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Ammonia Assimilation by Saccharomyces cerevisiae
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In Saccharomyces cerevisiae, ammonia can be incorporated
into the amino group of glutamate, the source of 80% of
cellular nitrogen, by two pathways: the reductive amination of
2-ketoglutarate, catalyzed by glutamate dehydrogenase, in
which NADPH serves as the source of electrons, or by the
ATP-dependent synthesis of glutamine from glutamate and
ammonia catalyzed by glutamine synthetase. The latter reac-
tion is followed by the reductive transfer of the amide group of
glutamine to 2-ketoglutarate that is catalyzed by glutamate
synthase and in which NADH serves as the source of electrons.
In cells growing with an excess of glucose as the source of
carbon and energy and ammonia as the sole source of nitrogen,
the rate of growth is determined by the ability of the cell to use
glutamate dehydrogenase to assimilate ammonia and is not
affected by mutations resulting in the loss of glutamate syn-
thase. It can, however, be shown that the use of the NADH-
linked glutamate synthase in place of the NADPH-linked glu-
tamate dehydrogenase results in a more efficient utilization of
glucose, which is a distinct advantage when the availability of
glucose limits the rate of growth. The reduction of the intra-
cellular concentration of 2-ketoglutarate during glucose re-
striction favors the switch from the use of glutamate dehydro-
genase to the use of glutamate synthase by the threefold
greater affinity of glutamate synthase for 2-ketoglutarate and
by the irreversibility of the reaction catalyzed by this enzyme.

Like many other microorganisms (Escherichia coli, for ex-
ample), the yeast Saccharomyces cerevisiae grows well in a
medium containing glucose as the sole source of carbon and
energy and ammonia as the sole source of nitrogen. Ammonia
is incorporated into the amino group of glutamate, the source
of 80% of the cellular nitrogen, and into the amide group of
glutamine, the source of the remaining 20% (8, 9).

The reaction responsible for the synthesis of glutamine is
catalyzed by glutamine synthetase:

Glutamate + NH; + ATP — glutamine + ADP + P; (1)

Both organisms can produce glutamate by the reductive ami-
nation of 2-ketoglutarate catalyzed by glutamate dehydrogenase:

2-Ketoglutarate + NH; + NADPH —

glutamate + NADP"* (2)

In addition, both organisms can produce glutamate in a two-
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step process in which the first step is catalyzed by glutamine
synthetase (reaction 1) and the second step is catalyzed by gluta-
mate synthase. In this reaction, glutamine serves as the donor of
the amino group, 2-ketoglutarate as its receptor, and NADPH in
bacteria or NADH in S. cerevisiae as the reducing agent:

E. coli: Glutamine + 2-ketoglutarate + NADPH

— 2 glutamate + NADP* (3)
S. cerevisiae: Glutamine + 2-ketoglutarate + NADH
— 2 glutamate + NAD™ 4)

It is evident that reaction 1 combined with reaction 3 or 4
accomplish together exactly what reaction 2 accomplishes by
itself, i.e., the conversion of 2-ketoglutarate and ammonia to
glutamate, but in the case of reaction 1 plus reaction 3 or 4, this
is done at the cost of the hydrolysis of ATP.

In the bacterial case, the essential pathway to glutamate is
via reactions 1 and 3, as shown by the fact that mutants lacking
glutamate synthase (reaction 3) fail to grow in a medium con-
taining ammonia at a concentration less than 1 mM or con-
taining serine, a compound which is slowly hydrolyzed to yield
ammonia, as the sole source of nitrogen (9). On the other
hand, mutants lacking glutamate dehydrogenase (reaction 2)
grow as well as the parent strain in these media. The only
defect that results from the lack of glutamate dehydrogenase is
a slightly lower rate of growth with ammonia as the source of
nitrogen when a poor energy source replaces glucose; appar-
ently in this case, the lower cost in ATP favors the synthesis of
glutamate by glutamate dehydrogenase (16). The reason that
glutamate dehydrogenase (reaction 2) cannot be used by bac-
teria when the ammonia concentration of the medium is less
than 1 mM is the high K,,, of the enzyme for ammonia. The
hydrolysis of ATP in reactions 1 and 3 ensures a favorable
equilibrium for the synthesis of glutamate.

By the same reasoning, reactions 1 and 4 should be required
for the synthesis of glutamate by S. cerevisiaze when the con-
centration of ammonia in the growth medium is low. However,
experiments with mutants of S. cerevisiae have led to a different
conclusion: the lack of glutamate synthase (reaction 4) does
not prevent growth of the mutant in a medium containing a
concentration of ammonia less than 1 mM or when cytosine, a
poor source of ammonia, serves as the source of nitrogen. On
the other hand, a mutant lacking glutamate dehydrogenase
(reaction 2) that depends on reactions 1 and 3 to generate
glutamate grows with ammonia as the source of nitrogen at
one-half the rate of its parent strain (8, 13).
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These observations present us with two problems regarding
ammonia assimilation by S. cerevisiae. (i) In spite of its unfa-
vorable equilibrium, how can glutamate dehydrogenase cata-
lyze the formation of glutamate when the concentration of
ammonia in the medium is insufficient to allow reaction 2 to
proceed? (ii) What is the role of glutamate synthase (reaction
4), and why does this enzyme use NADH rather than the more
abundant NADPH, which is the preferred reducing agent for
biosynthetic reactions?

One way to use reaction 1 for the synthesis of glutamate
when the concentration of ammonia in the growth medium is
low is to increase the intracellular concentration of ammonia
to a level exceeding that of the growth medium. It has been
shown that the ability of S. cerevisiae to grow in a medium
containing ammonia at a concentration less than 10 mM de-
pends on the presence of proteins located in the cell mem-
brane that are the products of the MEP genes. The product of
MEP] is a high-affinity ammonia permease and that of MEP3
is a low-affinity, but high-capacity ammonia permease (11, 12).
The product of MEP2, another high-affinity ammonia per-
mease, functions as an ammonia sensor in the regulation of
pseudohyphal differentiation (7). The energy necessary for the
concentrative uptake of ammonia by these permeases is pro-
vided by the intracellular hydrolysis of ATP (18).

Accordingly, in contrast to what occurs in enteric bacteria,
where glutamine is an intermediate in the synthesis of gluta-
mate (reactions 1 and 3), in S. cerevisiae, glutamine and gluta-
mate are synthesized independently by reactions 1 and 2, re-
spectively. This may explain why in enteric bacteria a single
transcription factor, the product of ginG (ntrC), is responsible
for the activation of the expression of nitrogen-regulated genes
in response to a drop in the intracellular concentration of
glutamine (9), while in S. cerevisiae, two transcription factors,
the products of GLN3 and NILI, activate the expression of
these genes in response to a drop in the intracellular concen-
trations of glutamine and glutamate, respectively (10).

To understand the potential role of the NADH-linked glu-
tamate synthase, it is necessary to consider that in studies of
ammonia assimilation glucose is used as the source of carbon
and energy. In S. cerevisiae, glucose exerts strong catabolite
repression on the enzymes required for respiration and on the
enzymes of the tricarboxylic acid cycle beyond those required
for the synthesis of 2-ketoglutarate (4). Consequently, during
the exponential phase of growth, the production of ATP de-
pends entirely on the conversion of glucose to ethanol and
CO,. Under these conditions, the rate of growth is determined
by the ability of the cell to assimilate ammonia by using the
NADPH-linked glutamate dehydrogenase, as shown by the
following observations: substitution of glutamine for ammonia
increases the rate of growth, the loss of glutamate dehydroge-
nase decreases the rate of growth, and the loss of glutamate
synthase has no effect on the rate of growth (8).

This rapid phase of growth on glucose reduces the glucose
concentration to a level which permits only very slow growth
and is no longer adequate for catabolite repression. It is during
this second phase of growth that the enzymes necessary for
respiration and for the operation of the tricarboxylic acid cycle
are formed, thus enabling the cell to resume more rapid
growth by utilizing the accumulated ethanol as a source of
energy and carbon (14).
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It is evident that the efficient utilization of glucose as the
source of energy and carbon is more important during growth
on limiting glucose than when glucose is abundantly available.
A comparison of the amount of glucose needed to produce
glutamate using glutamate dehydrogenase with that needed to
produce glutamate using glutamate synthase shows that the
latter reaction permits the more efficient utilization of glucose
and should therefore be preferable during glucose limitation.

The synthesis of amino acids in cells using glucose as the
source of carbon and ammonia as the source of nitrogen re-
quires the withdrawal of pyruvate from the pathway of glyco-
lysis; the pyruvate then serves as the source of keto acids which
are converted to the corresponding amino acids in reactions
catalyzed by amino transferases with glutamate as the amino
donor. The glutamate consumed in these reactions must then
be restored through reductive amination of 2-ketoglutarate by
either glutamate dehydrogenase (reaction 2) or glutamine syn-
thetase and glutamate synthase (reactions 1 and 4).

It is apparent that the withdrawal of pyruvate from the
pathway of glycolysis prevents the formation of acetaldehyde
from pyruvate and consequently the restoration of NAD™ by
the reduction of acetaldehyde to ethanol by NADH. Conse-
quently, to continue the synthesis of ATP by glycolytic reac-
tions it is necessary to regenerate NAD ™ from NADH by other
means. This regeneration is easily achieved in cells using glu-
tamate synthase for the synthesis of glutamate by the use of
NADH in the reductive amination of 2-ketoglutarate by glu-
tamine (reactions 1 and 4). On the other hand, in cells using
glutamate dehydrogenase, NADPH is the agent responsible
for the reductive amination of 2-ketoglutarate by ammonia
(reaction 2), and since S. cerevisiae does not possess a transhy-
drogenase which would allow NADPH to reduce NAD™" to
NADH, the regeneration of NAD™ is achieved by the forma-
tion of glycerol from glucose (15):

NADH + glucose + 2ATP — NAD™ + glycerol

+ ethanol + CO, + 2ATP (5)

It is apparent that in this case glucose is consumed to re-
generate NAD™ without any gain of ATP.

If we now compare the cost of the synthesis of one molecule
of glutamate from 2-ketoglutarate and ammonia by glutamate
synthase (reactions 1 and 3) with that by glutamate dehydro-
genase (reactions 2 and 5), it is apparent that in both reaction
sequences ATP is required: for the formation of glutamine in
the case of glutamate synthase and to raise the intracellular
concentration of ammonia in the case of glutamate dehydro-
genase. The important difference is that the synthesis of one
molecule of glutamate by glutamate dehydrogenase instead of
by glutamine synthetase-glutamate synthase requires the con-
sumption of an additional molecule of glucose.

To assess the importance of this additional consumption in
relation to the resources of the cell, we have to consider that in
the absence of respiration the synthesis of 1 g (dry weight) of
cell mass requires the conversion of approximately 40 mmol of
glucose to ethanol and CO, (14, 15). This amount of cell mass
contains 140 mg of nitrogen, of which 80% is derived from the
amino group of glutamate. Thus, the formation of 1 g of cell
mass requires the synthesis of 8.0 mmol of glutamate from
2-ketoglutarate and ammonia. Consequently, the use of an
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additional molecule of glucose for the synthesis of glutamate
by the NADPH-linked glutamate dehydrogenase would reduce
the amount of glucose available to produce energy for the
synthesis of 1 g of cell material from 40 to 32 mmol, a reduction
of approximately 20%. A reduction in the efficiency of glucose
utilization of this size is not significant for cells growing rapidly
with an abundant supply of glucose; however, for cells growing
anaerobically on a growth rate-limiting concentration of glu-
cose, it would clearly be advantageous to use glutamate syn-
thase to make 20% more of the glucose available for the
synthesis of cell material. This view is supported by the obser-
vation that the lack of glutamate synthase reduces the biomass
of cells grown in a glucose-limited chemostat but not that of
cells grown in a nitrogen-limited chemostat (6).

The preferential utilization of glutamate synthase over glu-
tamate dehydrogenase by glucose-limited cells may be ex-
plained by the properties of these enzymes. Glutamate syn-
thase has greater affinity for 2-ketoglutarate than does
glutamate dehydrogenase (K,,,s of 0.14 and 0.36 mM, respec-
tively) and, in contrast to glutamate dehydrogenase, catalyzes
an irreversible reaction (5, 17). The low intracellular concen-
tration of 2-ketoglutarate in glucose-limited cells (2) would
therefore favor glutamate synthase as the agent responsible for
ammonia assimilation.

According to this analysis, glutamate synthase plays its im-
portant role during the transition from fermentative to respi-
ratory growth.

It has been reported that the transition from glucose to
ethanol as the source of carbon and energy results in the
gradual replacement of the NADPH-dependent glutamate
dehydrogenase, encoded by the GDHI gene, by another
NADPH-dependent glutamate dehydrogenase, encoded by the
GDH3 gene, with even lower affinity for 2-ketoglutarate (K,,,, 1
mM) (3). This replacement favors the oxidation of 2-ketoglu-
tarate to serve as the source of energy over its reductive ami-
nation to glutamate. In addition, any accumulation of gluta-
mate results in the induction of the NAD *-linked glutamate
dehydrogenase, encoded by GDH2, which reconverts gluta-
mate to ammonia and 2-ketoglutarate (1, 3).

Thus far, the possible effect of the deletion of GLTI, the
structural gene for glutamate synthase, on growth with ethanol
as the source of carbon and ammonia as the source of nitrogen
has not been examined; however, the observation that deletion
of GDHI and GDH3, which places full responsibility for am-
monia assimilation on glutamate synthase, reduces the rate of
growth with ethanol as the source of carbon and ammonia as
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the source of nitrogen by one-half (3) indicates that in this
medium, too, NADPH-linked glutamate dehydrogenase has an
important role in ammonia assimilation.
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