al., 1956). Secondly, Hamilton, et al. (1957)
have observed that the absorption spectrum of purified hy-
drogenase from Clostridium Pasteurianun is altered mark-
edly by nitrogen, but is not affected by helium. These ob-
servations do not constitute proof of the participation of
hydrogenase in nitrogen fixation, however, and much more
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information is necessary before hydrogenase can be assigned
such a role. In this connection, it should be pointed out that
the hydrogenase activity usually measured by investigators is
not necessarily the activity the enzyme catalyzes in vivo. It
seems likely that definitive information on the mechanism
of action (if any) of hydrogenase in nitrogen fixation must
await the isolation of the nitrogen-fixing system.

The nitrogenous compounds that inhibit nitrogen fixation
fall into two groups: (a) ammonia and substances readily
converted into ammonia, and (b) substances not obviously
converted into ammonia. Table II shows the effects of am-
monia and related nitrogenous substances on nitrogen fixa-
tion. It can be seen that their effectiveness varies with their
probable availability as sources of free ammonium ions.
The observed inhibitions, therefore, are undoubtedly all in-
hibitions of nitrogen fixation by ammonia. In other cases,
however, nitrogenous substances are not so obviously con-
verted into ammonia in order to act as inhibitors. Thus,
hydroxylamine and hydrazine probably inhibit nitrogen fix-
ation by inhibiting respiration. In contrast, nitrous oxide
is a specific and competitive inhibitor of nitrogen fixation
(Molnar, et al., 1948), and seems to act at the site of utiliza-
tion of molecular nitrogen. It is assimilated at about 5% of
the rate of nitrogen (Mozen and Burris, 1954), and probably
acts as a true competitor.

TABLE II

Effects of Ammonia and Other Nitrogenous Substances on
Nitrogen Fixation!

Addition to system Per cent inhibition of nitrogen fixation
Ammonia 100.
Nitrate 80.
Nitrite 86.
Asparagine 26.
Aspartate 9.
Glutamate 3.

! Adapted from Wilson and Burris (1947). Cultures previously kept on a nitro-
gen-free medium,
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The inhibition of nitrogen fixation by tungsten is still a
different sort of inhibition, and depends upon the fact that
cells have an increased need for molybdenum when growing
on molecular nitrogen instead of ammonia (Mulder, 1948;
Horner, et al., 1942; Jensen, 1947). As tungsten is in the
same chemical group as molybdenum, one might expect tung-
sten either to replace molybdenum or to act as a competitive
inhibitor of molybdenum function. No critical evidence is
available that tungsten can replace molybdenum in normal
cellular activity, but tungsten has long been known as a
competitive inhibitor of molybdenum function, and acts as
a competitor during nitrogen fixation (Keeler and Varner,
1957a; Takahashi, et al., 1957). This is apparently due to
tungsten being incorporated into cellular molybdoprotein in
place of molybdenum (Keeler and Varner, 1957b).

Mechanism of nitrogen fixation. Despite an impressive
amount of research, the mechanism by which nitrogen-fixing
organisms use molecular nitrogen is still not known. Al-
though hydroxylamine has been proposed as an intermediate,
cvidence for its participation is not convincing. On the other
hand, experiments with N,!® have established that ammonia,
either free or combined in glutamate or aspartate, is the
principal end-product of fixation. This has been demon-
strated both by kinetic studies (Burris and Wilson, 1946a, b)
in which the pattern of amino acid and amide labeling in
an organism is the same whether N**H, or N,!® is employed
(Table III), and by the isolation of the N**H; excreted by
Clostridium in an atmosphere of N,!® (Zelitch, et al., 1951).

A number of pathways between N, and NH, may be pos-
tulated. As is seen by reference to Fxgure 2, thcse possibilitics
include an initial oxidation, hydration, or reduction of mo-
ecular nitrogen. Many possibilities exist in addition to those
presented here, including an early binding of the “activated”
nitrogen to an organic molecule (such as a-ketoglutarate or
a close relative) and reduction of the bound nitrogen. Un-
fortunately, it has not been possible as yet to obtain un-
equivocal evidence for any intermediate between molecular
nitrogen and ammonia. Experiments with various suspected
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TABLE III

Incorporation of N8 into Nitrogenous Fractions
of Microorganisms!

Asotobacter Nostoc
vinelandii Muscorum
NisH+ Njts N6 NUH* Nas
Fraction
15 min. 15 min. 90 min. 120 min. | 120 min.

Atom per cent excess Ni®

Total hydrolysate 1.049 0.165 0.275 1.055 0.352
Ammonia 0.98 0.19 0.33 1.45 0.46
(ilutamate 2.55 0.25 0.50 2.36 0.66
Aspartate 0.83 0.18 0.38 0.78 0.51
Alaninc —_ — —_ 0.44 0.27
Leucine 0.60 — — 0.45 0.48
Tyrosine 0.76 — -— 0.25 0.08
Histidine 0.63 — 0.21 0.31 0.26
Arginine 0.67 — 0.19 — 0.32
1 Adapted from Wilson (1952).
N=N 0 >
H20
N=N 20 5 0=N-N=0 2H > NN
OHOH
12&1
NaN——RHOH HO=N—~N-OH 24 > NHoOH
H H
2H
N=N AN HaN—NHp 2H > NHg

Figure 2. Possible pathways of nitrogen fixation.

intermediates (hydroxylamine, nitrous oxide, nitramide, etc.)

have been disappointing.

Bach and Burris (1957) have found, however, that N?°-
hydrazine is converted to N'*-ammonia. Between 60 and 90%
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of the assimilated hydrazine can be recovered as dihydro-
pyridazinone-5-carboxylic acid (Figure 3) and two related
substances formed during the reaction of hydrazine and -
ketoglutarate (Otani and Meister, 1957). Dihydropyrida-
zinone-5-carboxylic acid occurs in both Azotobacter cells and
soybean nodules. In soybean nodules given N,', dihydro-
pyridazinone-5-carboxylic acid has an N'* concentration as
high or higher than is found in glutamate or ammonia
(hitherto the substances with the highest N'* content). Fur-
thermore, in Azotobacter, dihydropyridazinone-5-carboxylic
acid has a much higher N** concentration when the cells are
incubated with N, than when they are incubated with
N'.ammonia. All of these facts are consistent with dihydro-
pyridazinone-5-carboxylic acid or a related compound, being
a possible intermediate in nitrogen fixation, and suggest that
nitrogen fixation may proceed by a reductive pathway, in-
volving hydrazine and dihydropyridazinonc-5-carboxylic acid.

The provocative experiments of Bach and Burris (1957)
offer the hope that the mechanism of nitrogen fixation will
be amenable to critical investigation soon. T'wo important
problems must be solved: (a) the intermediates in the reac-
tion must be identified, and (b) the enzymes involved must
be purified, so the details of the process can be understood.
It seems probable that clarification ol the mechanism of ni-
trogen fixation will require the employment of new tech
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Figure 3. Dihydropyridazinone-5-carboxylic acid.
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niques. Perhaps it will require the employment of radioactive
nitrogen (nitrogen-13). This isotope, although possessing only
a ten minute half-life, can be prepared as extremely high
activity nitrogen-13 in the cyclotron, and might serve to
trace the incorporation of nitrogen into suspected interme-
diates, or to allow the detection of minute amounts of fixa-
tion in cell-free preparations.

The mechanism of nitrogen fixation has been, and still
is, one of the most difficult problems of nitrogen metabolism.
The final elucidation of this mechanism will require con-
siderable effort and ingenuity, but it seems likely that the
coming decade will see at least the broad outlines of the
mechanism, and, perhaps, the final details.

Summary. Thus, it can be seen that the nitrogen assimi-
lated by a plant may come from any of several different
sources. Amino acids are probably incorporated directly into
the pathways of amino acid metabolism, while other organic
nitrogen compounds may be degraded before their nitrogen
is available to the cell. Ammonia is very likely assimilated
initially through the formation of glutamate from «-ketoglu-
tarate, but, in some cases, the formation of aspartate, alanine,
or some other compound may be quantitatively significant.
Both nitrate and molecular nitrogen are reduced to am-
monia. Although information is increasing steadily on the
chemical steps involved in the assimilation of various forms
of nitrogen, much interesting research remains before the
pathways are clarified satisfactorily, and their exact signifi-
cance to cellular nitrogen metabolism is assessed.
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Chapter 2

Amino Acid Metabolism

The principal initial products of nitrogen assimilation
arc amino acids. Extensive determinations of the amino acid
composition of various plant proteins (Lugg, 1949; McCalla,
1949; Tristram, 1953) reveal that such proteins are composed
of all or many of the following L-amino acids: alanine, argi-
nine, aspartate, cysteine, glutamate, glycine, histidine, hy-
droxyproline, isoleucine, leucine, lysine, methionine, phenyl-
alanine, proline, serine, threonine, tryptophan, tyrosme, and
valine. Comparison of the amino acid composition of plant
proteins with the amino acid composition of animal proteins
reveals no striking differences in the relative proportions of
the various amino acids. A few reports have appeared on the
occurrence of unusual amino acids in plant proteins, but
they are generally based on insufficient evidence to be ac-
cepted as yet. One exception to this, however, is the work of
Windsor (1951b) where the evidence seems quite clear that
a-aminoadipic acid is a constituent of a water-soluble protein
of corn seed.

In contrast to the relative uniformity encountered in the
amino acid composition of proteins, the kinds and relative
amounts of free amino acids in plant cells exhibit great varia-
tion. Among other things, the variations occur as a function
of: the species of plant examined, the organ of the plant
used for analysis, and the age of the tissue being studied.
As the free amino acids are undoubtedly in equilibrium with
other carbon compounds in the cell, it would not be sur-
prising if many other factors, both physiological and environ-
mental, influence the content of free amino acids in cells.
Some studies on the variations of free amino acids in plants
have been performed (Alsopp, 1948; Steward, et al., 1954,
1955), but the results are difficult to interpret as yet in terms
of a unified metabolic pattern. Much more information is
necessary on the kinetics of formation, breakdown, and uti-

23
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lization of amino acids before we can hope to interpret
changes in the levels of these many free amino acids in any
sensible manner.

More striking than changes that occur in the relative
amounts of the common amino acids, however, have been the
numerous discoveries of entirely new amino acids in plant
cells. Some, such as citrulline, ornithine, B-alanine, homo-
serine, e-aminobutyric acid, y-aminobutyric acid, and «-amino-
adipic acid, have also been found in animals, but most of the
unusual amino acids have been found only in higher plants
or microorganisms. Their detection has been due principally
to the use of paper chromatography. Indeed, the finding of
many non-protein amino acids was an early product of the
paper chromatography of extracts of plant cells (Dent, et al.,
1947; Steward and Thompson, 1950; Virtanen, 1955). Con-
tinued chromatographic investigation of various plant species
has revealed an ever-increasing number of unexpected amino
acids. A partial listing of such amino acids is presented in
Table IV. Because few of these substances have been found as
yet in proteins, a question may be raised as to their function
in plants. However, little information is available on either
the function or the metabolism of the amino acids contained
in Table IV. Ornithine and citrulline apparently act as inter-
mediates in arginine synthesis (Srb and Horowitz, 1944; Kast-
ing and Delwiche, 1955); B-alanine is a constituent of the
vitamin, pantothenic acid (Weinstock, et al., 1939); homo-
serine is an intermediate in threonine synthesis (Black and
Wright, 1955); and y-aminobutyric acid may be a product
of the metabolism of glutamic acid (Schales, et al., 1946).
Thus, it would not be surprising if the remaining amino
acids listed in Table IV turn out to be constituents of various
complex nitrogenous substances, or intermediates in the syn-
thesis and breakdown of amino acids, alkaloids, growth regu-
lators, or other important nitrogenous plant constituents. It
would also not be surprising if some of these unusual amino
acids, now that they have been identified in plants, would be
found in the non-protein extracts of animal cells. Undoubt-
edly, the judicious employment of paper chromatography will
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result in the discovery of many more of these interesting
compounds.

In addition to the amino acids discussed above, Virtanen
and Miettinen (1953) have reported that a group of “bound”
amino acids occur in the soluble nitrogen fraction of pea
and alder. This fraction contains compounds of amino acids
with sugars. This observation is of particular interest in view
of the finding of Borsook, et al. (1955) that amino acid-sugar
compounds occur in animal tissues and promote the in-
corporation of both iron and amino acids into reticulocyte
hemoglobin. It will be of interest to learn more concerning
the nature and possible function of such compounds in
plants.

METABOLISM OF THE AMINO GROUP
OF AMINO ACIDS

We have already discussed (Chapter 1) one way in which
an amino group can be added to or removed from an amino
acid. In the case of glutamic acid, a reductive amination or
oxidative deamination occurs which directly adds ammonia to
or removes it from the acid. The question has long been raised
as to whether a similar process participates in the synthesis
or breakdown of the other amino acids in a plant cell. The
possibility that such a process is operative in the oxidative
deamination of other amino acids was raised by the finding
of an l-amino acid oxidase in Neurospora (Bender and Krebs,
1950; Thayer and Horowitz, 1951). Studies have now indi-
cated, however, that a direct amination or deamination may
not be of general importance in the metabolism of most other
amino acids in higher plants. Wilson, et al. (1954) attemptec
unsuccessfully to demonstrate significant reductive amination
of various keto acids with N'"H,. Likewise, Rogers (1955a)
showed oxidative deamination of almost all amino acids to be
either very slow or nonexistent. A comparison of the results
of Rogers (1955a) on squash extracts with those of Thayer
and Horowitz (1951) on Neurospora extracts is presented in
Table V. There is little doubt of the difference in activity of
the two preparations.
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The observation of Zelitch (1957) that extracts of tobacco
leaves catalyze a DPN-linked oxidation of several amino acids
(notably of aspartate, glutamine, asparagine, and glycine)
suggests that at least a few amino acids may undergo metabo-
lism by direct removal of their amino group. It will be of
interest to learn how important these reactions are to the
amino acid metabolism not only of tobacco leaves, but of
plants in general.

In plants, the addition or removal of the amino groups of
the great majority of amino acids proceeds by the process of
transamination. Transamination is a chemical reaction in
which an amino group is transferred from one molecule to
another without the intermediate formation of free ammonia.
It was first demonstrated by Herbst and Engel (1934) with
boiling solutions of amino and keto acids, and proceeds as
follows:

H o
R,-(ll—-COOH + R2~—|C|1———COOH =
111H,
o) H
Rl—(":——COOH + R,—(':--COOH
NH,

Scveral years later, the pioneering studies of Braunstein and
Kritzmann (1937) and of Cohen (1939) demonstrated the oc-
currence of enzyme-catalyzed transaminations in a wide variety
of organisms, including plants. Early work with a number
of plant preparations (Kritzmann, 1939; Virtanen and Laine,
1938; Albaum and Cohen, 1943; Leonard and Burris, 1947)
established the widespread occurrence of the following trans-
amination reactions:

Glutamate + oxalacetate == a-ketoglutarate + aspartate
Glutamate 4 pyruvate = a-ketoglutarate 4 alanine

Aspartate 4 pyruvate = oxalacetate -+ alanine
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TABLE V
Specificity of Amino Acid Oxidases of Neurospora and of Squash

Microliters Oz consumption/hr /mg. protein

Amino acid —— e
Neurospara Squash
Alanine 102 0.6
Arginine 179 0.5
Aspartate 0 0.2
Cysteine 272 2.5
Glycine 0 0
Histidine 448 0
Leucine 320 0
Methionine 170 0
Phenylalanine 339 0.3
Proline 0 0.3
Serine 0 0
Threonine 0 0
Tryptophan 138 0
Tyrosine 390 0
Valine 61 0

Further investigation has shown that a number of transamina-
tion reactions, involving all of the common amino acids, can
be demonstrated in plants. Stumpf (1951) found transamina-
tion involving y-aminobutyrate, leucine, isoleucine, valine,
and norvaline. Micttinen and Virtanen (1953b) extended the
list to include transamination between a-ketoglutarate and
both y-aminobutyrate and citrulline. Fowden and Done (1953)
demonstrated  transamination between glycine and 2-keto-
glutarate, and Wilson, King, and Burris (1951), in a compre-
hensive study, demonstrated transamination between gluta-
mate and seventeen different amino acids. Transamination is
also important to the metabolism of the non-protein amino
acids occurring in plants. Fowden and Done (1953) have
demonstrated transamination of =z-ketoglutarate and both
v-methyleneglutamate and y-methylglutamate. The recent
tinding of Meister (1955) that transamination is involved in
the metabolism of most amino acids and amides in animals
and bacteria indicates that further examples of transamina-
tion involving similar amino acids in plants will be forth-
coming soon.
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The importance of transamination to amino acid metabo-
lism makes it necessary for us to understand the mechanism
by which enzymatic transamination takes place. Unfortu-
nately, pure transaminase preparatlons have not yet been
obtained, so the 1mportant question of whether the various
transamination reactions are catalyzed by a few or by a large
number of enzymes cannot be answered. Preparations from
different organisms have been purified sufficiently, however,
to show that pyridoxal phosphate is a necessary cofactor for
transamination. Information on the manner in which pyri-
doxal phosphate may function has been obtained by Metzler
and Snell (1952). They have demonstrated that transamina-
tion reactions of the type:

pyridoxal 4+ a-amino acid = pyridoxamine + a-keto acid

proceed non-enzymatically in aqueous solution at 100°C. and
pH 3 to 8 in the presence of metal ions. Investigation of the
structural features of pyridoxal necessary for activity leads to
the conclusion that non-enzymatic transamination proceeds
through the intermediate formation of a Schiff base as de-
picted in Figure 4. The enzymatic reaction presumably also
proceeds through the intermediate formation of a Schiff base
(Metzler and Snell, 1952), and it is possible that the enzyme
molecule replaces the metal ion. While non-enzymatic trans-

H
R-C~-C00™ R-C-C00™
iy W
NH3 0
M R"c' coo” M
ANoayitt
CHO He ‘“g GHaNHp
HOCH, o Houzc Hougc(jo-
CHy N CHy
h hy
PYRIDOXAL + PYRIDOXAMINE +

— —
METAL+AMINO ACID CHELATE COMPLEX METAL + KETO ACID

Figure 4. Formation of a chelate complex during non-enzymatic trans-
amination.
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amination proceeds in the presence of free pyridoxal, enzy-
matic transamination requires pyridoxal phosphate, and all
evidence points to a function of the phosphate group in the
binding of pyridoxal to the transaminase.

«PATHWAYS OF THE BIOSYNTHESIS
AND DEGRADATION OF AMINO ACIDS
Our knowledge of the manner in which amino acids are

built up from simple precursors and ammonia has increased
greatly in the past fcw years. Modern biochemistry has shown
that the biosynthesis of a particular substance generally does
not proceed by a simple reversal of its breakdown. Instead,
new and unexpected pathways of biosynthesis have been un-
covered which often possess ingenious energy-conserving re-
actions. Amino acid biosynthesis is no exception, in that the
pathways followed during biosynthesis differ completely in
many cases from those of amino acid degradation. For this
knowledge of how amino acids are formed, we are chiefly in-
debted to an imposing array of experiments which have been
performed with microorganisms. Two techniques, used either
singly or in combination, have resulted in the discovery of a
large number of pathways of amino acid synthesis. These
techniques are:

a. The use of mutant strains of Neurospora crassa and
Escherichia coli, in which various steps in the biosyn-
thetic pathways are blocked, and intermediates accumu-
late (Davis, 1955a,b,c).

b. The use of G'*-labeled metabolites and the direct isola-
tion of suspected intermediates, or the use of “isotopic
competition” in which an unlabeled intermediate is
allowed to compete with a labeled metabolite, and the
extent of the dilution of incorporation of the metabolite
determined. Likewise, by the use of C!4-labeled amino
acids, great advances have been made in our knowledge
of how the carbon skeletons of various amino acids are
degraded.

A thorough discussion of the results obtained by these tech-
niques would now encompass a volume much larger than the
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present review. Therefore, only a brief summary of the path-
ways involved in amino acid synthesis and degradation is
presented below, together with information on how the path-
way is supported by experimental evidence.

Glutamate, aspartate, alanine, and y-aminobutyrate. In any
discussion of amino acid metabolism, glutamate must, of ne-
cessity, occupy a key position for three reasons:

a. As indicated in Chapter 1, studies with N**H; and with
Neurospora mutants demonstrate that the formation of
glutamate by the reductive amination of a-ketoglutarate
can constitute the major gateway for the entrance of am-
monia into the nitrogenous constituents of the plant.

b. Glutamate is apparently capable of transamination with
the keto acid corresponding to almost any known amino
acid. Thus, because the addition or removal of the
amino group by transamination often constitutes the
final step in amino acid degradation, glutamate and
a-ketoglutarate occupy key positions as amino group
donors or acceptors during the metabolism of other
amino acids.

c. Itis now known that the intact glutamate molecule serves
as a precursor for a number of other amino acids, includ-
ing y-aminobutyrate, proline, hydroxyproline, ornithine,
citrulline, and arginine.

The synthesis and breakdown of glutamate by the action of
the enzyme, glutamic dehydrogenase, has already been dis-
cussed (Chapter 1). All evidence points to this enzyme medi-
ating the principal pathway either of glutamate synthesis from
e-ketoglutarate and ammonia or of glutamate degradation to
these substances. In addition to its breakdown following a
primary deamination, glutamate is also metabolized in some
plants by a decarboxylation to y-aminobutyric acid. The en-
zyme catalyzing this reaction has been found in cell-free ex-
tracts of many plants, but occurs especially in squash (Schales,
et al., 1946; Beevers, 1951; Miettinen and Virtanen, 1953a).
Glutamic decarboxylase has been purified partially by Hood
(1954), and requires pyridoxal phosphate as a cofactor. The
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activity of this enzyme may be reflected in the widespread dis-
tribution of y-aminobutyrate in plants, although clear cvi-
dence that y-aminobutyrate is formed only by glutamate de-
carboxylation is lacking. The enzyme does not decarboxylate
aspartate, and no firm evidence for the occurrence of an as-
partic decarboxylase is at hand. It has been observed, how-
ever, that wheat germ extracts catalyze an incorporation of
CQ, into aspartate in the presence of -alanine (Webster and
Varner, 1955), indicating the possible activity of such an en-
zyme.

The further degradation of y-aminobutyrate has been stud-
ied only slightly. The author has observed that the carbon of
Cl4.y-aminobutyrate is incorporated into various Krebs cycle
acids in wheat germ extracts, but that it accumulates almost
entirely in succinate if malonate is present in the system. This
suggests that y-aminobutyrate can be metabolized in the fol-
lowing manner:

y-aminobutyrate — succinic semialdehyde — succinate

Whether other metabolic pathways are available to y-amino-
butyrate is not yet clear.

Like glutamate, both aspartate and alanine arise directly
from the Krebs cycle. At least two pathways for their forma-
tion are apparent (Chapter 1):

a. Aspartate and alanine are formed by transamination re-
actions between glutamate and either oxalacetate or
pyruvate.

b. Aspartate can be formed by a direct amination of fu-
marate catalyzed by the enzyme, aspartase. Likewise, it
is possible that alanine can be formed in plants by a re-
ductive amination of pyruvate. Unfortunately, the ex-
tent that these reactions participate in aspartate or ala-
nine synthesis is not known. It is suspected, however,
that amino acid formation by transamination is more
important.

Proline and hydroxyproline. In contrast to the simple na-
ture of the reactions leading to the formation of glutamate,
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aspartate, alanine, and y-aminobutyrate, the formation of
proline and hydroxyproline is relatively complex. These
amino acids arise from glutamate by the reactions depicted in
Figure 5. Mutant strains of E. coli occur in which the con-
version of glutamate to its semialdehyde, and the conversion
of the semialdehyde to proline are blocked (Davis, 1950; Vogel
and Davis, 1952). The latter mutant excretes glutamic-y-semi-
aldehyde into the medium, where it spontaneously equili-
brates with A’-pyrroline-5-carboxylic acid. Under physiologi-
cal conditions, the equilibrium favors the formation of the
cyclic material. Similar mutants of Neurospora crassa and
Torulopsis utilis have been found (Vogel and Bonner, 1954).
Further evidence for the pathway shown in Figure 5 has been

0 0
ffou ?’\ou
HCNH, HCNH,
l | H H
H<|=H HCH HC = CH
H(l:H = H(|:H > | |
40 50 H He—c20
CZon ey S oM
GLUTAMIC GLUTAMIC- A’~PYRROLINE
ACID ¥ ~SEMIALDEHYDE 5—-CARBOXYLIC ACID
H H H
HC——CH ———CH
1T
HCH H-C ) HCH  HO-CC
NN~ NN~
H H
PROLINE HYDROXYPROLINE

Figure 5. Pathway of conversion of glutamate to proline and hydroxy-
proline.
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obtained by tracer experiments in which the postulated inter-
mediates have been shown to dilute the incorporation of pre-
cursor into proline. Although isotopic experiments (Stetten
and Schoenheimer, 1944) have shown hydroxyproline to be
formed from proline in mammals, its mode of formation in
plants is not yet known.

Ornithine, citrulline, arginine and the urea cycle. In addi-
tion to serving as a precursor of proline and hydroxyproline,
glutamate is also transformed into ornithine, citrulline, and
arginine. Like proline synthesis, ornithine formation in Neu-
rospora and Torulopsis (Vogel and Bonner, 1954; Abelson
and Vogel, 1955) proceeds via glutamic-y-semialdehyde (Fig-
ure 6). The conversion of the semialdehyde to ornithine is
brought about by a transamination from glutamate, and the
enzyme catalyzing this reaction, ornithine transaminase, has
been isolated from Neurospora (Fincham, 1953). In contrast
to these organisms, E. coli has been shown by Vogel (1953) to
utilize a series of acetylated intermediates, beginning with
N-acetyl glutamate (Figure 6). Mutants possessing blocks at
each of the steps in the glutamate-ornithine conversion have
been obtained, and two of the intermediates, N-acetyl orni-
thine and N-acetyl glutamic-y-semialdehyde accumulate in the
medium surrounding the appropriately blocked mutants.
Tracer experiments with N-acetyl glutamate and N-acetyl
ornithine have provided further evidence of their activity as
ornithine precursors (Vogel, et al., 1953). The dichotomy ob-
served here raises a question as to the manner in which orni-
thine is formed in other plants. No conclusive information is
available, but the finding of N-acetyl ornithine in higher
plants by Virtanen and Linko (1953) suggests that the path-
way utilized by E. coli should be considered and subjected to
appropriate experiments.

The further transformation of ornithine to citrulline and
arginine in plants appears to follow the course of these same
reactions in the classical urea cycle of mammals (Figure 7).
Indeed, evidence for the complete series of reactions of the
urea cycle has been found in Neurospora by Srb and Horo-
witz (1944) and in higher plants by Kasting and Delwiche
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Figurc 7. Relationships of ornithine, citrulline, and arginine in the orni-
thine cycle.

(1955). The conversion of ornithine to citrulline is of consid-
erable interest in that it involves the participation of a hith-
erto unsuspected phosphorylated intermediate, carbamyl
phosphate (Jones, et al., 1955). The transformation of citrul-
line to arginine likewise produces an interesting intermediate,
arginosuccinate (Ratner, et al., 1953). The enzyme catalyzing
arginosuccinate formation has been found in Neurospora and
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yeast, while the enzyme catalyzing arginine formation from
arginosuccinate occurs in E. coli, peas, jack beans, and Chlo-
rella (Davison and Elliott, 1952; Walker, 1952; Walker and
Myers, 1953).

The degradation of ornithine, citrulline, and arginine can
be summarized briefly. One pathway of arginine degradation
is the classical mammalian mechanism to ornithine and either
urea or CO, + NH;. Ornithine, in turn, can be degraded,
through loss of both amino groups, to a-ketoglutarate. A sec-
ond pathway, catalyzed by arginine desimidase, results in the
hydrolysis of arginine to citrulline plus ammonia. The fate of
citrulline is less clear. In some microorganisms and higher
plants, an enzyme system, citrulline phosphorylase (Knivett,
1954), occurs which degrades citrulline to ornithine with the
simultaneous formation of adenosine triphosphate:

citrulline + ADP + P; = ornithine + NH; 4+ CO, + ATP

Whether this interesting reaction operates in all plants, and
whether it constitutes an important pathway of citrulline
metabolism is not known.

Homoserine and threonine. Like glutamate, aspartate acts
as a precursor of certain other amino acids. An enzyme, as-
partokinase (Black and Gray, 1953), catalyzes the phosphoryla-
tion of aspartate by the reaction:

Aspartate + ATP = B-aspartyl phosphate 4 ADP

Aspartyl phosphate is then transformed into homoserine and
threonine by a series of reactions (Figure 8). The exact man-
ner in which homoserine itself is converted to threonine is
not yet clear, but the overall reaction requires both ATP and
pyridoxal phosphate. The transformation may involve an acti-
vated intermediate, as hydroxylamine reacts with homoserine
in the presence of ATP and the homoserine-threonine enzyme
preparation to form a hydroxamic acid (Nisman, et al., 1954).
Watanabe and Shimura (1956) have reported that homoserine
and ATP react to form o-phosphohomoserine, which is then
transformed into threonine with the liberation of phosphate,
but the manner of this transformation is still not understood.
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In the case of the reactions leading to homoserine formation,
the enzymes catalyzing each step have been isolated and their
action studied in detail (Black and Wright, 1955a,b). The
reactions catalyzed by these enzymes (Figure 8) are in complete
conformity with the evidence obtained with Neurospora mu-
tants (Teas, et al., 1948), and with isotopically-labeled sub-
strates (Abelson, 1954).

The branched-chain amino acids: leucine, isoleucine, and
valine. Studies with mutants of Neurospora and E. coli have
shed some light on the manner in which the branched-chain
amino acids are formed. Nevertheless, the picture is far from
complete. Results of investigations using both isotopes and
mutants have established that the synthesis of these amino
acids is fairly complex. Isotopic experiments have demon-
strated that a-ketobutyrate and pyruvate (or compounds de-
rived from these substances) act as precursors of isoleucine
(Adelberg, 1955). In a similar fashion, valine may be formed
from pyruvate, possibly by a pinacol-like rearrangement. Leu-
cine is seemingly formed in yeast from valine and acetate
(Strassman, et al., 1956). The actual pathways and mecha-
nisms in these syntheses, however, have not been clearly es-
tablished.

Our knowledge of the manner in which branched-chain
amino acids are degraded has been elucidated in considerable
detail (Figure 9), and the enzymes involved have been iso-
lated and characterized to a great extent (Coon, 1955). This
advance has been due almost entirely to the skillful interpre-
tation of data obtained by the study of the products formed
from suitably labeled amino acids and their suspected degra-
dation products. Most of our information on branched-chain
amino acid degradation has been obtained through the study
of mammals, but recent studies have indicated similar path-
ways in plants. Thus, studies in the author’s laboratory with
C'-leucine have shown that leucine is degraded by guayule
seedlings to a-ketoisocaproate, isovalerate, and dimethylacry-
late. Johnston, et al. (1954) have demonstrated the further
degradation of dimethylacrylate to acetyl-CoA by the pathway
illustrated in Figure 9. It would not be surprising, therefore,
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if valine and isoleucine were also degraded in plants by
schemes similar to those shown in Figure 9.

Lysine, methionine, cysteine. Little is known about the syn-
thesis or degradation of these amino acids in plants. Certain
lysine-requiring mutants of Neurospora are able to utilize
«-aminoadipic acid instead of lysine (Mitchell and Houlahan,
1948). Furthermore, C'*-a-aminoadipic acid is converted into
lysine by Neurospora (Windsor, 1951). The successive re-
quirements of various mutants are explainable by the follow-
ing biosynthetic pathway:

a-aminoadipate — a-aminoadipic-semialdehyde — lysine

Mutants of Neurospora which require compounds prior to
«-aminoadipate have not been studied extensively, so little can
be said concerning simpler precursors. It is interesting to note
that in most bacteria and in the blue-green algae, a-amino-
adipate is not a precursor of lysine. Instead, the first recogniz-
able precursor is diaminopimelic acid (Davis, 1952; Dewey
and Work, 1952).

The early steps in lysine degradation in plants have been
elucidated by a study of the products formed from C!t-lysine.
In both higher plants (Lowy, 1952; Grobbelaar and Steward,
1953) and Neurospora (Schweet, et al., 1954), lysine is con-
verted to pipecolic acid (piperidine-2-carboxylic acid). Experi-
ments with Neurospora support the following sequence:

lysine — A’-dehydropipecolate — pipecolate

The route of further degradation of pipecolate in plants is
unknown. In mammals, pipecolate is degraded to «-amino-
adipate and thence finally to a-ketoglutarate (Rothstein and
Miller, 1954), but experiments with Neurospora do not pro-
vide evidence for a similar pathway in plants.

As is the case with lysine, there is little concrete informa-
tion on the formation and breakdown of methionine and cys-
teine in plants. Studies with Neurospora mutants have shown
the pathway of methionine synthesis from sulfate probably
goes through cysteine. Mutants blocked between cysteine and
methionine provide evidence for homocysteine and cystathio-
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nine being intermediates, but the detailed metabolic pathway
has not been elucidated satisfactorily as yet.

Glycine and serine. The early labeling of glycolic acid and
glycine during photosynthesis in the presence of C*O, (Ben-
son and Calvin, 1950) indicates a close metabolic relationship
between these substances. Moreover, Tolbert and Cohan
(1954) have demonstrated that plants readily convert C'*-gly-
colate to Clt-glycine. This conversion undoubtedly proceeds
through the intermediary formation of glyoxylate, as Tolbert,
et al. (1949) have demonstrated the conversion of glycolate to
glyoxylate by green plants. Since glyoxylate is capable of
transaminating with glutamate, the following pathway is evi-
dent:

Glycolate —2H, Glyoxylate N, Glycine
Information on the manner of formation of glycolate has been
obtained by Weissbach and Horecker (1955). They find that
a soluble extract of spinach leaves (which is capable of incor-
porating C!*O, into phosphoglyceric acid in the presence of
ribose-5-phosphate) is able to incorporate the carbon of 1-C'-
ribose-b-phosphate into glycine. Eighty per cent of the radio-
activity occurs in the methyl carbon of the glycine molecule.
As the spinach extracts contain pentose phosphate isomerase
and transketolase, these observations can be explained by the
scheme illustrated in Figure 10. The degradation of glycine
to simpler substances undoubtedly proceeds through glyoxyl-
ate also. The oxidative decarboxylation of glyoxylate to for-
mate appears to be the most likely pathway of glycine degra-
dation.

An important pathway of glycine metabolism is the con-
version of glycine to serine. That such a relationship exists in
plants was suspected when mutants of E. coli were found
which have a nutritional requirement that can be satisfied by
either glycine or serine (Roepke, et al., 1944). Racusen (1953)
observed that soybean leaves readily convert C'tglycine to
Cttserine. The mechanism of this conversion has been stud-
ied extensively in animals. The conversion involves the par-
ticipation of a tetrahydrofolic acid cofactor (Kisliuk and Sa-
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kami, 1954), and results from the condensation of an “active
formate” (apparently a formyl group attached to a tetrahydro-
folic acid cofactor) with a molecule of glycine (Figure 11). If
a similar mechanism occurs in plants, then the “active for-
mate” probably arises from glycine also (Figure 11). Evidence
in favor of a mechanism like that illustrated in Figure 11 has
been obtained by Tolbert (1955). When C!*-formate is fed to
barley leaves, the formate carbon is incorporated into the
B-carbon of serine. Tolbert’s data also indicate the absence of
a direct pathway betwceen serine and glyceric acid, an impor-
tant obscrvation in regard to both the synthesis and break-
down of serine. At present, the principal pathway of serine
metabolism appears to involve glycine.

Histidine. Our l\nowledge of the _pathways involved in the
blosynthes:s of ring-containing amino acids rests almost en-
tirely on interpretations of the behavior of various mutant
forms of microorganisms, in which different steps in the bio-
synthetic pathways are blocked. A case in point is histidine.
A series of histidine-requiring mutants of Neurospora have
been isolated and found to fall into five groups (Haas, ¢t al.,
1952). Certain of these mutants accumulatc compounds which
have been identified as histidinol phosphate, imidazole acetol
phosphate, and imidazole glycerol phosphate (Ames and
Mitchell, 1955). In addition, histidinol, imidazole glycerol,
and imidazole acetol accumulate, presumably through the

THFA
—————————-’ -
i' o FORMATE ATP FORMYL~THFA
=CO, \
GLYOXYLATE
DPNH| |DPN
N V
FORMALDEHYDE —.LE'FAAHYDROXYMETHYL‘THFA
\
GLYCINE
+GLYCINE| |~ GLYCINE
\
SERINE

Figure 11. Mechanism of glycine-serine conversion.
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Figure 12. Pathway of histidine biosynthesis.

degradation of the respective phosphate compounds (Ames,
et al., 1953). On the basis of genetic studies, the reactions
shown in Figure 12 have been postulated as the final steps in
histidine synthesis (Ames, 1955). Certain evidence in favor
of this sequence has accuinulated. For example, an enzyme has
been isolated from Neurospora (Ames, 1955) which catalyzes
the reaction:

Imidazole acetol phosphate 4 glutamate =

histidinol phosphate + a-ketoglutarate
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A second enzyme has been found which converts imidazole
glycerol phosphate to imidazol acetol phosphate, while a third,
derived from E. coli, oxidizes histidinol to histidine in the
presence of DPN (Adams, 1954). Unfortunately, our knowl-
edge of the manner of formation of the imidazole ring is very
scanty. Isotopic experiments (Levy and Coon, 1952) have in-
dicated that the five carbon chain of histidine is not derived
from glutamate or acetate, but instead may be derived, fairly
directly, from glucose. The remaining carbon in the histidine
ring comes from formate (Levy and Coon, 1951). None of the
ring carbons seem to be derived directly from glycine. Some
pathways of histidine degradation in bacteria are presented in
Figure 13. It is not yet known whether any of these interesting
transformations occur in other plants.

Tryptophan. Like histidine, our knowledge of tryptophan
biosynthesis is far from complete. Only the final step in the
sequence of synthetic reactions is known with certainty. It
has been shown (Umbreit, et al., 1946; Yanofsky, 1952) that
this final step is:

indole 4 serine — tryptophan 4+ H,O

Tryptophan desmolase, the enzyme catalyzing this reaction,
has been isolated from microorganisms, and shown to re-
quire pyridoxal phosphate for its activity. The mode of for-
mation of the indole ring, however, is not at all clear. Evidence
exists relating anthranilic acid, nicotinic acid, or phenyl-
alanine in indole synthesis, but all of these substances may be
transformed extensively before a precursor on the actual bio-
synthetic pathway is produced. The possibility exists that in-
dole is formed from the same intermediates (shikimic acid, for
example) that constitute the early steps in the biosynthesis of
phenylalanine and tyrosine (see below), but unequivocal evi-
dence for such a relationship is lacking.

Tryptophan can be degraded by any of a number of possible
pathways. Of greatest interest in plants is its conversion to the
auxin, indoleacetic acid. The potential importance of trypto-
phan to indoleacetic acid formation was established by
Thimann (1952), who observed that the production of indole-
acetic acid by Rhizopus depends upon the presence of trypto-
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Figure 13. Pathway of histidine degradation.

phan. Numerous subsequent studies confirmed the conversion
of tryptophan to indoleacetic acid. There are two possible
pathways of indoleacetic acid formation from tryptophan
(Figure 14), and evidence supporting each has appeared.
Tryptamine occurs in Acacia (White, 1944), and is converted
to indoleacetic acid by pineapple leaf preparations (Gordon
and Nieva, 1948). In contrast, spinach leaves will not metabo-
lize tryptamine, but will convert indolepyruvic acid to indole-
acetic acid (Wildman, et al., 1947). Pineapple leaves, which
convert tryptamine to indoleacetate, also convert indolepyru-



AMINO ACID METABOLISM 49

vate to indoleacetate. It appears that either or both pathways
may be operative in different plants. All preparations convert
indoleacetaldehyde to indoleacetate, and indoleacetaldehyde
may well be an immediate precursor of indoleacetate. It
should be remembered, however, that none of these pathways

0
H
c_.
owi
N

H, I
2C—0H
TRYPTOPHAN

TIOZ

TRYPTAMINE INDOLEPYRUVIC ACID

\iHs o,
H_ 8
H
N

INDOLEACETALDEHYDE

’
©:_Jg-8-w
N

INDOLEACETIC ACID

Figure 14. Pathway of conversion of tryptophan to indoleacetic acid.
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has been unequivocally established as the major route of in-
doleacetate synthesis in plants, and Greenberg, et al. (1957)
have suggested that indole may combine with glyoxylate to
form indoleglycolate, which is subsequently converted to in-
doleacetate. It would seem that good isotopic investigations
are badly needed in this area. The degradation of indoleace-
tate has been subjected to considerable study, but is not com-
pletely understood. Tang and Bonner (1947) showed that pea
extracts oxidatively decarboxylate indoleacetate with reten-
tion of the indole ring. In a similar reaction catalyzed by bean
extracts, Wagenknecht and Burris (1949) found that the oxi-
dation product reacted with 2,4-dinitrophenylhydrazine, and
therefore is probably indole-3-aldehyde. Additional routes of
tryptophan degradation have been found in microorganisins,
and are summarized briefly in Figure 15. It is not yet known
whether these pathways are utilized by other plants. The most
interesting pathway is the conversion of tryptophan to nico-
tinic acid, and it would not at all be surprising if this trans-
formation were of widespread occurrence in the plant king-

dom.
HHQ
C—-C~C-OH
H NH,

TRYPTOPHAN

‘/H‘O
Q4w
€-C-C-C-OH
H NH,
NH,
INDOLE KYNURENINE
+ /
H 9 Q
HC~ g-g—ou Z 8- 0H no-g-g-g-g-g—c-ou
f | H RAH
PYRUVIC ACID \N
+ /3- KETOADIPC  ACID
NICOTINIC ACID

NH’
Figure 15. Pathways of tryptophan degradation.
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Phenylalanine and tyrosine. Probably the outstanding ex-
ample of the clarification of a difficult pathway of biosynthesis
is found in the elucidation by Davis of the manner in which
phenylalanine and tyrosine are synthesized. Our knowledge
of this metabolic sequence is again due chiefly to a combina-
tion of studies with mutant strains of microorganisms and
with isotopic precursors. The identification of substances
accumulated by bacterial mutants blocked in different stages
of synthesis has led to the formulation (Davis, 1955a,b,c) of
the reaction sequence presented in Figure 16. The important
intermediate here is shikimic acid, a substance that occurs in
many plants. The precursor of shikimic acid, 5-dehydroshi-
kimic acid, serves as a growth factor for mutants having still
earlier blocks in the biosynthetic pathway. The enzyme which

0 0
i i
HO__C-OH -0H
PHOSPHOENOL PYRUVIC ACID won
+ —%'— —
ERYTHROSE - 4~ PHOSPHATE o - oH
o o OH OH
0 0 5-DEHYDRO— 5~ DEHYDRO-
G-oH c-oH QUINIC ACID SHIKIMIC ACID
HCNH, Hs0
HCH HCH 9
C-OH
. 0
e (o] ?'0 ]
NIV
PHENYLALANINE PHENYL X
PYRUVIC ACD
0 P H
[ s oH OH
O 4" PREPHENIC ACID SHIKIMIC  ACID
o
HCH
OH
TYROSINE

Figure 16. Biosynthesis of phenylalanine and tyrosine.
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reduces dehydroshikimic acid to shikimic acid has been iso-
lated, and requires TPNH as a cofactor. The enzyme is not
present in a mutant which is blocked between dehydroshi-
kimic and shikimic acids. The enzyme which converts 5-dehy-
droquinic to 5-dehydroshikimic acid likewise has been iso-
lated. Here again, mutants in which the conversion of
dehydroquinic to dehydroshikimic acid is blocked do not pos-
sess this enzyme.

‘The steps leading to the formation of dehydroquinic acid
have been clarified by the use of isotopes. Preliminary investi-
gations with glucose labeled in specific carbons (Davis, 1955b;
Sprinson, 1955) indicated that carbons 1 and 2 plus the car-
boxyl carbon (Figure 16) are derived from a 3-carbon glyco-
lytic intermediate, while carbons 3,4,5, and 6 arise from the
pentose-sedoheptulose pathway. This has led to the recogni-
tion of phosphoenolpyruvate and D-erythrose-4-phosphate as
the simple precursors of dehydroquinic acid (Srinivasan, et al.,
1955). Reference to Figure 16 will show that the steps between
shikimic and prephenic acids are not yet clear, but the avail-
ability of both mutants and isotopically labeled compounds
should result in a clarification of these steps in the near fu-
ture.

Metabolism of non-protein amino acids. Although little is
known as yet concerning the metabolism of many of the
amino acids described in Table IV, their unusual nature
makes both their function and their metabolism of consider-
able interest. The finding of y-methylencglutamine, y-methyl-
cneglutamate, y-methylenc-a-ketoglutarate, y-methylglutamate,
v-methyl-y-hydroxyglutamate, and y-methyl-y-hydroxy-a-keto-
glutarate in plants suggests a metabolic relationship between
these compounds. Grobbelaar, et al. (1955) have suggested that
y-methyl-y-hydroxy-a-ketoglutarate could be formed by the
condensation of two molecules of pyruvate, a reaction em-
ployed in the chemical synthesis of the compound. The other
2-keto acids could then be formed from y-methyl-y-hydroxy-a-
ketoglutarate by the reactions outlined in Figure 17. From
each of these a-keto acids, the corresponding amino acids could
be formed by transamination, while y-mcthyleneglutamine
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could arise from y-methyleneglutamate in the same manner
that glutamine is formed from glutamate (Chapter 3). The
enzymatic formation of y-methyleneglutamate from y-methyl-
ene-x-ketoglutarate and y-methylglutamate from y-methyl-2-
ketoglutarate, by transamination with glutamate has alrcady
been demonstrated by Fowden and Done (1953). It has also
been observed that y-methyleneglutamate is decarboxylated by
various plant extracts (Fowden, 1954). In view of these results,
it would be of considerable interest to determine whether the
pathways in Figure 17 actually exist. Examination of Table IV
indicates that there are many important and interesting stud-
ies (especially with tracers) to be performed on the metabo-
lism of these many different amino acids.

Photosynthetic and non-photosynthetic incorporation of
metabolites into amino acids. Racusen and Aronoff (1954)
have investigated the incorporation of CQ, into the amino
acids of excised soybean leaves in the dark. After sixty min-
utes, analysis showed the greatest radioactivity in arginine,
followed by glutamate, aspartate, asparagine, serine, glycine,
and alanine. The results are similar to those obtained by
Abelson (1952) with bacteria. In arginine, 75% of the radio-
activity occurs in the guanido carbon, which Racusen and
Aronoff interpret as resulting from the operation of an orni-
thine cycle in the lcaves. ‘The data concerning the incorpora-
tion of C*Q, into the other amino acids are consistent with
known carboxylation reactions, and with the pathways of
amino acid synthesis alrcady presented in this discussion.

CIOOH COOH ?OOH COOH
0=C—CH, HO=C=CHy o _ GeCHy ., _ HC=CH,

: — e <55 CHy ~ 0w CHe

CH, i 2 i i

1 C=0 C=0 C=0

Cc=0 | |

| COOH COOH COOH

COOH . 5

- kA f ~METHYLENE ¥ ~METHYL-o+

2 PYRUVATE KO RATE ~X-KETOGLUTARATE  KETOGLUTARATE

Figure 17. Suggested pathways of metabolism of methylated o-ketoglutarate
compounds.
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Observations that are also consistent with the operation of
the Krebs cycle and the pathways outlined above have been
made by Rogers (1955b). He has found that excised leaves
and roots of bean plants incorporate the carbons of both su-
crose and acetate into amino acids. The carbons of sucrose
are transformed most rapidly into alanine, glutamate, and
aspartate, followed by glycine, threonine, phenylalanine, val-
ine, and methionine. Acetate carbons are likewise incorpo-
rated most rapidly into glutamate and aspartate, and more
slowly into other amino acids. Interestingly, acetate carbons
are only slowly incorporated into leucine and valine by bean
plants. This is in contrast to guayule where Arrcguin, et al.
(1951) found acetate carbons incorporated into these amino
acids in greater amounts than into any other substance.

Photosynthetic incorporation of C!O, into amino acids
principally reflects the different rates at which various carbon
skeletons become available during photosynthetic as com-
pared with non-photosynthetic conditions. This is particularly
evident during the early stages of photosynthesis. Thus, af-
ter thirty seconds of photosynthesis in C'*O,, not only phos-
phoglycerate and malate, but also alanine and aspartate are
labeled (Stepka, et al., 1948). After ninety seconds in C*Q,,
glycine and serine also become labeled (Vernon and Aronoff,
1950). This labeling pattern is probably due to the transfor-
mation of phosphoglycerate to alanine (via pyruvate), malate
to aspartate (via oxalacetate), ribulose-5-phosphate to glycine
(Weissbach and Horecker, 1955), and glycine to serine. After
one hour of photosynthesis, high activity occurs in alaninc,
glycine, serine, aspartate, and glutamate, and lesser activity
in phenylalanine, tyrosine, proline, leucine, and arginine
(Racusen and Aronoff, 1954). After longer periods of photo-
synthesis, all amino acids are labeled, and the pattern of label-
ing becomes progressively so similar to that obtained in the
dark or in non-photosynthetic tissues that essentially all dis-
tinction due to the effect of light disappears (Schieler, et al.,
1953). Thus, the results obtained by photosynthetic and non-
photosynthetic CO, incorporation into amino acids seem
clearly compatible. An even more important appraisal of the
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above results, however, is their consistency with known path-
ways of both carbohydrate and amino acid metabolism.
Summary. From this brief discussion it is obvious that our
knowledge of the chemical pathways involved in the synthesis
and breakdown of amino acids is slowly becoming clearer.
However, the tremendous progress in the past few ycars
should not blind us to the many gaps that still remain, and
to the many opportunities for exciting rescarch that these gaps
provide. In addition, it is important that further information
be obtained as to whether the metabolic pathways that have
been clarified so brilliantly with Neurospora or E. coli arc ol
general occurrence in plants. Our limited knowledge on this
point supports the thesis that thesc pathways do indeed occur
generally, but nothing is so convincing as concrete cvidence.
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Chapter 3

Biosynthesis of
Amides and Peptides

The occurrence of the amides, glutamine and asparagine,
in plants is well established. In recent years, an increasing
number of peptides and peptide-like substances have also
been found in plants (Bricas and Fromageot, 1953; Meister,
1957). These include true peptides, vitamins and their con-
jugates, antibiotic substances, and certain materials toxic to
animals. A partial listing of these compounds is given in
Table VI. Probably the discovery of such interesting sub-
stances is only beginning. The function of most of the pep-
tides, except the vitamins and glutathione, is still unknown.

Our knowledge of the metabolism, and especially the
biosynthesis, of amides and peptides is a product of relatively
recent investigations and concepts. Of great importance is
the concept of the key position of adenosine triphosphate
(ATP) in biological syntheses. As will be seen from the fol-
lowing discussion, recognition of the necessity of ATP for
peptide and amide syntheses has been the factor responsible
for much new information on the biochemistry of nitrogen
metabolism.

Biosynthesis of glutamine. For many years, plant scientists
recognized that glutamine is an important participant in the
nitrogen metabolism of plants (Chibnall, 1939). The manner
in which glutamine synthesis proceeds was completely ob-
scure, however. Glutamine is hydrolyzed by the enzyme
glutaminase:

glutamine + H,O — glutamate 4+ NH, @

but the equilibrium for this reaction is so far in the direction

of glutamate and ammonia that any significant synthesis by

a simple reversal of the hydrolytic process is improbable.
The first real insight into the manner of glutamine syn-
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thesis in plants was obtained by Elliott (1951) with cell-free
extracts of lupine seedlings. He found that such extracts
could catalyze the synthesis of y-glutamyl hydroxamate from
glutamate and hydroxylamine, if ATP and magnesium ions
were present. A number of plant extracts were subsequently
shown to catalyze glutamyl hydroxamate synthesis in the
same manner (Webster, 1953). If ammonia is substituted
for hydroxylamine, the plant extracts catalyze a net synthesis
of glutamine. The complete reactions have been demon-
strated to be (Elliott, 1953; Webster, 1953):

glutamate + NH,; + ATP —.— glutamine + ADP + P;. (b)

glutamate + NH,OH + ATP Mgh, ©
glutamyl hydroxamate + ADP 4 P;.

The enzyme, glutamine synthetase, catalyzes both reactions,
as well as the synthesis of glutamyl hydrazide if hydrazine is
substituted for ammonia. Glutamine synthetase has been
purified several thousand-fold from extracts of pea seeds,
and subjected to extensive characterization (Elliott, 1953;
Varner and Webster, 1955; Levintow, et al., 1955). The
synthesis of glutamine by reaction (b) is reversible to a meas-
urable extent, and thus can result in a net synthesis of ATP
at the expense of glutamine. From the equilibrium constant
of reaction (b), it has been calculated that there is a difference
of about —4300 calories between the standard free energy
of hydrolysis of glutamine and of ATP (Levintow and Meis-
ter, 1954; Varner and Webster, 1955).

In addition to catalyzing glutamine synthesis, glutamine
synthetase catalyzes the following reactions:
glutamine 4+ N'H, Mg™, ADP, Py, glutamine-N* + NH; (d)

glutamine + NH,OH —M&ADP.Py,
glutamyl hydroxamate 4+ NH;
glutamine 4+ H,O _Mg™", ADP, As; , glutamate + NH; ()

Reactions (d) and (e) are glutamyl transfer reactions, first
observed by Stumpf and Loomis (1950) in pumpkin seedling

(e)
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extracts. They are actually transfers of the glutamyl moiety
of glutamine from ammonia to N'».ammonia or to hy-
droxylamine. However, they require a bewildering set of co-
factors: ADP, magnesium or manganese ions, and phosphate
or arsenate. Although both manganese and arsenate are very
poor cofactors for the glutamine synthesis reaction, they are
considerably more effective than magnesium and phosphate
ions for the transfer reaction. Finally, reaction (f) is essen-
tially an arsenate-promoted hydrolysis (or arsenolysis) of
glutamine, and has the same cofactor requirements as the
glutamyl transfer reactions.

The exact mechanism by which ATP is able to participate
in glutamine synthesis is of considerable interest because
it may be considered a model for the participation of ATP
in a number of biosynthetic processes. Early indirect studies
(Elliott, 1953; Webster, 1953) cast doubt on the formation
of free glutamyl phosphate or glutamyl-coenzyme A as inter-
mediates in glutamine synthesis. Further investigation by
Levintow and Meister (1956) has likewise demonstrated that
synthetic glutamyl phosphate is not converted to glutamine
by glutamine synthetase. The studies of Boyer, et al. (1956)
and Kowalsky, et al. (1956), however, have shown that the
carboxyl oxygen of glutamate is incorporated into the liber-
ated orthophosphate during glutamine synthesis.

HOOC—CHNH,;(CH,),COO"*H + NH; + ATP =
HOOC—CHNH,(CH,);CONH, + ADP + HO"*—PO(OH),

This provides strong evidence for the intermediate formation
of a linkage between glutamate and phosphate during gluta-
mine synthesis. These apparent differences can be resolved
partly by the assumption that glutamine synthesis involves
the formation of an enzyme-bound glutamyl phosphate.

Glutamate Glutamyl-P
/
E = E\
ATP ADP

NH,

E 4 glutamine 4 ADP + P;
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Such a mechanism is consistent with many of the other activ-
ities of glutamine synthetase. For example, the glutamyl
transfer reaction would then proceed as follows:

Glutamyl-P
E 4 ADP + P; 4+ Glutamine = E + NH,
ADP
Glutamyl-P
E + NuH; = E 4+ Glutamine-N®» 4+ ADP 4 P,

ADP

This formulation does not provide a ready explanation of the
greater effectiveness of arsenate over phosphate in glutamyl
transfer, but this is principally a reflection of our ignorance
of the actual mechanism involved in the effect of arsenate on
many biochemical reactions. If one assumes that the carboxyl-
arsenate bond is more reactive than the carboxyl-phosphate
bond, then the greater effectiveness of arsenate is obvious.
This would also explain the arsenate-activated hydrolysis of
glutamine catalyzed by glutamine synthetase, as glutamyl-
arsenate would react more readily with water.

Glutamyl-As

E 4+ ADP + Glutamine + As; — E —

ADP
E 4 Glutamate 4+ As; + ADP 4+ NH;

Evidence that a glutamyl-arsenate intermediate is formed
during the arsenolysis of glutamine has been obtained by
Varner, et al. (1958), who showed that the oxygen of arsenate
labeled with oxygen-18 is transferred to the carboxyl of the
glutamate formed as a result of arsenolysis.

The mechanism outlined above does not account for the
apparent requirement for ADP for either the transfer or
arsenolysis reactions. One possibility is that ADP, which is
essential for the reversal of glutamine synthesis, must be in
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place on the enzyme surface before phosphate can replace
the amide group of glutamine. A possible sequence of events
during the formation of enzyme-bound glutamyl-phosphate
is:

E 4+ Glu-NH, = E-Glu-NH,
GlU"NHz

E-Glu-NH, 4+ ADP = E

ADP
Glu-NH, Glu-P

/ /
E 4+ P;=E + NH;
AN
ADP ADP

By the use of stoichiometric quantities of enzyme, and labeled
substrates, the existence of a sequence such as this might be
tested.

It can be seen that the synthesis of glutamine presents a
complex and difficult problem. Further studies on the mech-
anism of glutamine synthesis, however, should reveal much
concerning the intimate details of the manner in which ATP
is utilized in biological syntheses.

All pertinent observations with intact cells are consistent
with the view that cellular glutamine synthesis is catalyzed
by glutamine synthetase. Most important are the observations
that glutamate is directly converted to glutamine, in vivo
(Webster, 1954; Nelson and Krotkov, 1956), and that respira-
tory or photosynthetic energy is necessary for cellular gluta-
mine synthesis (Naylor and Tolbert, 1955). It would be of
interest to determine, if possible, whether the carboxyl oxygen
of glutamate-O'® is transferred in the cell to orthophosphate,
as it is with the isolated enzyme. If such a transfer occurs, it
would provide compelling evidence for the participation of
glutamine synthetase in cellular glutamine synthesis.

Although glutamine is often regarded principally as a
means for the reversible storage in plants of ammonia in
non-toxic form, evidence is accumulating which indicates the
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importance of glutamine in many phases of metabolism.
Thus, a considerable portion of protein glutamate is often
glutamine, and recent studies with mammalian systems have
shown that glutamine, not glutamate, is the precursor of
protein glutamine. Glutamine also is a specific nitrogen
donor for nitrogen atoms 3 and 9 in the purine ring (Sonne,
et al., 1953), and is specifically required in at least some
organisms for the biosynthesis of guanosine-5-phosphate from
xanthosine-5’-phosphate (Bentley and Abrams, 1956). Gluta-
mine is also required for the conversion of hexose-6-phosphate
to glucosamine-6-phosphate by Neurospora (Leloir and Car-
dini, 1953). Finally, the demonstrated reversibility of the
glutamine synthetase reaction raises a question of whether
the breakdown of stored glutamine might be not only a
source of glutamate and ammonia, but also a source of ATP.
Such a source, under conditions of extensive glutamine dis-
appearance in a plant, could be of definite significance.

Biosynthesis of asparagine. Despite the fact that asparagine
constitutes the principal form of nitrogen in many plants,
our knowledge of asparagine synthesis is considerably less
than our knowledge of glutamine synthesis. This has given
rise to much unfounded speculation, such as the repeated
suggestion that asparagine arises only by the release of aspara-
gine from the degradation of protein. Aside from not explain-
ing how protein asparagine is formed in the first place, this
suggestion is rendered untenable by the fact that the amount
of asparagine formed by a germinating seedling (lupine, for
example) is many times greater than the asparagine content of
the total protein of the seedling.

The first serious study of the actual mechanism of aspara-
gine synthesis was made by Elliott (1951). He tested the possi-
bility that aspartyl hydroxamate might be formed by a direct
condensation of aspartate and hydroxylamine in the presence
of ATP. However, when he incubated cell-free extracts of
lupine seedlings with aspartate, hydroxylamine, ATP, and
magnesium ions, no detectable formation of aspartyl hydrox-
amate occurred. As this same cell-free extract readily formed
glutamyl hydroxamate (by the action of glutamine synthetase)
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when aspartate was replaced by glutamate, the results raised a
question as to whether asparagine synthesis proceeds in the
same manner as glutamine synthesis. A number of alternate
possibilities for asparagine synthesis were, therefore, ex-
amined. Mardashev and Lestrovoya (1951) reported that liver
extracts catalyze an amide transfer from glutamine to aspar-
tate. Examination of this possibility in plant extracts in the
presence of C'4-aspartate revealed no formation of C'*-aspar-
agine (Webster and Varner, 1955). Meister and Fraser (1954)
demonstrated that liver extracts catalyze asparagine synthesis
by transamination between some e-amino acid and a-keto-
succinamate. However, the synthesis of a-ketosuccinamate has
not been demonstrated, except from asparagine, so the sig-
nificance of the reaction is not clear.

A third possibility for asparagine synthesis is the biosyn-
thesis of B-alanylamide and its carboxylation to asparagine.
This possibility was tested by Webster and Varner (1955),
who measured the carboxylation of 8-alanylamide to aspara-
gine with C14O, . Table VII presents some of the results ob-
tained, and indicates: (a) that B-alanylamide is probably
hydrolyzed to -alanine before carboxylation to aspartate and
subsequent conversion to asparagine, and (b) aspartate is
converted into asparagine. This finding raises the question
that asparagine may indeed be synthesized directly from aspar-
tate, even though aspartyl hydroxamate is not. Such a con-
clusion is also derived from various labeling experiments
with intact cells. For example, Nelson and Krotkov (1956)
exposed broad-bean leaves to C'*O, and determined the dis-
tribution of labeling in glutamate, glutamine, aspartate, and

TABLE VII

Carboxylation Reactions Involving 8-Alanine and
B-Alanylamide in Wheat Germ Extracts!

System cts/min. in aspartate cts/min. in asparagine
B-alanine + C"0, 45,380 3063
B-alanylamide 4 CHO. 5,160 951

! Adapted from Webster and Varner (1955).
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asparagine. Not only was the distribution the same in gluta-
mine as it was in glutamate, but also the distribution of label
in asparagine was the same as that in aspartate. Nelson and
Krotkov concluded that glutamine is formed from glutamate
and asparagine is formed from aspartate. Webster and Varner
(1955) found that, under certain conditions, intact lupine
seedlings incorporate the carbons of C!*-aspartate into aspara-
gine. Under such circumstances, if uniformly labeled aspar-
tate is employed, uniformly labeled asparagine is obtained.
If aspartate labeled in carbon atom number-4 is used, aspara-
gine labeled in carbon atom number-4 is obtained. Yamomoto
(1955) has observed that Vigna sesquipedalis hypocotyls, when
incubated for three hours with aspartate and ammonia, ex-
hibit a four-fold increase in asparaginec.

Further evidence indicating that asparagine may be formed
from aspartate comes from work with cell-free extracts of
wheat germ and lupine seedlings (Webster and Varner, 1955).
Such extracts are able to catalyze the conversation of G'*-aspar-
tate to C'*-asparagine. The reaction requires the presence of
ammonium ions, ATP, and magnesium ions. A balance study
has shown that the overall reaction proceeds as follows:

Aspartate + NH; 4+ ATP = Asparagine 4 ADP 4 P;

This overall reaction is identical to the reaction for glutamine
synthesis. The extracts do not, however, catalyze any detect-
able formation of aspartyl hydroxamate unless very high con-
centrations of hydroxylamine are present. This may cxplain
the failure of Elliott (1951) to detect aspartyl hydroxamatc
synthesis.

Thus, it can be seen that at least one mode of asparagine
synthesis may be from aspartate itself. Whether this reaction
is really identical with the reaction for glutamine synthesis,
whether it constitutes a major pathway of asparagine synthesis
in living cells, and whether there are other reactions resulting
in the synthesis of asparagine, are all questions of importance.
It is likely that they will be answered soon.

Peptide bond synthesis. Incubation of bean hypocotyls with
glutamate, cysteine, and glycine results in a marked increase
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in the glutathione level of the tissues (Webster, 1953). When
Cltglycine is employed, C!-glutathione can be isolated.
Glutathione synthesis can also be demonstrated in cell-free
extracts of a variety of plants. In addition to the three amino
acids, the synthesis requires ATP and both magnesium and
potassium ions. Glutathione synthesis in plants, therefore, is
very similar to glutathione synthesis in animals (Bloch, 1949;
Johnson and Bloch, 1951). Kinetic studies indicate that the
dipeptide, glutamylcysteine, is an intermediate in glutathi-
one formation in both animals (Snoke and Bloch, 1952) and
plants (Webster, 1953). This thesis is supported by the finding
(Webster, 1953) that cell-free extracts capable of forming
glutathione can also synthesize glutamylcysteine from gluta-
mate, cysteine, ATP, Mg+*+, and K+. Two separate enzymes
have been purified (Webster and Varner, 1954; 1955) from
wheat germ extracts which carry out the synthesis of gluta-
thione in the following manner:

Glutamate + cysteine + ATP = glutamylcysteine 4 ADP + P;
Glutamylcysteine 4 glycine 4+ ATP = glutathione 4 ADP + P;

The properties of the two enzymes have been examined and
found to be remarkably similar. Snoke (1955) has purified
considerably from yeast the enzyme, glutathionc synthetase,
which forms glutathione from glutamylcysteine and glycine.
Like glutamine synthetase, this enzyme catalyzes transfer
reactions dependent upon ADP, phosphate or arsenate, and
Mgt+ or Mn+*+. A similar situation has been observed with
glutamylcysteine synthetase (Webster and Varner, 1954) in
which the enzyme also catalyzes a glutamyl transfer reaction.
These considerations support the suggestion (Webster, 1955)
that the mechanism of synthesis of at least some peptide bonds
is essentially the same as the mechanism of glutamine syn-
thesis. This is not the case for all peptidic linkages, however.
Maas (1952, 1953, 1956), in an elegant series of experiments,
has shown that the synthesis of pantothenic acid by an en-
zyme preparation from Escherichia coli:

Pantoate + B-Alanine 4+ ATP =
Pantothenate + AMP -+ Pyrophosphate
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actually proceeds in the following manner:
Enzyme (E) + Pantoate 4+ ATP =
E-Pantoyl-AMP + Pyrophosphate

that is, an anhydride linkage is formed between the carboxyl
of pantoate and the phosphate of AMP, the entire structure
remaining bound to the enzyme. This “‘activated” pantoate
then reacts with B-alanine, with the consequent liberation of
AMP:

E-Pantoyl-AMP + B-Alanine = Pantothcnate +- AMP + E

This type of reaction, in which a carboxyl group is linked
to AMP, is identical to the manner of synthesis of acetyl-CoA
and various other fatty acid-CoA compounds.

Andreae and coworkers (Andreae and Good, 1955; 1957;
Good et al., 1956) have demonstrated the formation of indole-
acetyl aspartic acid and indoleacetamide in pea scedlings
given indoleacetic acid. The pea seedlings also convert indolc-
propionic acid, indolebutyric acid, and benzoic acid to in-
dolepropionyl aspartic acid, indolebutyryl aspartic acid, and
benzoyl aspartic acid respectively. Good and Andreae (1957)
have shown, in addition, that pea seedlings convert trypto-
phan to malonyl tryptophan. In each of these instances a
peptidic linkage is formed between the carboxyl of the or-
ganic acid and the amino group of aspartic or tryptophan.
The mechanisms of these syntheses have not been reported
as yet, but it would not be surprising if they all proceed by
the initial formation of indoleacetyl—or malonyl-CoA, which
then reacts with aspartate or tryptophan to form the peptidic
linkage. This is the manner of benzoyl glycine synthesis in
animals (Schachter and Taggert, 1953). A direct condensation
of the acids without the intermediate formation of a CoA
compound, such as is found in pantothenate synthesis, is
also possible.

It would appear, as a generalization, that those syntheses
which result in the liberation of pyrophosphate from ATP
involve the intermediate formation of an enzyme-bound
acyllAMP compound, while those syntheses which result in
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the liberation of orthophosphate from ATP involve the inter-
mediate formation of an enzyme-bound acyl-phosphate com-
pound. The significance of having these two types of re-
actions to achieve essentially the same end is not clear.
However, these two mechanisms appear to represent the two
major ways (aside from classical kinase activity) in which ATP
promotes biological syntheses. In each case, we are dealing
with a type of displacement reaction well known in organic
chemistry. Under such circumstances, the activity of ATP in
promoting amide and peptide bond synthesis becomes con-
siderably less mysterious. As will be seen in Chapter 4, thc
knowledge gained through the study of the mechanism of
synthesis of simple peptidic linkages has permitted the clar-
ification of the first step in the synthesis of the peptide bonds
in protein.
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Chapter 4

Protein and
Nucleic Acid Metabolism

Every cell contains hundreds of different protein molecules.
Although each of these molecules is made up of roughly the
same 18-20 amino acids, there is increasing evidence that the
amino acid sequence of different protein molecules is specified
with great accuracy. Thus, we are faced with the problem of
learning not only how the peptide bonds of proteins are
formed, but also how amino acids are arranged in the specific
sequences that are unique for the molecules of different pro-
teins. The enzyme system responsible for the synthesis of a
protein molecule, therefore, must be not only a peptide-bond
former, but also an information carrier. There are only three
types of cellular macromolecules which appear to be capable
of acting as information carriers for the synthesis of a specific
protein molecule. These are: ribonucleic acid, deoxyribonu-
cleic acid, and protein (or some combination of these three).
In the present chapter, the biosynthesis of both protein and
nucleic acids, as well as their possible relationship will be dis-
cussed principally. A brief consideration of our amazingly
meager knowledge of cellular protein degradation is also in-
cluded.

Research on protein synthesis has followed two major lines
of investigation. The first has been concerned with learning
as much as possible about the characteristics of the overall
protein synthesis process, while the second has attempted the
subdivision of the process into its component steps. Each of
these lines of endeavor has, of necessity, employed both intact
cells and cell-free preparations in decreasing stages of hetero-
geneity, and each has gained much information on the chemi-
cal steps involved in the synthesis of protein molecules (for
earlier reviews, see Borsook, 1953; Tarver, 1954; Crook, 1957;
Simkin and Work, 1957; Spiegelman, 1957).

72
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CHARACTERISTICS OF THE
PROTEIN SYNTHESIS PROCESS

Amino acids as protein precursors. If one regards a protein
molecule as a typical polymer, then the repeating units in the
polymer are obviously the amino acids. The results of a large
number of investigations with both plants and animals dem-
onstrate clearly that amino acids (probably in an “activated”
form) serve as precursors for protein molecules. For example,
in animals, the omission of any single “essential” amino acid
(that is, an amino acid that the animal cannot produce itself
in sufficient quantity) results in an immediate cessation of
protein synthesis and a dramatic decrease in protein levels.
This stoppage of protein synthesis occurs even in the presence
of all amino acids except the one left out of the diet (Frazier,
et al., 1947). Likewise, experiments with amino acid analogues
or with isotopes have provided strong evidence for amino
acids acting as protein precursors in the synthesis of specific
proteins, such as tryptophan peroxidase (I.ee and Williams,
1952), antibodies (Green and Anker, 1954), or ferritin (Loft-
field and Harris, 1956).

In yeast, Halvorson and Spiegelman (1953) found that the
cells contain an internal pool of amino acids. When the cells
arc induced to synthesize new cenzyme protein, the levels of
the internal free amino acids decrease. If the internal free
amino acid levels are arbitrarily decreased prior to the induc-
tion of synthesis, little or no new protein is formed. Likewise,
if the synthesis of new protein is prevented by the presence
of certain amino acid analogues, net incorporation of amino
acids from the internal pool into the protein fraction is pre-
vented (Halvorson and Spiegelman, 1952; Halvorson, et al.,
1955). Rotman and Spiegelman (1954) grew Escherichia coli
cells (which have essentially no internal free amino acid pool)
in GC'-lactate until all cellular constituents were uniformly
labeled. The cells were then induced to synthesize the enzyme,
B-galactosidase, in the presence of a mixture of unlabeled
amino acids. When the enzyme was purified by a combination
of starch electrophoresis and specific precipitation with puri-
fied antiserum, less than 1% of the enzyme carbon was found
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to be derived from the overwhelming amount of labeled cellu-
lar constituents. The enzyme, instead, had been formed from
the unlabeled free amino acids. Almost identical results have
been obtained by Monod and coworkers. Further evidence
that amino acids are precursors of protein has come from stud-
ies with mutant strains of microorganisms which have lost
their ability to synthesize a particular amino acid. For ex-
ample, Monod, et al. (1952) tested eleven different amino acid-
requiring mutants of Escherichia coli, and found in each case
that lack of the required amino acid prevents the synthesis
of either total cellular protein or the enzyme, B-galactosidase.
Similar results have been observed by Rickenberg, et al.
(1953) and by Ushiba and Magasanik (1952), who showed that
the required amino acid could not be replaced by carbon
sources and ammonium sulfate. Thus, the evidence seems
quite definite that amino acids are indeed protein precursors,
and it is likely that this is the case in all organisms.

Evidence that amino acids are not protein precursors is
difficult to find. Steward, et al. (1956) have reported that when
C'-glucose and C*-glutamine are supplied to tissue cultures
of carrot roots, the specific activities of protein glutamate,
aspartate, and alanine are higher with C!*-glucose than with
C'glutamine. The results could be due to some metabolites
other than free amino acids serving as precursors of protein
in tissue culture cells. However, if the internal pool of avail-
able glucose is relatively small, while the internal pool of
available glutamine is relatively large, the results they report
could be obtained. Likewise, if the conversion of glucose into
various amino acids is rapid compared with the conversion of
glutamine, glucose could appear to be a more efficient precur-
sor. Alternately, as long as the magnitudes of the internal pools
of available glucose and glutamine are unknown, the results
obtained could be influenced strongly by the rates of penetra-
tion of the metabolites into the cells. One must conclude that
the available evidence is still overwhelmingly in favor of the
concept that proteins are formed from amino acids.

Need for the simultaneous presence of all amino acids. Al-
though not conclusive, evidence is appearing in support of the
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view that optimal utilization of amino acids for protein syn-
thesis requires that all amino acids be available at approxi-
mately the same time. In animals, Geiger (1947, 1950) has ob-
served that all essential amino acids must be fed within a very
short time period if protein synthesis is to occur. If any one
essential amino acid is fed more than a short time either be-
fore or after the others, no protein synthesis occurs. As the
feeding of incomplete amino acid mixtures results in the in-
creased excretion of amino acids, it appears that an animal
forms protein if all amino acids are present, but excretes the
amino acids if all amino acids are not present. Similar evi-
dence is much more difficult to obtain in plants because of
their capacity for the synthesis of amino acids. However, bac-
teria which lack the ability to form a particular amino acid
must have that amino acid supplied (even in the presence of
all other amino acids) for protein synthesis to occur. Likewise,
Gale and Folkes (1953) have found that total protein synthe-
sis in Staphylococcus aureus proceeds at maximal rates only
in the presence of all of the component amino acids (Figure
18). Omission of one or more amino acids results in the de-
crease or elimination of protein formation. These results sug-
gest the need for all amino acids to be present at about the
same time for protein synthesis in plants as in animals.
Specificity. Extensive studies have demonstrated that every
living tissue examined will, under normal conditions, incor-
porate into its proteins any amino acid that is a normal con-
stituent of the proteins (Borsook, 1953). The rate of incorpora-
tion varies with both the tissue and the amino acid, but is
roughly proportional to the amount of the amino acid occur-
ing in the protein (or proteins) being formed, and to the rate
of cellular protein synthesis. The fact that amino acid se-
quences in various proteins have been found to be highly
specific leads one to expect that only those amino acids which
normally occur in protein can be incorporated into protein.
This expectation is borne out by the observations that D-
amino acids and some amino acids which are not normal
protein constituents (z-aminobutyric, y-aminobutyric, and
z-aminoadipic acids, for example) have not been found to be
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Figure 18. Amino acid requirements for protein synthesis by Staphylococ-
cus aureus cells. Bars indicate the increase or decrease in protein ghitamate
after 30 minutes at 38° C. in the presence of:

. Glucose.

. Glucose plus glutamate.

. Glucose, aspartate, and glutamate.

. Glucose, arginine, and glutamate.

. Glucose, alanine, aspartate, cysteine, and glutamate.

. Glucose, arginine, glutamate, lysine, methionine, and proline.

. Glucose, alanine, aspartate, cysteine, glutamate, glycine, lcucine, phenyl-
alanine, tryptophan, tyrosine, and valine.

H. Glucose, alanine, aspartate, cysteine, glutamate, glycine, leucine, phenyl-
alanine, serine, threonine, tryptophan, tyrosine, valine.

I. Glucose, alanine, arginine, aspartate, cysteine, glutamate, glycine, histi-
dine, isoleucine, leucine, lysine, methionine, phenlyalanine, proline, serine,
threonine, tryptophan, tyrosine, and valine.

J. Same as I., but without aspartate.

K. Same as I., but without arginine.

L. Same as I., but without phenylalanine and tyrosine.

M. Same as 1., but without histidine.

N. Same as I., but without cysteine.

0. Same as I., but without cysteine and methionine.

Adapted from the data of Gale and Folkes (1953a).
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TABLE VIII
Incorporation of “Unnatural” Amino Acids into Proteins

Amino acid Organism Reference
Azatryptophan E. coli Pardee, et al., 1956.
Ethionine Rat Gross and Tarver, 1955.
Ethionine Tetrahymena Tarver, 1955.
p-Fluorophenylalanine L. arabinosus Baker, et al., 1954.
Seleno-methionine E. coli Cohen and Cowie, 1957.
B-Thienylalanine Yeast Dittmer, 1957.

incorporated into protein (Borsook, 1953; Borsook, et al.,
1950). However, recent studies have indicated that the protein
synthesis mechanism may not be completely specific. As is
noted in Table VIII, ethionine has been found to be incorpo-
rated into the proteins of both rats and Tetrahymena. Aza-
tryptophan is incorporated into the proteins of Escherichia
coli, and, if the bacterial cells are infected with bacteriophage
T, , the azatryptophan is incorporated into the bacteriophage
protein. In addition, p-fluorophenylalanine is incorporated
into the proteins of Lactobacillus arabinosus, while g-thicnyl-
alanine is incorporated into the protecins of yeast. In this latter
instance, it was found that C'*--thienylalanine is incorporated
equally well into the proteins of the various cellular frac-
tions, in vivo (Dittmer, 1957). This suggests that we are
probably not dealing with incorporation into a single ab-
normal protein. Especially striking arc the observations of
Cohen and Cowie (1957) that seleno-methionine is incorpo-
rated into the proteins of Escherichia coli. In the case of a
methionine-requiring mutant, the bacterium grows at normal
rates on seleno-methionine. The incorporation of such “un-
natural” amino acids into protein, in vivo, is extremely in-
teresting and deserves much more attention. The results ob-
tained thus far, however, certainly raise a question as to how
discriminating the protein-forming mechanism may be.
Necessity for an energy source. Altough there are numerous
reports in the literature that respiratory inhibitors and di-
nitrophenol inhibit protein synthesis, these findings do not
provide conclusive evidence that the inhibitors act on pro-
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tein synthesis itself. For example, it has been found that the
absorption of amino acids by plant (Webster, 1954), animal
(Christiansen, 1954), and bacterial (Gale, 1953) cells requires
respiratory energy, so the inhibitions observed could reflect
the inhibition of amino acid uptake by intact cells. Spiegel-
man, et al. (1947), however, have provided convincing evi-
dence that protein synthesis itself requires respiratory en-
ergy. As stated earlier, the synthesis of new enzyme molecules
during induced enzyme formation in yeast utilizes the pool
of free amino acids in the cells. Thus, we have a conversion
of amino acids into protein without the amino acids having
to pass into the cell from the outside. Spiegelman, et al. (1947)
found that this utilization of internal amino acids for pro-
tein synthesis is strongly inhibited by respiratory inhibitors
and, most significantly, by inhibitors of oxidative phosphoryla-
tion.

Necessity of nucleic acid for protein synthesis. The early
microscopic studies of Caspersson (1947) and Brachet (1952)
showed that high cellular concentrations of nucleic acid often
could be correlated with active protein synthesis. Similar re-
sults have been obtained in the extensive investigations of
Gale and Folkes (1953) who found that the rate of protein syn-
thesis in Staphylococcus aureus cells varies with the nucleic
acid content. Likewise, Oota and Osawa (1954) observed
that the rate of protein synthesis in bean seedlings varies di-
rectly with the content of microsomal ribonucleic acid.
Brachet (1954), utilizing the observation (Kaufman and Das,
1953) that ribonuglease penetrates into root tips, showed that
treatment of onion roots with ribonuclease results in a strong
inhibition of amino acid incorporation into protein, without
affecting respiration at all. It has not been possible to per-
form similar cxperiments in most other organisms, pre-
sumably because ribonuclease cannot penetrate into all living
cells. Ribonuclease can, however, enter intact cells of Bacillus
megaterium, or protoplasts prepared from these cells, and in
both of these instances strong inhibitions of protein syn-
thesis have been observed (Landman and Spiegelman, 1955;
Groth, 1956). Deoxyribonuclease, in contrast, does not inhibit
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enzyme formation in intact B. megaterium cells. Landman
and Spiegelman (1955) report, in fact, that deoxyribonuclease
frequently enhances enzyme synthesis. When protoplasts of
B. megaterium are treated to remove only deoxyribonucleic
acid, no inhibition of enzyme synthesis results. Extensive
removal of deoxyribonucleic acid produces a concomitant
loss of ribonucleic acid, however, with a resultant inhibition
of protein synthesis. The findings suggest that intact mole-
cules of ribonucleic acid are essential for enzyme synthesis in
B. megaterium, but that deoxyribonucleic acid may not be as
directly concerned.

The evidence that nucleic acid is necessary for protein
synthesis raises a question as to the manner in which it par-
ticipates in the synthetic process. In this connection, Gale
and Folkes (1955c) observed that the synthesis of 8-galactosidase
by Staphylococcus aureus cells requires the presence of a
mixture of purine and pyrimidine bases. Furthermore, as can
be seen in Figure 19, synthesis of total protein in these cells,
while not exhibiting an absolute requirement for the bases,
nevertheless is markedly promoted by the purine-pyrimidine
mixture. Pardee (1954), while investigating the synthesis of
B-galactosidase in uracil-requiring mutants of E. coli, found
that enzyme synthesis occurs only in the presence of added
uracil. If the supply of uracil is limiting, enzyme synthesis

stops as soon as the uracil supply is exhausted. Similar results
have been observed by Spiegelman, et al. (1954) with both
uracil- and adenine-requiring mutants of E. coli. Moreover,
depletion of the nucleotide pool of yeast cells inhibits their
ability to form enzymes, but the ability is restored by a purine-
pyrimidine mixture (Spiegelman, et al., 1954). These results
have led to the important postulate that protein synthesis
requires the concurrent synthesis of nucleic acid. Whether
the synthesis of both ribonucleic and deoxyribonucleic acid
is necessary for the synthesis of certain proteins is not yet
certain. Numerous investigators, however, have reported that
selective inhibition of deoxyribonucleic acid formation by
x-ray or other treatments has no effect on the ability of an or-
ganism to form at least some proteins (Baron, et al., 1953;
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Kelner, 1953; Sher and Malette, 1954; Halvorson and Jack-
son, 1956). Furthermore, Cohen and Barner (1954) have ob-
served that a thymine-requiring mutant of E. coli can form
the enzyme, xylose isomerase, in the absence of added thy-
mine. These findings certainly raise a question as to the
direct participation of deoxyribonucleic acid in protein syn-
thesis (especially enzyme synthesis) in a manner analogous to
the participation of ribonucleic acid. However, they do not
rule out the need for deoxyribonucleic acid, or its synthesis,
for the synthesis of specific proteins (in the nucleus, for ex-
ample).
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Figure 19. Effect of a mixture of purines and pyrimidines on the rate of
protein synthesis by Staphylococcus aureus as a function of amino acid con-
centration. Squares: purine-pyrimidine mixture; triangles: control. Adapted
from the data of Gale and Folkes (1953b).
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If ribonucleic acid synthesis is indeed necessary for the
synthesis of protein, then one would expect: (a) that induc-
tion of protein synthesis would be reflected in increased syn-
thesis of at least some kinds of ribonucleic acid, and (b) that
inhibition of nucleic acid synthesis would also inhibit pro-
tein synthesis. Little definite information is available con-
cerning these possibilities. Chantrenne (1956) has observed
that the oxygen-induced syntheses of cytochrome c, cyto-
chrome peroxidase, and catalase in resting yeast cells all re-
sult in increased incorporation of adenine and uracil into
specific fractions of cellular ribonucleic acid. Interestingly,
the incorporation also occurs when the inducer is added, but
enzyme synthesis is seemingly blocked with p-fluorophenyl-
alanine. However, it is not known whether p-fluorophenyl-
alanine actually stops the synthesis of protein molecules here,
or whether an inactive protein containing p-fluorophenyl-
alanine is formed. In attempts to inhibit nucleic acid syn-
thesis, various investigators {spiegelman, et al., 1954; Creaser,
1955) have observed that a number of different purine or
pyrimidine analogues inhibit protein synthesis. Unfortu-
nately, they have not established whether the analogues actu-
ally inhibit ribonucleic acid synthesis itself. It has been found,
in fact, that several of these analogues, especially 8-azaguanine,
are incorporated into ribonucleic acid by living cells (Mat-
thews, 1954; Lasnitzki, et al., 1954; Matthews and Smith, 1956;
Mitchell, et al., 1950; Heinrich, et al., 1952). It may be that
the analogues inhibit protein synthesis by forming an “ab-
normal” ribonucleic acid which cannot act metabolically.
Obviously, experiments on the incorporation of either purines
or their analogues into ribonucleic acid offer excellent be-
ginnings for further study of the manner in which ribo-
nucleic acid participates in protein synthesis. It might be
noted here that the ready incorporation of either amino acid
analogues into protein or purine analogues into nucleic acid
suggests that both synthetic mechanisms will accept an un-
natural precursor. In view of this, the question might be
raised as to how often the cell spontaneously produces an ab-
normal macromolecule, and what effects such abnormalities
have on normal cellular growth.
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“Uncoupling” of protein and nucleic acid synthesis. Al-
though the evidence discussed above supports the view that
protein synthesis requires the concurrent synthesis of nucleic
acid, the question arises as to whether nucleic acid synthesis
requires the coincident synthesis of protein. The earliest evi-
dence on this point was obtained by Levy, et al. (1949) who
found that cobalt ions inhibit growth (and therefore protein
synthesis) of at least one bacterial species without inhibiting
ribonucleic acid synthesis. Similar results have been obtained
with the antibiotic, Chloramphenicol (Gale and Folkes, 1953;
Wisseman, et al., 1954; Pardee and Prestidge, 1956). Chlor-
amphenicol, in low concentrations, completely inhibits pro-
tein synthesis in Staphylococcus aureus without inhibiting
ribonucleic acid synthesis (Table IX). These results are remi-
niscent of the classical findings of Loomis and Lipmann (1948)
that respiration and phosphorylation can be ‘“‘uncoupled”
with dinitrophenol. The formation of ribonucleic acid, there-
fore, does not necessarily require the concurrent synthesis
of protein, and may be “uncoupled” experimentally from
protein synthesis. Whether the ribonucleic acid formed as
a result of Chloramphenicol action is identical to ribonucleic
acid formed in connection with protein synthesis is not as
yet known, although Pardee and Prestidge (1956) have found
no change in the base ratios of nucleic acid formed in the
presence of Chloramphenicol. The “uncoupling” apparently
does not occur in Azotobacter vinelandii, where both nucleic
acid and protein syntheses are inhibited, or in certain other
systems (Table IX).

As an extension of the above results, Pardec and Prestidge
(1956) have made several important observations concerning

the manner in which ribonucleic acid is formed in bacterial
cells. They find:

a. Inhibition of protein synthesis results in similar inhibi-
tion of ribonucleic acid synthesis.

b. In amino acid-requiring mutants of E. coli, ribonucleic
acid synthesis cannot occur in the absence of amino
acids.

c. Even when ribonucleic acid synthesis is ‘“‘uncoupled”
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from protein synthesis by Chloramphenicol, the syn-
thesis of ribonucleic acid in amino acid-requiring E.
coli mutants requires the presence of traces of the neces-
sary amino acids.

The authors conclude that ribonucleic acid synthesis nor-
mally proceeds in conjunction with protein synthesis, but
if these processes are “uncoupled” by Chloramphenicol, then
nucleic acid synthesis still requires the presence of a complete
amino acid mixture. This suggests that protein and nucleic
acid syntheses may be coupled through the formation of a
common intermediate, or that amino acids are somehow re-
quired for nucleic acid formation. It may be that Chlor-
amphenicol acts by specifically inhibiting peptide bond forma-
tion in proteins.

Summary. The results of the investigations cited above, in
which intact cells of a variety of plants have been used as ex-
perimental material, have elucidated a number of character-
istics of protein synthesis. The salient features of the overall
process of protein synthesis are as follows:

a. Protein is formed in a process in which free amino acids
are condensed together without the formation of de-
tectable peptide intermediates. All of the amino acids
composing a protein are needed at about the same time
in the synthetic process.

b. Respiratory energy is required for protein synthesis.

¢. Intact molecules of nucleic acid are likewise necessary
for protein synthesis. In addition, an increasing volume
of evidence supports the view that protein synthesis re-
quires the concurrent synthesis of nucleic acid, and that
the two syntheses normally are coupled together in some
manner. They can be uncoupled, however, in a few cases,
by substances which allow nucleic acid synthesis to occur
while inhibiting protein synthesis.

d. Finally, the mechanism of either protein or nucleic acid
synthesis is not completely selective, and allows certain
“abnormal” amino acids or purines to be incorporated
into protein or nucleic acid.
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STUDIES ON PROTEIN SYNTHESIS
IN PREPARATIONS OF DISRUPTED CELLS

The information discussed in the preceding section shows
that our knowledge of protein synthesis has been increased
tremendously by studies with various kinds of intact cells. The
important results obtained have raised even more important
questions concerning the actual chemical pathways involved
in transforming amino acids into specific proteins. Unfortu-
nately, the answers to such questions do not appear to be ob-
tainable with intact cells. The design of experiments in which
intact cells are employed to study the mechanisms of protein
synthesis has become increasingly difficult, and the interpre-
tation of results obtained (due to permeability factors, enzyme
action at the cell membrane, competing reactions, changing
substrate pools and their cffect on metabolic pathways, etc.)
is even more difficult. Disruption of a cell results in a con-
siderable disorganization of cellular structure. Yet, despite
this disorganization of the cell as a whole, many cellular en-
tities (nuclei, mitochondria, ctc.) remain intact and meta-
bolically active. Employment of disrupted cells and isolated
cellular bodies as experimental systems has increased our
knowledge of carbohydrate and fat metabolism in a manner
unattainable with intact cells. It is not surprising, therefore,
that similar techniques have been adopted for the study of
protein synthesis.

Net protein synthesis in preparations of disrupted cells. The
question of whether disrupted cells continue to carry on a net
synthesis of protein was first investigated by Gale and Folkes
(1955a). They found that disrupted Staphylococcus aureus
cells exhibit as much as a 10% increase in total protein (as
determined by micro-Kjeldahl) when incubated in the pres-
ence of a mixture of amino acids and hexose diphosphate.
Similar results have been obtained by Webster (1957d) with
disrupted pea seedlings. In this case, the protein increase (as
determined simultaneously by three different methods) is al-
most entirely in a nucleoprotein fraction. Some properties of
this in vitro protein synthesis system are presented in Table
X. It can be seen that the requirements for synthesis are simi-
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TABLE X
Net Protein Synthesis by a Nucleoprotein Fraction from Pea Seedlings!

Micrograms protein formed

System per milligram protein
per hour
Complete 58.
minus amino acid mixture 0.
minus adenosine triphosphate 15.
minus magnesium ions 25.
minus potassium ions 38.
plus p-fluorophenylalanine 23.
plus ribonuclease 0.

! Adapted from Webster (1957).

lar to those for protein synthesis in intact cells (amino acids,
energy source, nucleic acid). The maximum amount of pro-
tein formed in this system is very small, amounting to about
8% of the original protein of the nucleoprotein fraction.

Considerably greater amounts of protein synthesis have
been observed in other experimental systems. Spiegelman
(1957) has found that a sediment obtained when B. megater-
ium protoplasts are disrupted by osmotic shock exhibits a
several-fold increase in total protein and nucleic acid when
incubated with an amino acid mixture, ATP, HDP, and
metal ions. This striking increase is far greater than has been
obtained hitherto with any other experimental system. As
might be expected, the system must be prepared very carefully
in order to retain its activity.

A further indication of net protein synthesis in disrupted
cell preparations has been obtained by Gale and Folkes
(1955b) in an investigation of enzyme formation by disrupted
Staphylococcus aureus cells. They have reported that the ac-
tivities of catalase and “‘glucozymase” (the enzyme system pro-
ducing acid from glucose) increase several-fold in the presence
of an amino acid mixture, ATP, and HDP. If an inducer is
present, the enzyme, B-galactosidase, is likewise formed. The
increase in enzyme activity is eliminated if one of the com-
ponents of the reaction system is omitted. Enzyme develop-
ment is strongly inhibited by Chloramphenicol, a known in-
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hibitor of protein synthesis in intact cells, and by treatment
of the preparations with ribonuclease or deoxyribonuclease.
If the disrupted cells are extracted with 1 M sodium chloride,
the activity is either lost or greatly inhibited, but can be re-
stored by adding bacterial RNA, DNA, or a mixture of pu-
rines and pyrimidines to the extracted preparation (Figure
20). It is evident that different additions affect each enzyme
devclopment differently, suggesting that the synthesis of some
enzymes is linked to ribonucleic acid, some to deoxyribonu-
cleic acid, and some to the formation of polynucleotide. These
observations arc very provocative and deserve much further
investigation, for they provide a means by which the synthesis
of specific proteins might be linked to specific nucleic acids.
This is especially the casec now that nucleic acid preparations
can be separated into numerous individual nucleic acids or
groups of nucleic acids by column chromatography (Bendich,
et al., 1955).

Amino acid incorporation into protein. Obviously, the em-
ployment of suitably sensitive assay techniques and highly
active preparations allows the net synthesis of protein to be
detected and measured in disrupted cell preparations. In ad-
dition, numerous investigators have studied the incorpora-
tion of labeled amino acids into protein. This is an important
technique, and its employment is essential to the elucidation
of the mechanism of protein synthesis. In the case of both
intact cells and cell-free preparations, the labeled amino acids
can be incorporated into protein as a result of the formation
of new protein molecules. However, the possibility exists that
amino acids might be incorporated, either in intact cells or
cell-free preparations, by any of several other processes:

a. The addition of the labeled amino acid to the N-terminal
or C-terminal end of a protein molecule.

b. The exchange of a labeled amino acid for the same
amino acid at the end of a protein molecule.

c. The exchange of a labeled amino acid for the same
amino acid in the interior of a protein molecule (pre-
sumably by some process involving the partial reversal
of protein synthesis.
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Figure 20. Factors affecting development of several enzyme activitics after

their elimination by extraction of disrupted Staphylococcus auwreus cells with
1 M NaCl. Each system contained ATP, hexose diphosphate, and a mixture
of amino acids.

Top Bar: “glucozymase”

Middle Bar: catalase

Lower Bar: beta-galactosidase
Additions are: deoxyribonucleic acid (DNA), ribonucleic acid (RNA), purine-
pyrimidine mixture (PP). Adapted from the data of Gale and Folkes (1955D).
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Of these possibilities, the first must be considered most seri-
ously, as Cornwell and Luck (1958) have presented evidence
that incubation of certain purified proteins with labeled
amino acids sometimes results in a binding of a small amount
of the amino acid to the protein. Such “incorporation,” how-
ever, as well as incorporation by the two exchange processes
listed above, can be differentiated from the incorporation
resulting from protein synthesis by several criteria. Incorpora-
tion by binding or exchange should not be dependent upon
respiratory energy, the presence of other amino acids, or the
presence of nucleic acid.

Although the results of Cornwell and Luck (1958) clearly
demonstrate that amino acids can bind to proteins under cer-
tain conditions, evidence for amino acid incorporation into
protein as a result of exchange reactions is difficult to find.
Gale and Folkes (1955a) have suggested that glutamate, in the
absence of other amino acids, is incorporated into Staphylo-
coccus aureus protein by an exchange process, but their re-
sults neither establish this point unequivocally, nor tell us
whether the glutamate is located: (a) throughout the protein
molecules, (b) only on the terminal ends, or (c) in conjunction
with some glutamate-containing molecule (such as glutathi-
one) that is associated with certain protein molecules.

Actually, exchange reactions associated with protein synthe-
sis are of great potential aid in elucidating the mechanism of
protein synthesis, but the possibility of real exchange reac-
tions associated with the protein-forming machinery has re-
ceived little attention. Unfortunately, failure to observe net
protein synthesis during amino acid incorporation into pro-
tein often has been interpreted to mean that the amino acids
are being incorporated by an exchange mechanism. Such
conclusions are without foundation. Protein levels depend
upon the ratio of synthesis rate to degradation rate, while
amino acid incorporation (due to protein synthesis) depends
only on the synthesis rate. Thus, amino acid incorporation,
which is entirely the result of the synthesis of new protein,
could occur under any of the following circumstances:
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a. The rate of protein synthesis exceeds the rate of protein
breakdown. Protein level increases during amino acid
incorporation.

b. The rate of protein synthesis equals the rate of protein
breakdown. Protein level remains unchanged during
amino acid incorporation.

¢. The rate of protein synthesis is less than the rate of pro-
tein breakdown. Protein level decreases during amino
acid incorporation.

Therefore, depending on the rate of protein degradation,
one could have equal amounts of amino acid incorporation
(resulting from equal amounts of actual protein synthesis)
while the protein level of the system was increasing, un-
changed, or decreasing. Failure to measure net protein syn-
thesis does not constitute proof either that new protein mole-
cules are not being formed, or that amino acid incorporation
is caused by exchange reactions. It is far more important to
know whether the characteristics of the process of amino acid
incorporation into protein resemble those of cellular protein
synthesis. The results of many investigations, with both intact
cells and cell-free extracts, have shown that amino acid in-
corporation exhibits the same (or very similar) characteristics
as does actual protein synthesis. In addition, the study of
amino acid incorporation by various cell-free preparations
has uncovered considerable additional information on the
characteristics of both amino acid incorporation and protein
synthesis.

Amino acid incorporation by cell-free extracts. Many prep-
arations of disrupted cells have been found to be highly active
in the incorporation of amino acids into protein. For example,
Lester (1953, 1955) observed that lysis of Micrococcus lyso-
detkticus cells with lysozyme (in the presence of sucrose)
yields cell-free preparations capable of incorporating C't-leu-
cine into their protein at rates somewhat higher than have
been obtained in preparations of mammalian tissues. Similar
results have been obtained by Gale and Folkes (1955a) with
cells of Staphylococcus aureus disrupted by sonic vibration.
Cellular disruption of several different higher plants in the
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presence of sucrose also yields preparations that are active in
the incorporation of amino acids into protein (Webster, 1955;
Stephenson, et al., 1956). General properties of some of the
disrupted preparations are summarized in Table XI, and com-
pared with a preparation from mammalian cells. The plant
preparations exhibit a similar requirement for the presence
of a mixture of amino acids in order to have incorporation of
any one amino acid at maximal rates. Incorporation by all
preparations is inhibited in a striking manner by ribonuclease
and, in some cases, by deoxyribonuclease.

The requirement for respiratory energy for protein synthe-
sis in intact cells can be demonstrated with disrupted cells to
be due to a specific requirement for adenosine triphosphate,
a known product of cellular respiration. Neither adenosine
diphosphate nor adenosine monophosphate can substitute
effectively for adenosine triphosphate. In fact, adenosine di-
phosphate is decidedly inhibitory. Guanosine triphosphate,
inosine triphosphate, cytidine triphosphate, or uridine tri-
phosphate likewise cannot replace adenosine triphosphate to
any significant extent.

The necessity of adenosine triphosphate for amino acid in-
corporation into protein suggests that magnesium ions are
also necessary. This is indeed the case in pea seedling prepara-
tions where magnesium ions enhance glutamate-C!* incorpo-
ration into protein while manganese, calcium, cobalt, zinc,
copper, and barium ions are inhibitory (Webster, 1955).
Amino acid incorporation by disrupted Staphylococcus aureus
cells likewise requires magnesium ions (Gale and Folkes,
1955). Amino acid incorporation by pea seedling preparations
is also affected by monovalent ions. As can be seen from Table
XII, potassium ions markedly enhance amino acid incorpora-
tion into protein. Sodium, lithium, and ammonium ions have
little effect, and rubidium ions are inhibitory. The enhance-
ment of amino acid incorporation specifically by potassium
ions is similar to the necessity of potassium ions for the syn-
thesis of simple peptides (Snoke, et al., 1953; Webster and
Varner, 1954). The observations of an enhancement of protein
synthesis in potato disks (Steward and Preston, 1941) and bac-
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TABLE XII

Effects of Monovalent Cations on Amino Acid
Incorporation by Pea Seedling Preparations!

: Micromoles glutamate incorporated
Cation added into protein

None 1.57
Potassium 2.38
Sodium 1.50
Lithium 1.48
Ammonium 1.45
Rubidium 0.75

! Adapted from Webster (1956).

terial protoplasts (Landman and Spiegelman, 1955) by potas-
sium ions may be reflections of a necessity of potassium ions
for the formation of the peptide bonds of protein molecules.

Effects of nucleotides on amino acid incorporation into
protein. As was discussed earlier, Gale and Folkes (1955b)
found that the development of some enzyme activities is pro-
moted by ribonucleic acid, others by deoxyribonucleic acid,
and still others by a mixture of adenine, guanine, cytosine,
and uracil. When nucleic acids are removed from disrupted
Staphylococcus aureus cells by treatment with deoxyribonu-
clease, ribonuclease, or by extraction with 1 M sodium chlo-
ride, the incovporation of C'*-glutamate into protein is
strongly inhibited. Like enzyme development, the ability to
incorporate C'*-amino acids into protein can be restored by
the addition of Staphylococcal deoxyribonucleic or ribonu-
cleic acids. The restoration of activity is apparently specific
for Staphylococcus nucleic acids, as thymus, herring roe, and
wheat germ deoxyribonucleic acids as well as beef liver ribo-
nucleic acid are all inactive (Gale, 1954). Deoxyribonucleic
acid is somewhat more effective at restoring incorporation ac-
tivity than ribonucleic acid. Surprisingly, the efficiencies of
the two nucleic acids are the same, regardless of the method
used to remove nucleic acid; that is, deoxyribonucleic acid
will restore activity removed by ribonuclease and ribonucleic
acid will restore activity removed by deoxyribonuclease. A
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mixture of purines and pyrimidines is ineffective in restoring
activity. These results, in which the reactivating effect is
seemingly specific for Staphylococcus nucleic acid, but not
specific for the kind of nucleic acid raise many questions con-
cerning the mode of action of the nucleic acids in restoring
activity, and require much investigation.

Somewhat different results have been obtained with cell-
free extracts of pea scedlings (Webster and Johnson, 1955).
Here, the incorporation of C!4-glutamate is inhibited by pre-
treatment of the preparation by ribonuclease, but not by de-
oxyribonuclease. Reactivation of the incorporation system is
not specific for pea seedling ribonucleic acid, but instead is
produced by any ribonucleic acid preparation. Furthermore,
promotion of amino acid incorporation is greater if the ribo-
nucleic acid molecule has been hydrolyzed to its constituent
nucleotides. These results suggest, then, that the apparent
need for added ribonucleic acid in pea seedling preparations
is actually a need for ribonucleotides or related compounds
which the cell-free extract can produce from ribonucleic acid.
A systematic investigation of the ability of various ribonu-
cleotides and related compounds to promote C!4-glutamate
incorporation into protein (Figure 21) reveals that the most
effective compounds are nucleoside-5"-phosphates (Webster
and Johnson, 1955; Webster, 1957d). As nucleoside-5’-phos-
phates are highly efficient precursors of ribonucleic acid in
both plant (Webster, 1957c,d) and animal (Goldwasser, 1955;
Potter, et al., 1956; Heidelberger, et al., 1956; Canellakis,
1957) preparations, the promotion of amino acid incorpora-
tion by nucleoside-5"-phosphates may be due to their acting
as efficient precursors of ribonucleic acid (the synthesis of
ribonucleic acid presumably being necessary for protein syn-
thesis). In line with this, certain purine analogues or other
inhibitors of nucleic acid synthesis (such as 4-aminofolic acid)
have been found to inhibit the incorporation of glutamate
into the proteins of cell-free extracts of pea seedlings (Figure
22). These findings, therefore, are in agreement with the con-
clusions derived from experiments with intact cells, that pro-
tein synthesis is somehow related to nucleic acid synthesis.
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Figure 21. Effects of nucleotides and related substances on C"-glutamate
incorporation into the proteins of disrupted pea seedlings. Each system con-
tained a mixture of the four nucleotides, nuclcosides, or bases commonly
found in ribonucleic acid.

Similar systematic studies on the effects of various nucleo-
tides on amino acid incorporation by disrupted Staphylococ-
cus aureus cells have not been reported as yet. Burma and
Burris (1957), however, have prepared a centrifugal fraction
from Azotobacter vinelandii cells (disrupted by sonic vibra-
tion) which appears to be similar to that prepared from
Staphylococcus aureus. In agreement with the results with
pea seedling preparations, amino acid incorporation by the
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Figure 22. Inhibition by purine analogues and rclated substances of the
incorporation of CY.glutamate into the proteins of disrupted pea seecdlings.

Azotobacter preparation is promoted to the greatest extent
by nucleoside-5"-triphosphates. Some very interesting results
have been obtained by Gale and Folkes (1955c), who exam-
ined the effects of various nucleotide fractions (obtained by
chromatography of a ribonuclease digest of ribonucleic acid)
on amino acid incorporation by disrupted Staphylococcus
aureus cells. Although early results indicated that certain
dinucleotides or trinucleotides specifically promoted the in-
corporation of a given amino acid into protein, further purifi-
cation of the nucleotide fractions has revealed that the promot-
ing factors are non-nucleotide in nature, and can be separated
from the small polynucleotides (Gale, 1956). This would
agree with the finding of Webster (1957d) that various di-
nucleotides and trinucleotides, which have been purified from
a ribonuclease digest by column chromatography, are incapa-
ble of promoting amino acid incorporation by pea seedling
preparations. Little is known about the factors discovered by
Gale (1956), but their apparent specificity and high activity
make them impressive subjects for further investigation.

We see, therefore, that mononucleotides, polynucleotides,



PROTEIN AND NUCLEIC ACID METABOLISM 97

and non-nucleotide substances associated with polynucleo-
tides all exert powerful influences on amino acid incorpora-
tion into protein by different preparations. Both the sub-
stance involved and its action differ so greatly with different
preparations, however, that it seems impossible to account for
the various actions by any single hypothesis. In particular, it
would seem especially dangerous to regard the results simply
as manifestations of a connection between nucleic acids or
nucleic acid synthesis, and protein synthesis.

Amino acid incorporation by various cellular fractions.
Like intact cells, cell-free extracts possess the disadvantage of
bewildering complexity. It is not surprising, therefore, that
investigators have attempted to separate the major compo-
nents of a cell-free extract into those active in protein synthe-
sis and those possessing only confusing side-reactions. The
separation of bacterial extracts into components by centrifu-
gation has been unrewarding, the only fraction active in vitro
in the incorporation of amino acids into protein being a very
complex and heavy nucleoprotein material attached to cell
walls. Such material may consist of cellular membrane frag-
ments, but has resisted purification.

When a higher plant or animal, with a highly organized
cellular structure, is allowed to incorporate an amino acid
into protein, it enters the protein of all cellular fractions
(Figure 23). The particulates generally become more highly
labeled than the “soluble” protein, and thus, nuclear, mito-
chondrial, and especially microsomal preparations all pro-
vide potential experimental systems for the study of amino
acid incorporation into protein. Amino acid incorporation
by each of these cellular fractions has been investigated to a
greater or lesser extent with preparations from both plants
and animals, and the results obtained are summarized briefly
below:

Nuclei. In the intact cell, nuclei readily incorporate amino
acids into protein (Borsook, 1953), although in bean seedling
cells (Webster, 1954b) the rate of incorporation is consider-
ably less than in other particulate fractions (Table XIII).
Amino acid incorporation by isolated nuclei has been studied
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Figure 23. Incorporation of C*-leucine into the proteins of various cellu-
lar fractions of tobacco leaf disks. Adapted from Stephenson, et al. (1956).

TABLE XIII

Distribution of C¥-Glutamate in Various Cellular
Fractions of Intact Seedlings!

Micromoles glutamate per gm. protein per hour

Cellular fraction

Bean seedlings Pea seedlings

(3 days old) (5 days old)
Nuclear 0.15 0.41
Mitochondrial 0.43 0.68
Microsomal 1.18 1.05
“Soluble” 0.31 0.29

! Adapted from Webster (1954b, 1955).

almost exclusively with calf thymus nuclei (Allfrey, 1954;
Allfrey, et al., 1957). Such nuclei incorporate amino acids
steadily for at least two hours. The incorporation requires
energy, and appears to be the result of protein synthesis rather
than some exchange process. If the nuclei are fractionated
after incorporation of C!4-alanine, the greatest specific activity
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TABLE XIV

Distribution of C-Alanine in Various Protein Fractions of Nuclei!

Counts per minute

Fraction per milligram

Total nuclear protein 107.
I Protein extractable with pH 7.1 buffer (RNA plus pro- 179.
tein)

II Protein not extractable with 1 M NaCl (RNA plus 117.
protein)

IIT Histones 36.

IV Gelatinous protein 157.

V Non-histone protein associated with DNA 243.

1 Adapted from Allfrey, et al. (1957).

resides in a non-histone protein associated with DNA, the
next greatest in a protein associated with RNA, and the least
in the histone fraction (Table XIV). These results suggest
that nuclei, despite their inherent complexity, may contain
specific sites of protein synthesis which might be separated
from the rest of the nuclear material and studied in detail. In
contrast to other systems, amino acid incorporation by thymus
nuclei is promoted by sodium ions and inhibited by potas-
sium ions. Furthermore, incorporation is inhibited by deoxy-
ribonuclease but not by ribonuclease. The ability of deoxy-
ribonuclease-treated nuclei to incorporate amino acids into
protein can be restored partly by preparations of DNA, RNA,
or ribonuclease-treated RNA. It would be of great interest to
know whether other isolated nuclei exhibit the same charac-
teristics as thymus nuclei.

Mitochondria. Like nuclei, mitochondria in the intact cell
readily incorporate amino acids into their protein (Borsook,
1953). Isolated mitochondria from both plants (Webster,
1954a) and animals (Peterson, et al., 1951; McClean, et al.,
1956) also incorporate amino acids into protein. The incorpo-
ration is stopped by stopping oxidative phosphorylation in the
mitochondria, and is promoted by a mixture of amino acids
(Peterson, et al., 1951). If the isolated mitochondria are
washed extensively, they require the presence of the proteins
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not sedimented at 105,000 X g in order to have incorporation
proceed (Simpson, et al., 1957). Incorporation is not inhibited
by ribonuclease, although the mitochondria apparently con-
tain RNA. Like nuclei, mitochondria have the disadvantage
of being relatively large and complex. However, the success
of many investigators in liberating multi-enzyme systems from
mitochondria suggests that a similar separation of a protein-
forming system is possible.

Chloroplasts. Although chloroplasts, both in the cell and in
an isolated state, are able to incorporate amino acids into
protein (Stephenson, et al., 1956; Sisakyan and Filippovich,
1957), little is known concerning the nature of the incorpora-
tion process. Its dependence upon energy, however, seems
likely from the observation of Stephenson, et al. (1956) that
chloroplasts incorporate considerably more amino acid in
the light than in darkness.

Microsomes. Amino acid incorporation by microsomes has
been investigated more extensively than incorporation by any
cellular fraction, because microsomes, in intact cells, are usu-
ally far more active at incorporation than other cellular frac-
tions (Table XIII). Isolated microsomes have a complex set
of requirements for amino acid incorporation. These include:
ATP (ADP and AMP are inactive), some system for regener-
ating ATP, magnesium and potassium ions, and the cyto-
plasmic protein not sedimented at 105,000 X g (Zamecnik and
Keller, 1954; Hoagland, et al., 1956; Sachs, 1957). Liver mi-
crosomes require, in addition, the presence of guanosine di-
phosphate or guanosine triphosphate (Keller and Zamccnik,
1956). Amino acid incorporation by microsomes is completely
inhibited by ribonuclease.

Ribonucleoprotein particles. When microsomal prepara-
tions from plants or animals are examined by electron micros-
copy, they are found to consist of small ribonucleoprotein
particles attached to protein strands. As can be seen from Fig-
ure 24, amino acids are incorporated initially into the protein
of the ribonucleoprotein particles, and then into the protein
strands (Littlefield, et al., 1955). This suggests that ribonucleo-
protein particles are the initial sites of amino acid incorpo-
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ration by microsomes. Ribonucleoprotein particles have been
isolated from bean seedlings (Robinson and Brown, 1953),
pea seedlings (T'so, et al., 1956), ycast (Chao and Schachman,
1956), Ehrlich ascites tumor cells (Littlefield and Keller, 1957),
and liver microsomes (Peterman and Hamilton, 1957). The

articles from Ehrlich ascites tumor cells (Littlefield and
Keller, 1957), from yeast, and from pea seedlings (Webster,
1957¢) possess marked abilities to incorporate a variety of
amino acids into protein under roughly the same conditions
as required for amino acid incorporation by microsomes. The
kinetics of incorporation (Figure 25) exhibit the same rapid
uptake of amino acid as is exhibited by the particles when
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Figure 24. Incorporation of C'-leucine into various microsomal fractions
and into “soluble” cellular protein. A, deoxycholate-soluble fraction (mostly
protein strands); B, deoxycholate-insoluble fraction (mostly ribonucleoprotein
particles; C, “soluble” protein. Adapted from Littlefield, et al. (1955).
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Figure 25. Incorporation of C*-amino acids into the protein of isolated
ribonucleoprotein particles. A, C'*-alanine incorporation by pea seedling ribo-
nucleoprotein particles. B, C**-leucine incorporation by Ehrlich ascites tumor
ribonucleoprotein particles.

they are in microsomes, but the amino acid, once incorpo-
rated, does not leave the isolated ribonucleoprotein particles.

The microsomal ribonucleoprotein particles investigated
thus far appear to be relatively simple structures, and resem-
ble the small plant viruses. They contain 30-50% ribonucleic
acid, 50-70% protein, and possibly a small amount of un-
characterized phospholipid (Tso, et al., 1956; Chao and
Schachman, 1956; Peterman and Hamilton, 1957). The parti-
cles exhibit only one major component in the ultracentrifuge,
and seem, therefore, to be quite uniform macromolecules. The
pea seedling particles have a molecular weight of about 4.5
million. Like viruses, they can be degraded into smaller units
by a variety of relatively mild procedures, including treat-
ment with Versene, pyrophosphate, dodecyl sulfate, weak
alkali (pH 10.5), acetone, and sonic vibration (Webster,
1957b,e). Such procedures, with the exception of sonic vi-
bration, uniformly eliminate the ability of the particles to
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incorporate amino acids into protein. Sonic vibration, under
certain conditions, results in the production of a smaller ribo-
nucleoprotein fraction (sedimentable only after six hours at
105,000 X g) that is still capable of amino acid incorporation
into protein in much the same manner as intact ribonucleo-
protein particles (Webster, 1957b,e). Studies with ribonucleo-
protein particles are still in a very early stage, but their high
activity, their uniformity and relative structural simplicity,
and their apparent freedom from extraneous reactions not
associated with amino acid incorporation make the particles
extremely useful for investigation of the mechanism of amino
acid incorporation into protein.

STUDIES ON THE MECHANISM
OF PROTEIN SYNTHESIS

Over the years, many theories have been proposed to de-
scribe the manner in which a protein molecule is formed. The
considerable increase in our knowledge of the characteristics
of protein synthesis in recent years, however, has made it pos-
sible to suggest mechanisms of protein synthesis that are
largely compatible with experimental data.

In all discussions of protein synthesis today, the crucial
problem concerns the manner in which nucleic acid may be
implicated in the synthetic process. Because of the probable
function of nucleic acids as information carriers in heredity,
the commonly accepted thought has been that they function
in arranging amino acids in a specific sequence in the synthe-
sis of protein. It should not be forgotten, however, that this
supposition is neither supported nor repudiated by experi-
mental evidence as yet. In an attempt to stimulate thinking
and experimentation on the role of nucleic acid in protein
synthesis, Dounce (1952) postulated the mechanism of pro-
tein synthesis presented in Figure 26. The important features
of the mechanism are: (a) the implication of polynucleotide
in determining the sequence of amino acids in protein, (b)
activation of nucleic acid by the formation of triply esterified
phosphate, and (c) activation of amino acids initially through
their amino groups. Although Dounce and Kay (1953) found
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some evidence that ribonucleic acid can be phosphorylated by
the ATP-myokinase system, other information on the nature
of protein synthesis (carboxyl activation of amino acids, for
example) is difficult to reconcile with this mechanism. An
analogous proposal of Lipmann (1954), in which undefined
centers on the nucleic acid molecule are activated by transfer
of pyrophosphate from ATP, is similarly difficult to adapt to
our knowledge of amino acid activation, as well as to other
properties of protein synthesis. Borsook (1956) has eliminated
this difficulty by proposing that amino acids are attached to
nucleic acids by their carboxyl groups. The importance of
all of these proposals, however, is that they have focused at-
tention on: (a) the fact that amino acids must somehow be “ac-
tivated” before condensing into a protein molecule, and (b)
the manner in which nucleic acids might act in the formation
of a particular amino acid sequence in protein.

The development of relatively simple experimental systems
has made it possible to investigate the mechanism of protein
synthesis. Although the studies are only beginning, the re-
sults obtained indicate that protein synthesis can be divided
operationally into several distinct phases. These are: (a) the
activation of amino acids through the intermediate formation
of enzyme-bound amino acid-AMP compounds, (b) transfer
of the amino acid to some polynucleotide or nucleotide-con-
taining acceptor, (c) positioning of the amino acids in a spe-
cific sequence by the “protein-forming system” (probably a
nucleoprotein), (d) formation of the peptide bonds of the pro-
tein, and (e) liberation of the protein from the protein-form-
ing system.

Amino acid activation. A study of the manner of formation
of simple peptidic substances (Chapter 3) has shown that the
activation of amino acids prior to the synthesis of peptidic
linkages proceeds in either of two ways:

E + amino acid + ATP = E — amino acid phosphate 4+ ADP (a)
E + amino acid 4+ ATP =

(b)
E — amino acid — AMP + pyrophosphate
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These results led to the idea that the first step in protein syn-
thesis might also be an interaction between amino acids and
ATP. As the above reactions are reversible, amino acid activa-
tion should be detectable by the presence of an amino acid-
dependent exchange of either ADP or pyrophosphate with
ATP. Using this approach, Hoagland (1955) found an amino
acid-dependent exchange of P32-pyrophosphate with ATP
catalyzed by an enzyme preparation from rat liver. Signifi-
cantly, this preparation is essential for the incorporation of
amino acids into microsomal or mitochondrial protein (Hoag-
land, et al., 1956; Simpson, et al., 1957). A similar exchange
reaction has been found in bacteria, yeast, and Neurospora
(DeMoss and Novelli, 1955, 1956; Novelli and DeMoss, 1958),
as well as in various higher plants (Davis, et al., 1957; Web-
ster, 1957e; Clark, 1957). The enzyme preparations also cata-
lyze the synthesis of amino acid hydroxamates according to
the reaction:

Amino acid + Hydroxylamine + ATP —
Amino acid hydroxamate + AMP + pyrophosphate

In addition, the preparations catalyze the synthesis of ATP
from pyrophosphate and synthetic amino acid-AMP com-
pounds (DeMoss, et al., 1956; Berg, 1957). These facts, plus
the lack of formation of detectable quantities of free amino
acid-AMP compounds has led to the postulation of an en-
zyme-bound amino acid-AMP compound (Figure 27) as an
intermediate in amino acid activation. Further evidence in
support of this has been obtained by the finding that the
carboxyl oxygen of oxygen-18-labeled amino acids is trans-
ferred to the liberated AMP during the synthesis of amino
acid hydroxamates by amino acid activating enzyme prepara-
tions (Hoagland, et al., 1957; Bernlohr and Webster, 1958).
Although, at a given pH, the amino acids generally found
in protein do not always exhibit the amino acid-dependent
pyrophosphate-ATP exchange, they do exhibit hydroxamate
formation (Table XV). Some preparations exhibit pyrophos-
phate-ATP exchange with every amino acid (Nisman, et al.,
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Figure 27. Amino acid-AMP compound.

1957; Lipmann, 1958), while others exhibit such exchange
with most (Clark, 1957) or all (Webster, 1958) amino acids
only when the pH optimum for each amino acid is used.
There is evidence, therefore, for the activation of all amino
acids normally found in protein. Available evidence supports
the view that the different amino acids are activated by sepa-
rate activating enzymes. The tryptophan activating enzyme
has been purified considerably (Davie, et al., 1956), and sev-
eral other activating enzymes have been purified partially
from various sources (Table XVI).

The formation of enzyme-bound amino acid-AMP com-
pounds undoubtedly represents only the first step in amino
acid activation. By analogy with other reactions involving
the formation of acyl-AMP intermediates, the amino acid
would be expected to be transferred to some acceptor.
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TABLE XV

Amino Acid Hydroxamate Formation by Amino
Acid Activation Enzyme Preparations

Activation enzyme preparation
E. coli?

ino aci - CO%8 easts a seedlings?
Amino acid (ML) ( ”l% ﬁ?x_ng. E—(;;Mls.m.:."
protein) . protein)
Alanine 0.40 0.05 1.05
Arginine 0.95 0.10 0.50
Glycine 0.40 0.0 0.40
Histidine 0.10 0.20 0.55
Hydroxyproline 0.20 — —
Isoleucine 0.15 0.05 1.00
Leucine 0.15 0.15 0.30
Lysine 0.0 0.0 0.50
Methionine 1.05 0.15 1.10
Phenylalanine 1.50 0.20 0.50
Proline 0.15 — 0.05
Serine 0.55 0.05 0.10
Threonine 0.65 0.05 0.30
Tryptophan 1.25 0.30 1.15
Tyrosine 3.35 0.75 0.30
Valine 0.0 0.10 0.90

1 Novelli and DeMoss (1958).
2 Webster, unpublished experiments.

3 Webster (1957e).
TABLE XVI
Purification of Various Amino Acid Activating Enzymes
Enzyme Source State of purity Reference
Alanine-activating Hog liver 15-fold purified Bernlohr and Web-
ster (1958).

Leucine-activat-  E. coli 20-fold ¢ DeMoss and No-

ing velli (1956).
Methionine-ac- Yeast 45-fold ¢ Berg (1956).

tivating
Tryptophan-ac- Beef pancreas 215-fold ¢ Davie, et al. (1956).

tivating (70-80%, pure)
Tyrosine-activat-  Yeast 50-fold purified Koningsberger, ef al.

ing (1957).
Valine-activating  Pea secds 8-fold “ Webster (unpub-

lished).
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E 4 amino acid + ATP =
E — amino acid — AMP 4 pyrophosphate
E — amino acid — AMP 4+ X = E + amino acid — X 4+ AMP

This second reaction might be detected as an amino acid-
dependent exchange of AMP with ATP. Such a reaction was
first observed by Holley (1957), using an activating enzyme
preparation from rat liver, and later by Webster (1957b), with
an enzyme preparation from pea scedlings. Both investiga-
tors found the reaction to be inhibited by ribonuclease, sug-
gesting that the acceptor might contain a polynucleotide.
Webster (1957b) further observed that an amino acid incor-
poration system from pea seedlings can be separated into
three fractions. These are: (a) a fraction containing amino
acid-activating enzymes, (b) a fraction with no activity alone,
but which allows an amino acid-dependent AMP-ATP ex-
change when combined with the activating enzymes, and (c)
a nucleoprotein fraction which incorporates amino acids into
protein, if both other fractions are present. These results are
compatible with the formation of an amino acid-X compound
as a prerequisite to the incorporation of amino acid into pro-
tein. Hoagland, et al. (1957) have found that the rat liver
amino acid activating enzyme preparation contains a small
quantity of polynucleotide. When the preparation is incu-
bated with ATP and a labeled amino acid, the amino acid is
bound to the polynucleotide material by a linkage that is
stable in dilute trichloroacetic acid, but is hydrolyzed in dilute
alkali. If the polynucleotide, after reaction with ATP and
amino acid, is incubated with hydroxylamine, amino acid
hydroxamate is formed. Most importantly, if the polynucleo-
tide containing the bound amino acid is incubated with mi-
crosomes in the absence of activating enzymes, the amino acid
is incorporated into microsomal protein. All of these findings
indicate that an amino acid, after initial reaction with ATP
to form enzyme-bound amino acid-AMP, is transferred to
some unknown material, possibly a polynucleotide, to form
an amino acid-X compound. The protein-forming system of
nucleoprotein particles is then able to catalyze peptide bond
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formation between amino acids that have been activated
through the formation of amino acid-X compounds. There-
fore, a primary problem in the further elucidation of the
mechanism of protein synthesis involves not only the purifi-
cation and characterization of amino acid activating enzymes,
but also the identification of the factors which may accept
the amino acid from AMP. Fortunately, both aspects of the
problem appear to be approachable by standard biochemical
methods.

Peptide bond synthesis. Although the manner in which
amino acids are initially activated is steadily becoming clearer,
the manner in which activated amino acids are condensed to-
gether to form proteins is still not understood. Studies on the
synthesis of simple peptides (Chapter 3) have shown that en-
zyme-catalyzed peptide bond formation between two amino
acids proceeds readily following the activation of one of the
amino acids by reaction with ATP. It seems possible, there-
fore, that the protein portion of microsomal or other nucleo-
protein particles is capable of catalyzing peptide bond syn-
thesis between activated amino acids. It also seems possible
that the nucleic acid portion of the nucleoprotein, by inter-
action with the factor attached to an activated amino acid,
acts to specify the order in which different activated amino
acids can approach the site of peptide bond synthesis. In this
manner the amino acids would be condensed successively in
the sequence of a particular protein, as specified by the nu-
cleic acid (Figure 28). This is probably the simplest mecha-
nism compatible with existing experimental results.

The problem of cellular protein synthesis may actually be
two problems: (a) the synthesis of various proteins through
the action of nucleoprotein “templates,” and (b) the replica-
tion of the nucleoprotein itself. These processes could well
proceed differently beyond the amino acid activation stage.
In the case of nucleoprotein replication, the synthesis of both
protein and nucleic acid is involved. Thus, it is not surpris-
ing that much experimental evidence exists suggesting some
kind of linkage between protein and nucleic acid syntheses
(Gale, 1953, 1954; Pardee, 1954; Spiegelman, et al., 1954; Hal-
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Figure 28. Condensation of activated amino acids on a nucleoprotein
template.

verson and Jackson, 1956; Creaser, 1955; Pardee and Prest-
idge, 1956; Spiegelman, 1957, Webster and Johnson, 1955;
Webster, 1957a,d). However, the synthesis of nucleic acid
could proceed either separately from protein synthesis or as
part of the mechanism of protein synthesis. In the first case
(Figure 29), a specific polynucleotide might be formed initially
(possibly in the nucleus). Such a polynucleotide would then
become associated with amino acids, either before or after
binding to an existing nucleoprotein. The amino acids could
then be condensed with the resultant production of a new
nucleoprotein molecule. As nucleoprotein particles appear
to contain protein subunits, it would also be possible for the
protein subunits to be produced as shown in Figure 28, and
then assembled in association with a polynucleotide in the
manner already demonstrated with tobacco mosaic virus.
The simultaneous and interdependent synthesis of protein
and nucleic acid is difficult to envision. However, it might oc-
cur if amino acid activation resulted in the eventual forma-
tion of nucleotide diphospho-amino acids. Under these cir-
cumstances, various nucleoside diphospho-amino acids could
bind, in specific sequence, on a nucleoprotein template (Fig-
ure 30). Cleavage of the bond between the terminal phos-
phate and the amino acid would result in the formation of
peptide bonds between adjacent amino acids, while subse-
quent cleavage of the pyrophosphate bond of the nucleoside
diphosphate would result in the formation of a specific poly-
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Figure 30. Simultancous formation of protein and nucleic acid from nu-
cleoside diphospho-amino acids. Open squares, amino acid; solid squarcs,
nucleoside.

nucleotide (Webster, 1957c). Evidence for the formation of
mononucleotide-amino acid compounds as a result of amino
acid activation has not been obtained, however. Instcad, the
amino acids appear to bind to some form of polynucleotide
(Hoagland, et al., 1957; Holley, 1957; Webster, 1957b). How-
ever, the possibility has not been ruled out that more than
one kind of amino acid activation exists, resulting in different
kinds of activated intermediates. At present, the most promis-
ing area for advancement in our knowledge of the mechanism
of protein synthesis is in the further study of the formation
of activated amino acids. As soon as the structure of each ac-
tivated amino acid is known, it should be possible to synthesizc
the activated amino acid. In this manner, the complex of acti-
vating enzymes and ATP can be replaced by a mixture of
activated amino acids prepared by chemical synthesis, and
studies on the manner in which these precursors condense to
form specific proteins can proceed with confidence. One of
the mechanisms depicted above may reflect the broad outlines
of the manner in which at least some proteins are formed, but
it is undoubtedly incorrect in detail. It will be of great interest
to learn the actual manner in which amino acids are con-
densed to form specific proteins.
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Figure 31. Biosynthesis of inosine-5’-phosphate.

NUCLEIC ACID SYNTHESIS

Although it has been known for several years that phos-
phate, glycine, formate, carbon dioxide, and ammonia are
efficient precursors of nucleic acid, the manner in which they
combined together was not evident. It has now been shown
(Goldthwaite, et al., 1955a,b; Buchanan, et al., 1955) that gly-
cine, formate, carbon dioxide, ammonia, and phosphoribose
pyrophosphate (PRPP) combine together to form inosine-5"-
phosphate. The steps in this process are outlined in Figure 31.
The further transformation of inosine-5’-phosphate into
adenosine-5-phosphate has been found to proceed as follows
(Carter and Cohen, 1955; Lieberman, 1956):

Inosine-5-phosphate + aspartate = Adenylosuccinate

Adenylosuccinate = adenosine-5'-phosphate + fumarate
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Figure 32. Conversion of carbamyl aspartate to orotic acid.

Likewise, the biosynthesis of pyrimidine nucleotides has
been clarified. The first step in the synthesis of both pyrimi-
dine nucleotides of ribonucleic acid is the condensation of
carbon dioxide, ammonia, and aspartate (probably through
the intermediate formation of carbamyl phosphate) to form
carbamyl aspartate (Jones, et al., 1955):

CO, + NH; 4+ ATP —— Carbamyl phosphate 4+ ADP
carbamyl phosphate + aspartate —
carbamyl aspartate + phosphate

Carbamyl aspartate is then cyclized as shown in Figure 32 to
form orotic acid. The outstanding work of Lieberman and
Kornberg (1954) has shown that orotic acid is transformed
into orotidine-5-phosphate and thence into uridine and cyti-
dine phosphates by the following reactions:

orotic acid 4+ phosphoribose pyrophosphate ——
orotidine-5 -phosphate + pyrophosphate
orotidine-5-phosphate —— uridine-5-phosphate 4+ CO,
uridine-5-phosphate + ATP —— uridine-5-diphosphate + ADP
2 uridine-5"-diphosphate ——
uridine-5'-triphosphate + uridine-5'-phosphate
uridine-5-triphosphate + NH; + ATP ——
cytidine-5-triphosphate + ADP 4 orthophosphate
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It is interesting that the uridine nucleotide must be in the
form of a triphosphate in order to be transformed into a cyti-
dine nucleotide.

Considerable evidence now implicates the four ribonucleo-
tides discussed above as intermediates in the biosynthesis of
ribonucleic acid. The manner in which these nucleotides are
converted into specific nucleic acids is not clear. A signal con-
tribution to our understanding of ribonucleic acid synthesis,
however, has been made by Grunberg-Manago, et al. (1955,
1956) who have found an enzyme, polynucleotide phosphoryl-
ase, in bacteria, fungi, and higher plants which catalyzes a re-
versible phosphorolysis of ribonucleic acid.

n nucleoside-5'-diphosphate =

ribonucleic acid 4 n orthophosphate

The nature of the ribonucleic acid formed by the isolated
enzyme depends upon the nucleoside-5’-diphosphates present.
Thus, a means is available, through the activity of polynu-
cleotide phosphorylase, for the biosynthesis of ribonucleic
acid from nucleotides. Whether the enzyme mediates normal
ribonucleic acid synthesis, and whether it constitutes the only
mechanism for cellular ribonucleic acid synthesis is not yet
known. If it does participate in normal RNA synthesis, how-
ever, it presumably operates under some directing force which
allows the formation of specific nucleic acids. In this connec-
tion, the necessity for catalytic amounts of the deficient amino
acid for RNA synthesis by amino acid-requiring bacteria (Par-
dee and Prestidge, 1956) is perhaps significant, and suggests
the participation of free amino acids or protein synthesis in
RNA synthesis.

An impressive beginning has also been made on the eluci-
dation of the manner of synthesis of deoxyribonucleic acid
(DNA). Although the manner of synthesis of deoxyribonu-
cleotides is not clear, Kornberg and coworkers (1957) have
purified greatly an enzyme from E. coli which catalyzes the
synthesis of DNA from a mixture of the four deoxyribonu-
cleotides found in DNA, according to the following reaction:
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DNA, Mg+

n Deoxyribonucleoside-5 -triphosphates

DNA + n pyrophosphate

Unlike ribonucleic acid synthesis, which requires nucleoside
diphosphates, the nucleoside triphosphates are specifically re-
quired here. The reaction requires the presence of all four
nucleotides simultaneously, as well as a small amount of DNA
“primer.” Whether the primer acts to specify the sequence of
nucleotides in the newly formed DNA is not yet known. In
view of the potential importance of both DNA and RNA as
information carriers, knowledge of their synthesis is highly
important. Further details on these syntheses and their par-
ticipation in cellular DNA and RNA formation are greatly
needed.
PROTEIN DEGRADATION

In contrast to the vast amount of work on protein synthesis,
the effort expended on finding out how proteins break down
in living cells is very small. The occurrence of various pep-
tidases and proteases in plants has been chronicled in many re-
views on proteolytic enzymes and will not be repeated here.
There are two obvious ways in which proteins could be
broken down in living cells: (a) by proteolytic enzymes, and
(b) by a reversal of protein synthesis. There is no a priori
reason to supposc that proteolytic enzymes function as agents
for protein breakdown in living cells, and their role in this
process remains to be established. A more useful method of
breakdown (from the standpoint of cellular economy) would
be via a reversal of synthesis, in which the breakdown should
be accompanied by the synthesis of considerable quantities
of ATP. Although this method seems unlikely at first glance,
it is very similar to the synthesis of ATP during the break-
down of the amide, glutamine, or the dipeptide, glutamylcys-
teine.

glutamine + ADP + P; — glutamate 4+ NH; 4+ ATP
glutamylcysteine + ADP + P; ——
glutamate + cysteine + ATP
protein + (AMP 4 P—P;) —— amino acids + ATP
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Such a process could serve as an important energy source for
the cell under certain conditions. As the equilibrium in pro-
tein synthesis is apparently similar to that in amide or peptide
synthesis, the possibility of some protein being broken down
this way must be considered.

The suggestion that protein degradation requires energy
has arisen from the observations of both Simpson (1953) and
Steinberg, et al. (1956) that protein degradation in mam-
malian cells is inhibited by respiratory inhibitors and dinitro-
phenol. Similarly, inhibitors of protein synthesis, such as para-
fluorophenylalanine, inhibit protein breakdown in living
cells, but neither these nor respiratory inhibitors have any
effect on autolytic protein breakdown in disrupted cells.
Therefore, Steinberg, et al. (1956) question the participation
of the well-known proteolytic enzymes in normal cellular pro-
tein breakdown. They point out that reversibility for one or
more stages of protein synthesis would be compatible with
their findings. These results are extremely important, and it
would appear that the cellular breakdown of protein may
offer as fertile a field for investigation as protein synthesis. In
fact if protein breakdown does proceed by a reversal of pro-
tein synthesis, then the study of protein breakdown provides
us with a means for studying the last step in protein synthesis,
the interaction of the protein-forming system with its product,
protein.

Summary. The overall picture in the study of protein and
nucleic acid metabolism is very bright. Our rapidly increasing
knowledge of the factors necessary for protein synthesis, the
nature of the organized cellular components that form pro-
tein, and the exciting beginnings of the characterization of
amino acid activation, all promise that giant strides will be
made in the next few years in understanding the chemical
pathways involved in protein synthesis.
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Chapter 5

Nitrogen Metabolism
in the Intact Plant

NITROGEN METABOLISM
IN DEVELOPING SEEDLINGS

The germination of a seed and the subsequent growth of
the resulting seedling produce marked changes in the ni-
trogenous constituents of the seed. The most prominent of
these are: (a) the breakdown of seed protein and nucleic acid,
(b) the appearance of free amino acids and amino acid amides,
and (c) the synthesis of new protein and nucleic acid in the
growing seedling.

Breakdown of seed protein. It has long been known that the
germination of a seed results in a steady decrease in the pro-
tein content of the seed itself, and a concomitant increase in
free amino acids and amides (Chibnall, 1939). Figure 33 illus-
trates a typical example. During the first twelve days of germi-
nation, while the seed protein decreases by about 34 gms., the
free amino acids increase by some 14 gms. and asparagine by
about 12 gms. Much of the nitrogen of the degraded protein
can, therefore, be accounted for as free amino acids. A fur-
ther large fraction can be accounted for in the form of the
amide, asparagine. 'The remaining small fraction of protein
nitrogen presumably has been transformed into glutamine
and other nitrogenous compounds. In those plants, unlike
lupine, which do not accumulate large quantities of aspara-
gine, the amount of free amino acid formed is greatly in-
creased, and is roughly equivalent to the amount of protein
broken down. Unfortunately, completely satisfactory balance
studies of protein broken down and soluble compounds
formed are not available, although present-day techniques
would permit such studies to be made. It seems, however, that
the following transformations occur during seed germination:
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New seedling protein
7
Storage protein —— amino acids
N
Keto acids 4+ ammonia
! l
CO, 4+ H,O Amides
- Respiratory and new
Energy amino acids

Thus, there is probably a competition for amino acids be-
tween the machinery for protein synthesis and the machinery
for amino acid breakdown. If this is the case, then supplying
either external nitrogen or respiratory substrates might, by
mass action, slow the process of protein breakdown. Evidence
in agreement with this thesis has been found. Paech (1935),
for example, found that supplying either ammonium nitrate,
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Figure 33. Changes in protein, free amino acids, and asparagine in Lupinus
seeds after germination for 12 days in the dark. Adapted from Chibnall (1939).
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TABLE XVII

Effects of NHNO; , Urea, and Glucose on the
Degradation of Reserve Proteins!

Endosperm or cotyledon Embryo

Nutrient
Protein N Soluble N Protein N Soluble N

Triticum sativumt* (mg.) (mg.) (mg.) (mg.)
Water 35.7 12.4 23.4 14.8
0.5% NH(NO; 47.3 16.7 25.8 27.4
Water 34.0 13.4 22.0 12.3
0.5% Urea 45.7 31.7 23.9 41.7

Lupinus albus** .

Nitrogen-free 19.8 23.7 12.8 81.5
Nitrogen-free plus 3%, glucose 46.8 36.0 12.0 49.7

+ 5 days after germination.
*+ 14 days after germination.
1 Adapted from Paech (1935).

urea, or glucose to young seedlings inhibits the breakdown of
reserve seed protein (Table XVII). It would be of interest to
determine whether a mixture of free amino acids is even more
efficient at preventing protein breakdown. Likewise, it might
be expected that specific inhibition of protein synthesis, or
possibly amide synthesis, would inhibit the degradation of
seed proteins.

Considering its importance to our knowledge of nitrogen
metabolism, it is surprising that essentially nothing is known
about the manner in which protein degradation occurs in
seeds. It has always been assumed that proteolytic enzymes in
the seeds are responsible for protein degradation and that free
amino acids are the products of this breakdown. Although
this seems likely, the facts that proteolytic enzymes occur in
seeds (Balls and Hale, 1938) and that their proteolytic activ-
ity sometimes increases during germination (Bach, et al., 1927)
do not constitute unequivocal evidence that proteolytic en-
zymes participate in protein degradation. For example, pro-
tein degradation might proceed, in part, by a reversal of pro-
tein synthesis, with the consequent formation of “‘activated”
amino acids. The activated forms of amino acids currently
known (amino acid-nucleotide compounds) are relatively un-
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stable and would be degraded to free amino acids during any
conventional isolation procedure. The formation of such
activated amino acids has been postulated to explain the ob-
servation of Walter, et al. (1956) that the amino acids of pre-
formed proteins are better precursors of new and different
protein than free amino acids in the growing chick embryo.
The resolution of the important problem of the nature of
protein degradation should be the subject of considerable
future investigation.

The question of whether protein synthesis occurs in the
cotyledon during the massive degradation of proteins has been
investigated only recently. Young (1957) has observed that
the activity of an adenosine triphosphatase of pea cotyledons
increases ten to fifteen-fold during the first five days of germi-
nation at 23°C. This increase is inhibited by dinitrophenol,
p-fluorophenylalanine, and Chloramphenicol, all inhibitors
of protein synthesis (Figure 34). Interestingly, this increase in
enzyme activity depends upon the presence of either the grow-
ing shoot or root. If both are excised from the cotyledon, no
activity develops. Likewise, no activity develops if the tem-
perature is lowered from 23°C to 16°C. Similar results have
been obtained concerning the appearance of amylase activity.
In contrast to these activities, which may involve actual pro-
tein synthesis, proteolytic activity in the cotyledons increases
only slightly on germination, and the increase is not affected
by dinitrophenol, p-fluorophenylalanine, or Chlorampheni-
col.

Breakdown of seed nucleic acid. Unfortunately, little is
known about this potentially important process during seed
germination. However, evidence continues to increase indi-
cating nucleic acid synthesis to be related to protein synthesis
(Chapter 4). One would expect, therefore, that the develop-
ing seedling would require a supply of nucleic acid precursors,
probably nucleotides. Such nucleotides could be supplied by
de novo synthesis during germination (from amino acids, for-
mate, carbon dioxide, and ribose phosphate), or they could
be formed by the breakdown of existing nucleic acid in the
seed. Oota, et al. (1953, 1954) have examined nucleic acid me-
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tabolism in germinating seeds, and have found surprisingly
large quantities of ribonucleic acid stored in the cotyledons
of Vigna sesquipedalis. Germination results in a steady de-
crease in the ribonucleic acid content of the seed. Figure 35
illustrates these changes in different portions of the seedling.
Interestingly, the presence of the embryo is essential for
breakdown of ribonucleic acid in the cotyledon. If embryos
are detached from the cotyledons, no breakdown occurs (Oota,
et al., 1954). This could be due either to the embryo supply-
ing some factor necessary for the breakdown of cotyledon
ribonucleic acid, or to the inhibition of breakdown by mass
action when the products of breakdown are not removed.
.There are two known ways in which ribonucleic breakdown
could occur in the cotyledons: (a) by the action of a ribonu-
clease-like diesterase with the resultant production of either

@
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Figure 85. Changes in the ribonucleic acid content of cotyledons and the
developing seedling during the germination of Vigna sesquipedalis (Oota,
1954).
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nucleoside-3” or nucleoside-5"-monophosphates, or (b) by the
action of polynucleotide phosphorylase (Chapter 4) resulting
in the formation of nucleoside-5-diphosphates. The second
possibility is better energetically, as a “high-energy” phos-
phate is produced which can engage directly in ribonucleic
acid synthesis. However, the mode of breakdown is not yet
known, and it will be interesting to find out exactly how
storage ribonucleic acid is degraded during germination.

Amino acid formation. In addition to the breakdown of
protein and nucleic acid, seed germination also initiates the
synthesis of certain amino acids. For example, homoserine
does not occur in pea seeds either in the free state or in pro-
tein (Virtanen, et al., 1953). Within the twenty-four hours
following the beginning of germination, however, homoserine
can be detected by paper chromatography. The quantity of
homoserine in seeds increases so rapidly that seventy-two
hours after the beginning of germination, homoserine is pres-
ent in greater quantity than any other amino acid (Virtanen,
et al., 1953). A vigorous synthesis of homoserine, therefore,
occurs in response to germination. We know from studies with
yeast (Chapter 2) that homoserine can be formed from aspar-
tate via aspartyl phosphate. Whether this pathway is followed
by germinating seeds (as seems likely), and whether the en-
zymes for homoserine synthesis are merely activated by ger-
mination or are synthesized de novo must be determined. As
homoserine can act as a precursor for a number of amino
acids, it is probable that the increased amount of homoserine
produced by germination results in an increased supply of
these amino acids for protein synthesis by the growing seed-
ling.

The changes in levels of various free amino acids during
germination have been examined to some extent. Virtanen,
et al. (1953) found that ungerminated pea seeds contain a
large amount of free glutamate and considerably smaller
quantities of many other amino acids. As might be expected,
germination results in a considerable increase in the quanti-
ties of all amino acids. However, the amounts of glutamate,
serine, alanine, and arginine soon begin a steady decline. This
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temporary increase in certain amino acids, followed by a
steady decrease, has also been noted by Kojima, et al. (1953)
in germinating wheat, rice, and radish seeds. It is difficult to
interpret these observations in the absence of data on the
relative contributions of storage protein and de novo amino
acid synthesis to the free amino acid pool, as well as the rates
of amino acid utilization for protein synthesis and for energy
production. It seems likely, however, that the changes in levels
of various amino acids are chiefly a reflection of differences in
their rates of production and utilization as germination pro-
gresses. By the employment of labeled compounds, it might
be possible to determine the extent to which breakdown of
storage protein and de novo synthesis contribute to the
amount of each free amino acid formed, and also the extent
that amino acid degradation competes with new protein syn-
thesis for the utilization of each amino acid.

Amide synthesis. A fourth striking feature of the germina-
tion of many seeds is the formation of the amides, glutamine
and asparagine, often in large quantities. Germinating lupine
seedlings, for example, accumulate as much as 25% of their
total nitrogen in the form of asparagine. This striking accu-
mulation occurs only in the dark, as lupine germinated in the
light accumulates only small amounts of asparagine. Further-
more, if dark-grown seedlings are placed in the light, the
accumulated asparagine disappears. It was suggested many
years ago that the accumulation of asparagine in etiolated
seedlings is a response to starvation conditions under which
the amino acids liberated by the degradation of storage pro-
tein are broken down to CO, and H,O as respiratory sub-
strates (Borodin, 1878; Schulze, 1898; Chibnall, 1939). This
produces increasing amounts of ammonia in each cell and
Prianischnikov (1910, 1922) suggested that asparagine forma-
tion in the plant occurs chiefly as a mechanism for reducing
this level of ammonia below toxic quantities. An alternative to
this hypothesis has been that asparagine is accumulated by the
liberation of asparagine from storage protein. Schulze (1898),
however, found that the amount of asparagine accumulated by
lupine greatly exceeds the amount already contained in stor-



NITROGEN METABOLISM IN INTACT PLANT 131

TABLE XVIII
Production of Asparagine by Seedlings Supplied with Ammonium Chloride!

increases in mg./100 seedlings over
similar seedlings in N-free sol.

Activity
Barley seedlings Pea seedlings
Increase in total nitrogen 15.7 196.
Increase in ammonia nitrogen 0.3 —
Increase in asparagine nitrogen 19.6 182.

1 Plants germinated in water or in 0.1% NH,Cl for 14 days. (Prianischnikov’
1922).

age protein, so this hypothesis cannot be accepted. Further-
more, asparagine can be formed directly from ammonia taken
up by a scedling from an external nutrient solution (Prian-
ischnikov, 1922). Table XVIII shows that the ammonia taken
up by a seedling accumulates as asparagine, not as free am-
monia. However, the seedling must have a supply of avail-
able carbohydrate for asparagine synthesis to occur. If the
seedlings are depleted of carbohydrate, then absorbed am-
monia accumulates in the seedlings as ammonia. When glu-
cose is given to the carbohydrate-depleted seedlings, however,
ammonia decreases and asparagine increases (Prianischnikov
and Schulow, 1910; Prianischnikov, 1922). Asparagine syn-
thesis, therefore, can be induced in lupine scedlings when
both ammonia and some carbon compound are present. This
is exactly the situation that occurs during germination.

In many species asparagine is formed either during germi-
nation or in response to feeding the plants ammonia. In other
plants glutamine is formed instead of asparagine, while in
still others both glutamine and asparagine are formed. In all
cases, however, the presence of increasing quantities of am-
monia elicits amide formation. It seems likely that glutamine
and asparagine are formed from glutamate and aspartate
respectively by the enzymatic reactions already discussed
(Chapter 3). All of the observations discussed above plus evi-
dence obtained with radioactive isotopes are compatible with
these mechanisms being operative in cellular amide synthesis.

It would appear, therefore, that amide accumulation is not
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a unique feature of germination, but is related to protein hy-
drolysis simply by amide synthesis providing a means for the
storage (in nontoxic form) of ammonia produced by deamina-
tion of the amino acids released during protein breakdown.

GENERAL ASPECTS OF NITROGEN METABOLISM

Studies on protein synthesis by microorganisms, by ani-
mals, and especially by cell-free preparations of various living
tissues (including plants) have demonstrated a number of re-
quirements for protein synthesis. These include: a supply of
free amino acids, a source of energy in the form of ATP, cer-
tain metal ions, a supply of nucleic acid precursors, and in-
tact nucleic acid or nucleoprotein molecules. One would ex-
pect that these requirements might be apparent in intact
plants in spite of the myriad of interfering reactions present
in a highly organized group of cells. For example, it has been
observed (Phillis and Mason, 1943) that protein levels in many
plant tissues can be correlated with the levels of soluble nitro-
gen compounds (principally amino acids) in the plant cells.
Although such findings have often been explained on the
basis of a mass-action prevention of protein breakdown by
free amino acids, it is just as reasonable to conclude that high
cellular amino acid levels provide a non-limiting amino acid
supply for protein synthesis. Thus, if the steady-state rate of
synthesis increases in relation to the steady-state rate of
breakdown, protein level will increase.

The necessity of an energy supply for maintenance of
protein level is suggested by the often-observed (Chibnall,
1924; Mason and Maskell, 1928; Mothes, 1929) diurnal varia-
tion in protein level in leaves, in which the level decreases
at night and rises during the day. However, if the leaves are
exposed to continuous darkness, the protein level drops
steadily with no daily cycling. The response of protein level,
therefore, appears to be to light energy. Because an important
product of the capture of light energy by leaves is ATP
(Arnon, et al., 1954), the physiological observations again may
be explained by a known chemical process.

Effects of ions on protein metabolism. Two of the cations



NITROGEN METABOLISM IN INTACT PLANT 133

presently implicated in the formation of peptide bonds, mag-
nesium and potassium, likewise exert strong effects on the
protein levels of intact plants. Potassium deficiency results in
markedly decreased protein levels and concomitantly in-
creased levels of free amino acids and amides (Richards and
Templeman, 1936; Gregory and Sen, 1937). Potassium also
promotes protein synthesis in potato tuber disks (Steward
and Preston, 1941). Similarly, magnesium deficiency results
in a decrease in protein and an increase in free amino acids
and amides (Burrell, 1926; Steinberg, et al., 1950). Although
these ions are essential for many different phosphate transfer
reactions, it seems possible that at least part of their effect
is on protein synthesis directly.

Many other ions exert marked effects on the protein levels
of plants, but in the absence of additional knowledge of their
mode of action, it is useless to speculate on how they affect
protein levels. Their effects, however, could easily be on some
reaction many steps away from protein synthesis itself. Thus,
deficiencies of phosphate, iron, sulfur, boron, and manganese
all have been reported to produce lowered protein and in-
creased amino acid levels in various plants. Copper deficiency,
in contrast, may result in greater protein and total nitrogen
levels (Gilbert, et al., 1946; Gilbert, 1951).

Effects of nucleic acid precursors and intact nucleic acids.
The steadily increasing mass of evidence that nucleic acids
and nucleic acid synthesis are involved in protein synthesis
has not been supplemented greatly by studies with intact
higher plants. The studies which have been made, however,
are quite striking. The apparent need for ribonucleic acid
for protein synthesis in intact roots has been demonstrated
by Brachet (1954, 1955), who has shown protein synthesis
to be strongly inhibited by soaking the roots in ribonuclease.
Interestingly, the roots can recover partially from the effects
of ribonuclease upon the addition of yeast ribonucleic acid
(Brachet, 1955).

Kessler (1956) has made important observations on the
effects of uracil and thiouracil on protein levels in plants.
Table XIX presents a portion of the observations, and shows
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TABLE XIX

Effects of Uracil, Thiouracil, and Methyltryptophan on Protein and
Ribonucleic Acid Synthesis in Intact Plants!

Olive trees Grape vines
Addition to plant
Protein N RNA Protein N RNA
None 1.61 0.81 1.1 0.60
Uracil 2.38 1.68 2.17 1.05
Uracil plus thiouracil 1.84 0.67 1.53 0.58
Uracil plus methyltryptophan 1.74 1.65 1.64 0.98

1 Adapted from the data of Kessler (1956).

that uracil, when sprayed on olive trees or grape vincs,
greatly increases the protein levels of the plant. This increase
is prevented if thiouracil, a uracil analogue, is present. The
results suggest that the supply of ribonucleic acid precursors
may be a limiting factor in protein synthesis in these plants.
This possibility is supported by Kessler's observation that
ribonucleic acid levels of both plants are greatly increased by
uracil, and that the increase is prevented by concomitant
addition of thiouracil. In addition to the effect of thiouracil,
the uracil-induced increase in protein levels is prevented by
the amino acid analogue, methyl tryptophan.

As far as they have been extended, all of the findings with
mature plants cited above are in accord with the picture of
protein synthesis being a process requiring energy, a supply
of amino acids, certain metal ions (probably magnesium and
cither potassium or sodium), nucleic acid, and possibly the
synthesis of nucleic acid. It should be noted that the many
results obtained with intact plants are far more understand-
able when viewed in the light of our knowledge of the bio-
chemistry of protein synthesis (Chapter 4) than when they are
viewed alone.

Effect of excision on the nitrogen metabolism of an organ.
An important question in the study of nitrogen metabolism
of intact plants concerns whether each organ constituting
the whole plant is capable of performing independently the
reactions involved in the conversion of simple nitrogen com-



NITROGEN METABOLISM IN INTACT PLANT 185

pounds into protein and other macromolecules, or whether
some organs depend upon others for all or a part of the
necessary metabolic transformations. Although useful infor-
mation is only available on certain organs, the findings are of
considerable interest. Roots apparently possess all of the en-
zymes required to transform simple substances into protein.
When roots are excised from a plant, they can readily be
grown in tissue culture in the presence of simple nutrients
and vitamins, and are thus essentially independent of the
remainder of the plant. In contrast, when leaves are excised,
the protein content of the leaves decreascs markedly, with
equivalent increase in non-protein nitrogen (Schulze and
Bosshard, 1885; Chibnall, 1924). The protein decrease is not
due to starvation, as the decrease occurs in the light when
ample photosynthesis is occurring. As might be expected from
our knowledge of protein breakdown in germinating seeds,
much of the nitrogen liberated by protein degradation in
leaves accumulates in the leaf cells in the form of glutamine
and asparagine. This amide accumulation must be due to a
secondary synthesis of glutamine and asparagine, as only
small amounts of these amides occur in leaf protein. Yemm
(1937), in a study of the metabolism of detached barley leaves
in the dark, found that amides accumulate during the first
forty-eight to ninety-six hours following excision. Thereafter,
the levels of amino acids and amides decline steadily and
free ammonium ions accumulate in large quantities. Like-
wise, the respiration of the leaves, which originally is at the
expense of carbohydrate, gradually involves other materials,
presumably including keto acids derived from amino acids.
Similar studies by Vickery, et al. (1937) on detached tobacco
leaves in the light showed comparable results as to great pro-
tein decrease and great soluble nitrogen increase. Further
evidence that the protein decrease is not related to starvation
comes from their finding that the tobacco leaves increased in
carbohydrate and in dry weight, due to photosynthesis, while
the striking protein decrease occurred. Interestingly, tobacco
leaves in the light accumulated glutamine, while leaves in
the dark accumulated asparagine. Free ammonia only ac-
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cumulated during the later stages of protein decrease in the
dark.

Wood, et al. (1943, 1944; Cruickshank and Wood, 1945),
in a comprehensive study of protein degradation in detached
leaves, observed that protein breakdown by detached leaves
of Kikuyu grass is strongly inhibited by the absence of oxy-
gen, and that amino acids, but no amides, accumulate. It is
easy to see why amides fail to accumulate, as their synthesis
requires the ATP produced by respiration. The inhibition
of protein breakdown is very puzzling, however. As protein
breakdown is not a result of respiratory starvation, the ques-
tion again arises as to whether energy is needed for protein
breakdown as it is for amide synthesis. It would be of con-
siderable interest to learn whether dinitrophenol, which
would stop energy production without stopping respiration,
would also inhibit protein breakdown.

There is little doubt, from the above results, that detached
leaves differ from attached leaves in some way which results
in an extensive breakdown of their protein. Despite the
many investigations on this problem, the reason why the
degradation occurs is completely obscure. It could be due to
any of several factors. One might suppose, for example, that
the leaf cannot make certain amino acids or other precursors
which are supplied by the plant. This could result in a steady
breakdown. The finding of Chibnall (1954) that the induc-
tion of roots on the petioles of detached leaves inhibits leaf
protein breakdown is consistent with the thesis that leaves
are supplied some factor by the roots which maintains normal
protein levels. The possibility that leaves cannot make all
of their amino acids has been examined both by Rogers (1955)
and by Racusen and Aronoff (1954). Rogers has reported that
leaves can incorporate the carbons of either C!*-sucrose or
Ct*-acetate into all amino acids, while Racusen and Aronoff
have found that young leaves, at least, can incorporate CO,
into most, if not all, amino acids. In some cases, however,
the rates of incorporation are quite slow, so it is possible that
leaves are unable to produce sufficient amounts of one or
more amino acids to support normal steady-state rates of
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protein synthesis. Alternatively, leaves may not be able to
produce some other factor (nucleic acid precursors, for ex-
ample) necessary for protein synthesis, or some factor which
inhibits breakdown. It would be of considerable interest to
learn whether externally supplied amino acids or nucleotides
inhibit protein degradation in detached leaves. In line with
this, Bonner and Haagen-Smit (1939) reported that growth
of excised leaf disks is enhanced by the presence of adenine
in the sucrose nutrient medium. Of greatest interest, however,
is the finding of Richmond and Lang (1957) that kinetin (6-
furfurylaminopurine) reduces protein breakdown of detached
leaves in a striking manner. Figure 36 illustrates that 5 mg. per
liter of kinetin reduces the protein loss of detached Xanthium
leaves to 15% instead of the 60% loss in untreated leaves.
The mechanism of kinetin action is not clear, but the pre-
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Figure 36. Effects of kinetin on the protein nitrogen (PN) and total nitro-
gen (TN) of detached Xanthium leaves after 12 days. Solid bars represent pro-
tein nitrogen, total bars represent total nitrogen, horizontal lines represent
initial values (Richmond and Lang, 1957).
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liminary observation that kinetin (1 mg. per liter) does not
affect the incorporation of amino acids into the protein of
cell-free extracts of pea seedlings (Webster, 1957) suggests that
kinetin may not affect protein synthesis directly. Perhaps it
acts directly on the mechanism of protein degradation, or
on nucleic acid metabolism. In any event, the significant
observation of Richmond and Lang (1957) raises a question
as to whether kinetin or some closely related substance might
not be a factor (or one of the factors) supplied by the plant
to the leaves to maintain normal protein levels. Certainly,
the capacity for protein synthesis has not been lost when
leaves are detached from the plant, as both Racusen and
Aronoff (1954) and Chibnall and Wiltshire (1954) have pre-
sented evidence that protein synthesis is still proceeding dur-
ing the overwhelming protein degradation in excised leaves.
It would appear that the solution of this problem will demand
knowledge of (a) whether detachment decreases the absolute
rate of protein synthesis or increases the rate of degradation;
(b) the nature of the degradation process; (c) how the degrada-
tion is influenced by added amino acids, nucleotides, and
other substances (such as kinetin) which may be translocated
into the leaves from the roots.

Translocation of nitrogenous compounds. One of the most
important problems relative to the overall nitrogen metabo-
lism in a higher plant concerns the movement of nitrogenous
substances between organs, and the importance of such move-
ment to the metabolism of each organ. The above paragraphs,
describing the importance of roots to the metabolism of
leaves, serve to emphasize this problem. Although one might
expect nitrogen to be translocated in an inorganic form from
the roots to the various other organs of the plant, this does
not seem always to be the case. Bollard (1953) examined the
tracheal sap of apple trees and found practically no inorganic
nitrogen being translocated. Instead, about 90% of the trans-
located nitrogen was in the form of glutamate, glutamine,
aspartate, and asparagine. The remaining 10% consisted
chiefly of alanine, y-aminobutyrate, arginine, leucine, methio-
nine, serine, threonine, tyrosine, and valine, plus some un-
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identified peptides. Wolffgang and Mothes (1953) similarly
found that nitrogen is transported chiefly as asparagine in the
elm, although detectable quantities of aspartate, glutamate,
proline, and a glutamate-containing peptide were present.
In the Betulaceae, citrulline accounts for all or almost all of
the transported nitrogen (Wolffgang and Mothes, 1953;
Reuter and Wolffgang, 1954). Most surprising has been the
observation that allantoin and allantoic acid constitute as
much as 100% of the transported nitrogen of various Acer
species, and major portions of such nitrogen in the Borra-
ginaceae, Platanaceae, Hypocastanaceae, and Papilionaceae
(Mothes and Engelbrecht, 1952, 1954; Engelbrecht, 1954).
In Nicotiana, Datura, and Atropa, alkaloids constitute a
portion of the nitrogen transported out of the root (Mothes,
1955). Schmid (1948) reported that nicotine represents the
major nitrogenous compound in tobacco sap, and Mothes
(1955) has suggested that it may be the principal form (to-
gether with some amino acids) in which assimilated nitrogen
is translocated from tobacco roots.

The above results have been extended considerably by
Bollard (1956), who examined the composition of the tracheal
sap of a large number of different plants. Nitrate was present
in less than half of the saps tested, and was always in trace
amounts. In most species examined, nitrogen was translocated
principally in the form of glutamine or asparagine, with
smaller quantities of glutamate, aspartate, alanine, serine,
threonine, methionine, and valine usually present. In twenty-
nine different species citrulline was translocated in varying
quantities, while allantoin or allantoic acid were present in
the saps of twenty-three different species. In all of the above
cases, the material examined is being translocated upward
in the xylem from the roots. Only limited studies have been
performed on phloem transport, but they indicate relatively
low concentrations of ninhydrin-positive material moving
through the phloem (Kennedy and Mittler, 1953). This ni-
trogenous material is composed of glutamate, glutamine,
aspartate, and asparagine. Additional amino acids, as well
as increased amounts of glutamate, aspartate and their amides,
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are found in phloem during the rapid growth of leaves or
during their senescence.

NITROGEN METABOLISM DURING AGING

The question of what happens to metabolism as a cell ages,
as well as why it ages at all, is important whether one is in-
terested in either animals or plants. Surprisingly little is
known concerning the chemical nature of the aging process
in cells, or of the metabolic changes which accompany it. The
present discussion, therefore, will be concerned with some of
the engrossing problems that need clarification, rather than
with attempting to construct a picture of metabolic aging
from our present limited information.

In contrast to germinating and rapidly growing seedlings,
where all emphasis is on active synthesis of protein and nucleic
acid, the mature plant exhibits either a stable protein level
or a tendency towards protein loss. With the exception of the
striking synthesis of protein in ripening seeds, most mature
plant parts show little overall change in protein level under
normal conditions (Gregory, 1937). This does not mean, how-
ever, that their protein is metabolically inactive. All evidence
with both stable and radioactive isotopes indicates that the
proteins of mature plant organs undergo continuous break-
down and resynthesis (Vickery, et al., 1940; Hevesy, et al.,
1940; MacVicar and Burris, 1948; Webster, 1954; Stephen-
son, et al., 1956; Webster, et al., 1957). If this is the case, then
the increasing protein levels of young cells, the stable protein
levels of mature cells, and the decreasing protein levels of
senescent cells are chiefly reflections of varying ratios of the
steady-state synthesis and breakdown of cellular protein. What
factors affect the ratio of synthesis to breakdown? Apparently,
there are many. As might be expected, protein levels are
strongly influenced by the amount of nitrogen supplied to
the plant. Nitrogen deficiency, however, has a differential
effect on the protein levels of cells of different ages (Gregory
and Sen, 1937). Figure 37 illustrates these differences, and
shows that differences in protein levels of normal leaves ap-
pear only in relatively old leaves (line A). However, if less
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Figure 87. Differential protein loss in barley leaves of different ages, grown
under decreasing concentrations of nitrogen. A., normal nitrogen supply; B,
1/9 normal nitrogen supply; C., 1/81 normal nitrogen supply (adapted from
Gregory and Sen, 1937).

nitrogen is supplied to the plant (line B), then the more
mature leaves (leaves 4-7) lose protein in amounts roughly
in line with their ages. Even the very old leaves (leaves 1-3),
whose protein levels are already lowered, effect a further
decrease in protein. Only in extreme states of nitrogen de-
ficiency (line C) are the protein levels of very young leaves
(leaf 8) reduced considerably.

Although one might suspect that this tendency of old leaves
to lose protein readily is due to a loss in their ability to synthe-
size new protein, this does not appear to be the case. When
plants are grown under conditions of severe nitrogen de-
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Figure 38. Recovery of protein by leaves of different ages after elimination
of nitrogen deficiency. Solid lincs, protein level under nitrogen deficiency;
dotted line, protcin level after addition of nitrogen as indicated by arrows
(Walkley, 1940).

ficiency, the protein level of any single leaf declines steadily.
Figure 38 shows, however, that if ample nitrogen is supplied
to the plant, the leaf is perfectly capable of recovering its
normal protein level (Walkley, 1940). These observations,
plus the findings with isotopes, suggest that the decrease in
protein level in aging cells is not due to an impairment of
the actual machinery for protein synthesis. This does not
mean, of course, that the decrease in protein level is not due
to a slowing of the rate of protein synthesis, but does mean
that the potential for protein synthesis appears to be just
as great in a mature cell as in a young cell.
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If the decrease in protein level of aging cells is not due
to a degradation of the protein synthesis machinery, then
there are a number of alternative possibilities which should
be examined. Some of these are:

a. Aging might increase the effectiveness of the machinery
for protein degradation.

b. Aging might reduce the ability of a cell to produce
certain precursors at the rates found in young cells.

c. Aging might reduce the effectiveness of some auxiliary
process (such as ATP production) necessary for protein
synthesis.

d. Aging might prevent the entry of essential substances
into an organ through a selective block of translocation.

e. Aging might result in the accumulation of a natural
inhibitor of some process necessary for protein synthesis.

Some of the most interesting findings on the effects of aging
on nitrogen metabolism have come from studies on fruit
ripening. Here, the cells often age in a spectacular and easily
recognizable manner. The metabolic changes associated with
aging in ripening fruit have been studied very little, but the
idea has arisen that such aging is associated with degenerative
processes. Experimental evidence at hand is not compatible
with this thesis. For example, Marks, et al. (1957) have shown
that the changes associated with fruit ripening in tomatoes
(synthesis of lycopenes, etc.) are dependent upon a continual
supply of energy. If oxidative phosphorylation is stopped with
dinitrophenol, the fruit remains green and continues to ex-
hibit the properties of an unripe fruit. Hulme (1948, 1954)
has observed that the total protein of apple fruit increases
steadily during ripening. Similarly, Tager (1956) has shown
that several enzymes are synthesized in connection with the
ripening of bananas. It would seem, therefore, that aging in
fruits is a process dependent upon the synthesis of proteins
and other substances, and may be prevented by preventing
such syntheses. This is an important concept and certainly
deserves further examination. It will be of great interest to
learn whether aging in all kinds of cells is dependent upon a
continual energy supply for the synthesis of substances as-
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sociated with the aging process. Likewise, it is important to
learn how these syntheses are related to the senescence and
death of a cell, and whether such processes can be inhibited or
reversed. Although the process of cellular aging has not been
investigated intensively, it would appear to be one of the
more challenging and fruitful problems for both biochemists
and physiologists.
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