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Abstract

In this article, we advocate the radical revision of the 20th-century version of amino acid metabolism as follows. (1) Classic

studies on the incorporation of [15N]ammonia into glutamate, once considered to be an epoch-making event, are not distinctive

proof of the ability of animals to utilize ammonia for the synthesis of a-amino nitrogen. (2) Mammalian glutamate dehydrogenase

has been implicated to function as a glutamate-synthesizing enzyme albeit lack of convincing proof. This enzyme, in combination

with aminotransferases, is now known to play an exclusive role in the metabolic removal of amino nitrogen and energy production

from excess amino acids. (3) Dr. William C Rose’s “nutritionally nonessential amino acids” are, of course, essential in cellular

metabolism; the nutritional nonessentiality is related to their carbon skeletons, many of which are intermediates of glycolysis or the

TCA cycle. Obviously, the prime importance of amino acid nutrition should be the means of obtaining amino nitrogen. (4) Because

there is no evidence of the presence of any glutamate-synthesizing enzymes in mammalian tissues, animals must depend on plants

and microorganisms for preformed a-amino nitrogen. This is analogous to the case of carbohydrates. (5) In contrast, individual

essential amino acids, similar to vitamins and essential fatty acids, should be considered important nutrients that must be included

regularly in sufficient amounts in the diet.

� 2003 Elsevier Inc. All rights reserved.
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It is a privilege to be part of this issue honoring for

Professor I.C. Gunsalus (Gunny) and to recall with

gratitude the kindness and warm hospitality extended to

me (M.K.) during my stay (September 1967 to March

1968) in his laboratory at the Department of Biochem-

istry, University of Illinois, Urbana, Illinois. I first met
Gunny in May 1966 at the Symposium on the Biological

and Chemical Aspects of Oxygenases held in Kyoto,

Japan, under the auspices of The United States–Japan

Committee on Scientific Cooperation. At that time, I

was attracted to his camphor 5-exohydroxylase system

because it appeared to be more complicated and more

closely related to mammalian steroid hydroxylase sys-

tems than our salicylate hydroxylase system, an FAD
protein [1,2]. Dr. O. Hayaishi, one of the organizers of

this symposium, made the necessary arrangements for
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me to work in Gunny’s laboratory as a visiting scientist

for 6 months during my sabbatical year. There, I par-

ticipated in an ongoing project to elucidate the compo-

nents of the camphor 5-exohydroxylase system of

Pseudomonas putida. This led to the revelation that in

addition to the known non-heme iron protein, i.e.,
putidaredoxin, an NADH-dependent flavoprotein and a

P-450 hemoprotein, referred to as putidaredoxin re-

ductase and P-450cam, respectively, are involved in the

hydroxylation reaction [3,4]. After my return to my

home laboratory in Japan, this experience led us to

separate two distinctive steroid hydroxylating P-450

components, P-450scc and P-45011b, from bovine adrenal

cortex mitochondria in solubilized and purified forms.
Fortunately, we were able to report those results in a

volume honoring Gunny, Experiences in Biochemical

Perception, which was published in 1982 [5]. In the same

volume was an interesting statement by Sligar, “The

Fourth Gunny Rule of Science is: Always change your
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scientific direction and project every ten years” [6]. This
encouraged me to contribute our recent opinion to this

volume of BBRC dedicated to Gunny.

In 1985, I stated in my textbook that animals do not

utilize ammonia for glutamate synthesis because they

lack the enzymes capable of doing so [7]. Based on this

view, we presented a hypothesis that animals are com-

pletely dependent on preformed a-amino nitrogen [8,9].

In the present article, we would like to reappraise an
unsolved mystery in the 20th century regarding the or-

igin of amino acids in life on Earth. In fact, in a survey

of current biochemistry textbooks and relevant reviews,

we found only common descriptions such as “animals

can utilize ammonia for glutamate synthesis” or

“mammalian glutamate dehydrogenase catalyzes gluta-

mate synthesis” without any explanation or with only an

ambiguous adjunct such as clearly, possibly, probably,
or undoubtedly. Surprisingly, such claims appear to be

widely accepted without further convincing proof, sim-

ply because the glutamate dehydrogenase-catalyzed re-

action is reversible. Clearly, the reversible nature of an

enzymatic reaction does not necessarily represent its

synthetic role. Typical examples are the cases of such

cleavage enzymes as glycogen phosphorylase, a series of

fatty acid oxidizing enzymes, and polynucleotide phos-
phorylase, all at one time supposed to be extremely

important synthesizing enzymes.

The first concept developed at the beginning of the

20th century, that animals can synthesize amino acids,

may be due to misinterpretation of such reactions as

those catalyzed by aminotransferases. Subsequently,

Schoenheimer and his colleagues in 1939 and later Berl

et al. showed the in vivo incorporation of a small but
mass-spectrometrically significant amount of 15NH3 into

amino acids [10,11]. However, all of those experiments

were performed on dying animals under unnaturally

high and toxic levels of ammonium salt, namely, rats

that consumed, instead of casein in normal diet, 0.1mol

of ammonium citrate/kg body wt/day for 5 days, and

cats that were infused with 1M ammonium acetate up to

the time of death (for a period of 8 to 25min). Conse-
quently, the balance of the dynamic equilibrium of en-

dogenous reactions might have been influenced without

the net synthesis of amino acids. In fact, in the original

report by Schoenheimer and colleagues, they stated:

“However, unphysiological conditions employed in both

series make it uncertain that we are dealing with a

process which takes place under normal conditions”

[10]. Unfortunately, this was absolutely correct. Cooper
et al. performed short-term analyses of the order of

seconds of the fate of truly tracer levels of 13N-labeled

ammonia in rat liver and brain [12–14] Their studies

demonstrated that the role of glutamate dehydrogenase

is included in the catabolism. Kinetic and binding

analyses of mammalian glutamate dehydrogenase have

indicated that its major allosteric inhibitors are GTP
and NADH [15]. This pattern of regulation suggests that
the main function of this enzyme may be the formation

of 2-oxoglutarate and ammonia from glutamate. Note

that the Km values for NHþ
4 of a number of glutamate

dehydrogenases, including those in plants and micro-

organisms, are high [16]. For bovine enzymes, this value

is 3.2mM, which is a lethal level in the cell, and there-

fore excludes possible biosynthetic role of this enzyme

[17,18]. The equilibrium position of this reaction, which
markedly favors glutamate formation, may be physio-

logically important [19]. Thus, we conclude that all the

properties of glutamate dehydrogenase, including its

allosteric nature, help prevent exhaustive discharge of

the glutamate reservoir that must be maintained at ap-

propriate levels in liver and other organs on the one

hand and help maintain toxic ammonia at low levels on

the other [9,19]. These conclusions are supported by
studies on the hyperinsulinism/hyperammonemia syn-

drome, a form of congenital hyperinsulinism in which

children have asymptomatic persistently elevated plas-

ma ammonium levels [20]. This disease is caused by

dominant mutations of glutamate dehydrogenase that

impair its sensitivity to GTP, an allosteric inhibitor.

Rose and co-workers formulated a nutritional clas-

sification system for amino acids, calling them essential
(or indispensable) and nonessential (or dispensable).

Their experiments, together with a more recent study by

Rogers and his group, seemed to have established the

basic view that mammals, including humans, do not

nutritionally require nonessential amino acids [21–23].

However, most of their experiments were deliberately

performed in the presence of identical and sufficient

amounts of total effective a-amino nitrogen. Conse-
quently, their results only indicated whether animals

synthesized the carbon skeletons of certain amino acids.

Those problems may therefore be related to carbohy-

drate metabolism alone: many of the carbon skeletons

of nonessential amino acids are intermediates of gly-

colysis or the TCA cycle. Since the primary importance

of amino acid metabolism should be the means of ob-

taining a-amino nitrogen, we question the claim that
animals can synthesize nonessential amino acids a pri-

ori. We propose that animals are completely dependent

on the dietary supply of preformed a-amino nitrogen for

the syntheses of proteins and other functional com-

pounds, including hemes. In contrast, individual essen-

tial amino acids, similar to vitamins and essential fatty

acids, are important nutrients that must be included

regularly in sufficient and not excess amounts in the diet.
Many nutritional studies have shown that body-weight

gain and nitrogen retention are optimal in the presence

of moderate amounts of both essential and nonessential

amino acids [24,25]. The molar ratios of essential to

total amino acids in egg and milk, presumably the op-

timally balanced nutritional sources for the embryo and

the young, are approximately 0.5. Similar essential to
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total amino acid ratios are found in many diets recom-
mended for good nutrition, in normal transfusions, and

in tissue culture media.

Two glutamate-synthesizing systems are known in

plants and microorganisms. The first involves the par-

ticipation of two enzymes present in all plants and in

many microorganisms: (1) glutamine synthetase, which

has a high affinity for ammonia and synthesizes gluta-

mine from glutamate, ammonia, and ATP; and (2)
glutamate synthase, which catalyzes the reductive ami-

nation of 2-oxoglutarate using glutamine to form two

equivalents of glutamate [26,27].

Glutamine synthetase is highly regulated by cumula-

tive feedback inhibition by the end products of glutamine

metabolism, as shown by the enzyme of Escherichia coli.

This activity is also controlled by adenylylation and

deadenylylation by a series of regulatory cascades
[28,29]. Incidentally, in Experiences in Biochemical Per-

ception, Stadtman and co-workers presented an inter-

esting study on the degradation of bacterial glutamine

synthetase by P-450LM- and P-450cam-linked systems [30].

Glutamate synthase uses the amide nitrogen of glu-

tamine for amination with reduced ferredoxin, NADH,

or NADPH as a reducing equivalent [26,27]. There is

considerable evidence that chloroplasts in the leaves of
higher plants are the major sites of ammonia fixation

and the reaction is light- and ferredoxin-dependent [26].

Thus, this process is analogous to CO2 assimilation in

the sense that it is characteristic of a light-dependent

reaction in the biosphere. The coupling of glutamine

synthetase with glutamate synthase provides an ATP-

dependent and virtually irreversible synthesis of gluta-

mate from 2-oxoglutarate and ammonia in a cyclic
fashion.

The second glutamate-synthesizing system is that

catalyzed by an NADPH-linked glutamate dehydroge-

nase [31]. This enzyme, found in some microorganisms

that prefer ammonia as their source of nitrogen, is in-

duced under high levels of ammonium salts. Differing

from mammalian glutamate dehydrogenase (EC

1.4.1.3), this microbial enzyme (EC 1.4.1.4) catalyzes the
primitive biosynthesis of glutamate, i.e., the direct ami-

nation of 2-oxoglutarate with ammonia. One interesting

example is the bioindustrial production of glutamate

from ammonium salts and molasses by the glutamate

dehydrogenase of Corynebacterium glutamicum and

other bacteria [32]. In those microorganisms, glutamate

can also be synthesized by the evolved glutamine syn-

thetase/glutamate synthase system described above.
In herbivores such as ruminants, similar roles played

by symbiotic microbes in rumen in amino acid biosyn-

thesis may be of great importance [33,34]. It is known

that approximately 80% of rumen isolates can grow with

ammonia as their sole nitrogen source. Hence, in

breeding farms, part of the amino acid needs of cattle

may be met by simple and low-cost nitrogen sources
such as urea. Animal food products thus produced, such
as meat and milk, may ultimately provide all the amino

acids to meet our daily nutritional requirements. In

human, the involvement of gastrointestinal microflora in

the utilization of ammonia and the capacity of the large

intestine to absorb amino acids have recently been in-

vestigated extensively [34–36].

It should be added that although animals do not have

the ability to synthesize a-amino acids and hence pro-
teins and porphyrins from ammonia, they can and must

utilize ammonia to form carbamoyl phosphate via the

action of carbamoyl phosphate synthetase I, and glu-

tamine via the action of glutamine synthetase [37]. The

two products are the most important sources of nitrogen

for a number of biosynthetic pathways, and together

play important roles in the formation of the nitrogen

end product, urea, and many functional and informa-
tional compounds, e.g., purines (N3, N9, and 2-amino)

and pyrimidines (N3 and 4-amino) [37,38]. However,

mammalian glutamine synthetase differs from plant and

microbial glutamine synthetases in molecular weight

and the number of subunits [37]. In support of our

assumption that animals cannot synthesize a-amino

nitrogen, an equivalent to glutamate synthase has not

been reported in animals [Medline Express, 1970–2002].
From the perspectives of basic biochemistry, physi-

ology, medicine, ecology, and the world’s major nutri-

tional problems, we present the view that animals are

completely dependent on plants and microorganisms for

preformed a-amino nitrogen. This is analogous to the

case of carbohydrates. Is it a coincidence that umami of

glutamate is comparable to amami (or sweetness: the

antonym of umami derived from Japanese), each com-
prising a signal for discrimination of food by its nutri-

tive value [39]? Virtually all cells that require glutamate

contain aminotransferases for the immediate transfer of

preformed a-amino nitrogen to numerous oxo acids to

form the corresponding amino acids. Mammalian glu-

tamate dehydrogenase, in combination with amino-

transferases, is known to play an important catabolic

role in the metabolic removal of amino nitrogen and
energy production from excess amino acids. Using
13NH3, Cooper et al. emphasized the rapidity of nitro-

gen exchange in rat liver and brain via linked amino-

transferases [13]. Finally, it gives us great pleasure to

conclude this article by referring to Gunny’s research on

aminotransferases in the 1940s [40].
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