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Rhizobium meliloti, like many other bacteria, accumulates high levels of glutamic acid when osmotically
stressed. The effect was found to be proportional to the osmolarity of the growth medium. NaCl, KCl, sucrose,
and polyethylene glycol elicited this response. The intracellular levels of glutamate and K* began to increase
immediately when cells were shifted to high-osmolarity medium. Antibiotics that inhibit protein synthesis did
not affect this increase in glutamate production. Cells growing in conventional media at any stage in the growth
cycle could be suspended in medium causing osmotic stress and excess glutamate accumulated. The excess
glutamate did not appear to be excreted, and the intracellular level eventually returned to normal when
osmotically stressed cells were suspended in low-osmolarity medium. A gif mutant lacking glutamate synthase
and auxotrophic for glutamate accumulated excess glutamate in response to osmotic stress. Addition of
isoleucine, glutamine, proline, or arginine stimulated glutamate accumulation to wild-type levels when the
mutant cells were suspended in minimal medium with NaCl to cause osmeotic stress. In both wild-type and
mutant cells, inhibitors of transaminase activity, including azaserine and aminooxyacetate, reduced glutamate
levels. The results suggest that the excess glutamate made in response to osmotic stress is derived from

degradation of amino acids and transamination of 2-ketoglutarate.

The response of cells to high osmolarity is a fundamental
biological question (42). Bacteria provide a useful model
system to study the molecular biology of osmoregulation
(20). In rhizobia, osmoregulation presents a complex prob-
lem. A bacterium living free in soil must contend with
changes in osmotic potential as the soil dries. The bacterium
must also adapt to the osmotic situation during the infection
process and in a nodule as a bacteroid exchanging nutrients
with the host plant. Osmoregulation, particularly in Esche-
richia coli and Salmonella typhimurium, has been reviewed
recently (6). However, the phenomenon in Rhizobium meli-
loti has not been studied extensively. As in E. coli, glycine
betaine serves as an osmoprotectant in R. meliloti (2, 30, 31,
34). Glycine betaine is obtained from oxidation of choline
(35). When cells grow with osmotic stress, the enzymes
involved in choline oxidation are not induced as in E. coli
(11, 39). However, unlike E. coli, this bacterium can use
glycine betaine as a sole source of carbon and nitrogen. The
enzymes involved in its degradation are repressed when cells
grow with osmotic stress (35). R. meliloti, like E. coli (3, 32,
38), accumulates the disaccharide trehalose when osmoti-
cally stressed (12, 35), and as in E. coli, the synthesis of
membrane-derived oligosaccharides is affected by the osmo-
larity of the growth medium (26).

Many bacteria produce excess glutamic acid when grown
with inhibitory concentrations of osmolytes (25, 40). This
has been shown in a Rhizobium sp. that grows with mes-
quite, a desert legume (14); in a Rhizobium that grows with
a leguminous tropical tree (43); in a fast-growing Rhizobium
strain with soybeans as the host (44); and in R. meliloti (4).
It has recently been reported (36) that R. meliloti accumu-
lates not only glutamate but also a dipeptide, N-acetylglu-
taminyl glutamate, in response to osmotic stress.

It has been proposed that glutamate is made by the
bacterium to act as a counterion for the K* that accumulates
when cells grow with osmotic stress (10, 15, 33). This ion has
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been implicated in the regulation of genes involved in
nitrogen fixation in rhizobia (13). A role for glutamate per se
in nitrogen fixation has been proposed (17). Since the osmo-
larity in root tissue is elevated, this osmotic response could
impinge on this aspect of regulation. This communication
describes the production of glutamic acid in R. meliloti and
the accompanying increase in intracellular K* in response to
osmotic stress.

MATERIALS AND METHODS

Strains. R. meliloti 102f34 was obtained from Gary Ditta,
University of California, San Diego. Strain 1021 was ob-
tained from Paul Watson, University of Illinois, Champaign.
Strain AK330 was obtained from Adam Kondorosi, Hungar-
ian Academy of Science. This strain is auxotrophic for
glutamic acid and lacks detectable glutamate synthase
(GOGAT) (18). Glutamic dehydrogenase (GDH) levels are
normal.

Medium. Cells were grown in minimal defined medium
(MDM) with MOPS (morpholinepropanesulfonic acid) as a
buffer (4). The pH of the medium was adjusted with NaOH.
This NaOH (a few milliequivalents) was not included in
calculations of the Na* concentration. The medium was
filter sterilized. This medium contained 5 mM (NH,),SO,
and 1% mannitol unless noted otherwise. The medium
normally included 150 pM KCI. The osmolarity of the
growth media was determined with an osmometer (Westcor,
Logan, Utah) as instructed by the manufacturer. The osmo-
larity of MDM was 112 mosM. Addition of 400 mM NaCl
increased the osmolarity to 890 mosM.

Growth conditions. Cells were grown in Erlenmeyer flasks
filled to no more than 20% capacity. Cultures were shaken at
30°C. Growth was monitored with a Klett colorimeter (green
filter). Cultures were usually harvested at 150 Klett U,
equivalent to 2.4 X 10° cells and 0.194 mg of protein ml~*.

Cells were harvested by filtration with 47-mm-diameter
filters (0.44-pm pore size; cellulose acetate or cellulose
nitrate). Alternatively, cells were collected by centrifugation
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(5 min at 3,000 X g at room temperature). Results were
comparable with both techniques.

In experiments in which cells were grown in MDM and
then shifted to MDM with an inhibitory concentration of
solute, cells were collected either by filtration or by centrif-
ugation and suspended in aerated, prewarmed medium.
Results were comparable with both techniques.

Extraction of cellular contents. When cells were harvested
by filtration, cellular contents were extracted by placing 5 to
10 ml of boiling water on the filter with the vacuum turned
off. After 1 min, the vacuum was turned on and the filtrate
was collected. When cells were harvested by centrifugation,
5 ml of boiling water was added to the pelleted cells and the
cell suspension was mixed with a vortex mixer. Cell debris
was removed by centrifugation. The supernatant was then
filtered through cellulose nitrate filters (25-mm diameter,
0.44-um pore size).

Analytical procedures. Cellular glutamate was measured
enzymatically by using bovine GDH and acetylpyridine
dinucleotide by the method of Witt (41). The method pro-
vided reproducible measurements of as little as 5 nmol of
glutamate. Ammonium was measured by using an ammonia
electrode (Orion Corp., Cambridge, Mass.). One-milliliter
samples were diluted 1:5 and treated as recommended by the
manufacturer. K* in the aqueous extracts was measured
with a 451 atomic emission spectrometer (Instrumentation
Laboratory, Wilmington, Mass.) as recommended by the
manufacturer. Protein was measured by the method of
Lowry et al. (22) with bovine serum albumin as the standard.
Normally, protein was measured directly and not inferred
from the absorbance of the culture. The specific activity of
GOGAT was determined by a spectrophotometric method
(27) by monitoring glutamine- and 2-ketoglutarate-dependent
oxidation of NADPH at 340 nm and 37°C with a recording
double-beam spectrophotometer.

Estimation of protein synthesis. To determine the effect of
shifting cells to medium causing osmotic stress on protein
synthesis, cells were grown in MDM and suspended in MDM
or MDM supplemented with 400 mM NaCl with 0.052 wCi of
[*H]leucine at a final concentration of 1 mM. Samples were
taken as indicated by collecting 1 ml of the culture on
nitrocellulose filters and washing them with 5 ml of 1 mM
leucine in MDM or MDM—400 mM NacCl, followed by 5 ml of
5% perchloroacetic acid to precipitate the protein. The filters
were dried, and the radioactivity was determined with a
liquid scintillation counter.

RESULTS

Glutamate production when cells grow with osmotic stress.
As reported previously, excess glutamic acid is found in R.
meliloti when the bacterium is osmotically stressed (4). It
was found that the amount of glutamate produced was
proportional to the concentration of the osmolyte (Fig. 1).
These data also show that K* was accumulated by the
bacteria in response to osmotic stress. This has been re-
ported in a variety of bacteria (15, 25, 40, 43). The data in
Table 1 show comparable stimulation of glutamate levels
when cells were grown with inhibitory concentrations of
KCl, sucrose, and polyethylene glycol (Sigma Chemical Co.,
St. Louis, Mo.). Similar levels of glutamate were produced
when cells grew with 1 mM KNO; replacing NH,* as the
nitrogen source and when cells grew with succinate replac-
ing mannitol as the carbon and energy source (Table 1). The
presence of a supplement of Casamino Acids (Difco Labo-
ratories, Detroit, Mich.) did not affect the intracellular
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FIG. 1. Effects of increasing salt concentrations on cellular glu-
tamate and K*. Cells were grown in MDM with NaCl as indicated.
Cells were harvested while growing exponentially, and the gluta-
mate was measured. Solid bars represent values for glutamate, and
shaded bars represent values for K*.

accumulation of glutamate (Table 1). Casamino Acids have
approximately 1 pmol of glutamate mg~! when assayed
enzymatically (41). The inclusion of a synthetic mixture of
all of the amino acids (7) except glutamate, glutamine, and
proline also had no effect on glutamate levels (data not
shown).

Time course of increased glutamate production. It was
found that cells made comparable amounts of glutamate and
accumulated comparable levels of K* when grown in mini-
mal medium, suspended in medium with NaCl, and incu-
bated for 1 h rather than being grown with osmotic stress
(Fig. 2). The rates of glutamate production (9.4 nmol mg of

TABLE 1. Effects of osmolytes on glutamate accumulation?

Glutamate concn

Addition (concn) (nmol mg of protein~?)

None (control) .......oeieeveiiiiiieniiiniiiiiiinnenns 39.2
NaCl (400 mMM) ...ooiviininiiiiiiiieeeeeeeeaanns 327.3
Sucrose (400 mM)........c..eevnvernriiieinnernnennnnn. 292.8
KCl (400 MM)...couiiiniiiieiieiiieiieeieeieeenennnes 365.6
PEG 200 (300 mMM)? ...ovveeeeeeeeeeeeeeeeeeiienn, 89.2
PEG 1000 (100 mM)“......covviiniininiinninennnnnn. 113.4
KNO; (1 mM) replacing NH,*

Control.......coeniviiiiiiiieerie e, 40.6

NaCl (400 mM) ...coeviniiiiiiiiieeeeeeenene, 526.6
Sodium succinate (22 mM) replacing

mannitol?

Control .....c.oeuiniiniiiiiiiiniie e, 109.1

NaCl (400 mM) ...cooveniiniiniiiiiiieieeeneeee, 509.7
Casamino Acids (0.5%) supplement®

[07s) 113 ¢+ ) U PRRPPPPIN: 71.6

NaCl (400 mM) .....oevvinininiieiiiiiirnieenns 388.0

“ Cells were grown to the midexponential phase with the added osmolytes.
The cells were harvested, and the glutamate was extracted and assayed as
described in Materials and Methods.

& PEG 200, Polyethylene glycol 200 (average molecular mass, 200 daltons).

< PEG 1000, Polyethylene glycol 1000 (average molecular mass, 1,000
daltons).

4 The disodium salt of succinic acid was used, so these samples have an
additional 44 mM NaCl.

¢ Vitamin-free Casamino Acids (Difco).
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FIG. 2. Time course of glutamate production and K* accumula-
tion. Cells were grown to the exponential phase in MDM, collected
by filtration, and suspended in MDM—400 mM NaCl. Samples (10
ml) were taken at the indicated times and collected by filtration. The
time zero sample was taken from the original culture immediately
before the cells were shifted. These results represent the average of
three experiments. The solid diamonds represent values for K*, and
the open squares represent values for glutamate. The rates of
increase in glutamate production, 9.3 nmol min~! mg of protein~?,
and K* accumulation, 12.4 nmol min~! mg of protein~!, were
calculated from the slopes of the regression lines fitted to the data (n
=12, * = 0.97 and 0.94).

protein™! min—!) and K* accumulation (12.3 nmol mg of

protein—! min~?) were calculated from these data. Compa-
rable results were obtained when cells were incubated with
sucrose as the osmolyte.

Growth phase and glutamate production. The effect of the
growth phase on the ability of the bacteria to make glutamate
in response to osmotic stress was tested by growing cells in
MDM, harvesting them at different times, and suspending
them in fresh medium with or without NaCl. The results of
this experiment are shown in Fig. 3. These data show that
regardless of the growth phase, cells shifted to conditions of
osmotic stress had more intracellular glutamate than did
cells shifted to low-osmolarity medium.

Glutamate does not appear to be excreted. In several
experiments, culture medium was assayed for glutamate
after removal of the cells. The assay for glutamate was
sensitive enough to detect less than 5% of the intracellular
glutamate had it been excreted. In none of the experiments
could significant amounts of glutamate be detected in the
supernatant fraction or in the culture filtrates.

The excess glutamate made by cells in response to osmotic
stress disappears when cells are suspended in low-osmo-
larity medium. In one experiment, cells that had grown with
osmotic stress were harvested and incubated in medium of
normal osmolarity and the glutamate levels decreased. In
one experiment, cells grown in MDM—400 mM NaCl were
harvested and shifted to medium containing MDM. After 60
min, the cells were harvested and the intracellular glutamate
was found to be 43.0 nmol mg of protein™!. In the control
culture, cells suspended in MDM—400 mM NaCl, the intra-
cellular glutamate was 242.5 nmol mg of protein™! after 60
min of incubation.

Mechanism for excess glutamate production. Production of
excess glutamate in response to osmotic stress was initiated
as soon as cells were suspended in high-osmolarity medium
(Fig. 2). Furthermore, the presence of antibiotics that inhibit
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FIG. 3. Effect of growth phase on glutamate production. Cells
were grown in MDM. At the times indicated, 10-ml samples of cells
were removed, collected by centrifugation, and suspended in 10 ml
of MDM or MDM—400 mM NaCl. The cells were incubated for 1 h,
harvested by centrifugation, and assayed for protein and glutamate.
The squares connected by the line represent growth of the culture in
terms of Klett units. The solid bars represent glutamate levels in
cells harvested and suspended in control medium. The shaded bars
represent glutamate levels in cells harvested and suspended in
medium with 400 mM NaCl.

protein synthesis (Table 2) did not affect glutamate produc-
tion. This observation suggested that an enzyme involved in
glutamate synthesis is activated in response to osmotic
stress. It has been proposed that in enteric coliforms, excess
glutamate accumulates because GDH is activated by in-
creased intracellular levels of K* (25). GOGAT appears to
be the sole route to glutamate synthesis in R. meliloti (18, 23,
29). Strain AK330 has normal levels of GDH (18) but no
detectable GOGAT. This mutant is auxotrophic for glutamic
acid and is unable to assimilate ammonium (18). It was
suggested that when cells are osmotically stressed, the
intracellular ammonium concentration could increase dra-
matically, enabling glutamate to be made by the GDH
reaction. However, measurements of the intracellular am-
monium levels in strain 10f34 cells that were suspended in
MDM-400 mM NaCl were little different (100 to 120 nmol mg
of protein~!) from those of the control. To determine
whether GDH can be activated when R. meliloti grows with
osmotic stress and whether it can provide the cell with
glutamate when they grow with excess ammonium, strain
AK330 was grown on minimal medium with 80 mM NH,*.
The cells did not grow, even with this eightfold excess of

TABLE 2. Effect of neomycin on glutamate production®

Glutamate concn

Strain and (nmol mg of protein~!)
addition
Control With NaCl

10234

None 54.1 241.0

Neomycin® 47.6 245.2
1021

None 68.1 357.4

Neomycin® 66.3 410.5

“ Cells were grown in MDM to the exponential phase, collected by
centrifugation, and suspended in MDM or MDM-400 mM NaCl. After
incubation for 60 min, samples were collected.

» Neomycin added as indicated to a final concentration of 200 pg ml~L.
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TABLE 3. Effects of inhibitors of GOGAT and aminotransferase

Strain and addition
(concn)

10234 (wild type)”

Glutamate concn
(nmol mg of protein~!)

None (control) 16.2
NaCl (400 mM) 338.7
NaCl-methionine sulfone 2 mM) .............. 350.9
NaCl-azaserine 2 mM) ............cceevvennnnn.n. 105.6
NaCl-aminooxyacetic acid (5§ mM) ............ 59.0
AK330 (glr)®
None (control)? ..........coveeeviiiiiiieeeeeennnn, 0.0
NaCl (400 mM) ....ooovinniiieeiieeieceieeiene, 172.5
NaCl-aminooxyacetic acid (S mM) ............ 20.9

4 Cells were grown in MDM, harvested, and suspended in medium with the
additions indicated. The cells were then incubated for 60 min, and glutamate
was extracted and assayed.

b Cells were grown in MDM with 10 mM glutamate, harvested, and
suspended in MDM with the additions indicated but without supplemental
glutamate. The cells were then incubated for 60 min, and glutamate was
extracted and assayed.

< When cells growing in MDM with 10 mM glutamate were sampled and the
glutamate was measured immediately before the shift to high-osmolarity
medium, 45.9 nmol of glutamate mg of protein~! was measured. The control
value represents the glutamate in cells shifted to MDM without glutamate and
incubated for 60 min.

ammonium. When 400 mM NaCl was included, the cells
remained auxotrophic for glutamate, indicating that GDH
could not provide the cells with glutamate, even with high
intracellular concentrations of K* resulting from osmotic
stress. GOGAT provides enteric coliform cells with gluta-
mate when they grow with limiting ammonium, and GDH
does so when the cells grow with excess ammonium (8, 24).

GOGAT does not appear to be responsible for increased
intracellular glutamate. When wild-type cells were shifted to
high-osmolarity medium, addition of methionine sulfone, a
potent inhibitor of GOGAT (5), did not affect glutamate
levels (Table 3). R. meliloti AK330 has normal levels of
GDH but has no detectable GOGAT activity (18; unpub-
lished data). This mutant also accumulated excess glutamate
when shifted from MDM with 1 mM glutamate to MDM
without glutamate but with 400 mM NaCl to induce osmotic
stress (Tables 2 and 3). In both the gl mutant strain and
wild-type strain 102f34, inhibitors of transaminase (ami-
notransferase) activity, including azaserine and aminooxy-
acetic acid (37), inhibited accumulation of glutamate when
cells were shifted to high-osmolarity medium (Table 3).

If protein synthesis were inhibited when cells are shifted
to high-osmolarity medium, production of amino acids
would slow. Since virtually all assimilated ammonium passes
through the glutamate-glutamine couple, this would spare
the glutamate pools. The effect of shifting cells to high-
osmolarity medium on protein synthesis was tested by
monitoring the incorporation of radioactive leucine into
acid-precipitable material. Data in Fig. 4 show that protein
synthesis was inhibited when cells were shifted to high-
osmolarity medium and that after 30 min, protein synthesis
was once again synthesized but at a much lower rate.
Presumably, this represents the ability of cells to synthesize
protein and not altered amino acid transport, since incorpo-
ration of the label did eventually increase in the osmotically
stressed cells. All strains of rhizobia used in these experi-
ments could use glutamate, proline, arginine, or glutamine as
a sole source of nitrogen and carbon, even when the medium
contained 400 mM NaCl, indicating that amino acids can be
transported when cells are osmotically stressed.

Inclusion of 0.5% Casamino Acids did not affect glutamate
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FIG. 4. Effect of osmotic stress on protein synthesis. Cells were
grown in MDM-1 mM L-leucine. Cells were collected by centrifu-
gation and suspended in MDM (open squares) or MDM—400 mM
NaCl (solid diamonds) supplemented with [*H]leucine at a final
concentration of 1 mM as noted in Materials and Methods.

levels (Table 1). If glutamate were to accumulate because the
amino acid pools increase when cells are shifted to high-
osmolarity medium, this supplement should mimic the effect
of osmotic stress, causing intracellular glutamate to be
elevated. This was not observed.

If osmotic stress causes glutamate levels to become ele-
vated because protein synthesis is inhibited, addition of
antibiotics that inhibit protein synthesis should also cause
glutamate levels to increase. This was tested (Table 2).
These data show that addition of neomycin had no significant
effect on glutamate production when cells were suspended in
MDM. This was also tested in wild-type strain 102f34 with
other antibiotics, including chloramphenicol, streptomycin,
and fusidic acid, known to inhibit protein synthesis. None of
these antibiotics affected intracellular glutamate levels when
the cells were suspended in MDM or MDM—400 mM NaCl
(data not shown).

Alternative pathways to glutamate. Strain AK330 lacks
GOGAT and is auxotrophic for glutamic acid. As already
noted (Tables 3 and 4), when this strain was osmotically
stressed, glutamic acid accumulated. It was noted that
inhibitors of aminotransferase activity inhibited accumula-
tion of excess glutamate in both this mutant strain and the
wild type (Table 3). We found that R. meliloti has an active
aminotransferase activity using branched-chain amino acids
as a source of ammonium for synthesis of glutamate with

TABLE 4. Glutamate production in strain AK330 in media with
supplemental amino acids®

Glutamate concn

Supplement (nmol mg of protein~!)
(final concn, 10 mM)
Control With NaCl

None 0.0 103.7
Isoleucine 14.2 342.1
Glutamine 97.3 599.0
Proline 0.0 178.8
Arginine 0.8 131.0

“ Cells were grown to the exponential phase in MDM, collected by
centrifugation, and suspended in MDM on MDM—400 mM NaCl with the
supplements noted. The cells were incubated for 60 min and harvested, and
the glutamate was extracted and assayed.
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2-ketoglutarate as the substrate (R. Gonzalez, Ph.D. disser-
tation, New Mexico State University, Las Cruces, 1989;
submitted for publication). This transaminase activity could
be involved in glutamate production in response to osmotic
stress. This was tested by including isoleucine in the medium
when AK330 cells were shifted to MDM—400 mM NacCl
(Table 4). This amino acid stimulated glutamate production.
Other amino acids readily degraded to glutamate (1), includ-
ing arginine, glutamine, and proline, were also found to
stimulate glutamate production (Table 4).

DISCUSSION

The results show that glutamate and K* accumulated
when R. meliloti was osmotically stressed (Fig. 1). The effect
was not specific for Na* but also occurred when cells grew
with osmotic stress caused by K™, sucrose, or polyethylene
glycol (Table 1). The effect was not altered by changes in the
growth medium with respect to the carbon source (mannitol
or succinate) or the nitrogen source (ammonium or nitrate).
When R. meliloti grows with nitrate, ammonium should be
limiting (28). This did not reduce the ability of cells to make
excess glutamate. Addition of 0.5% Casamino Acids, which
should supply the cells with most of the needed amino acids,
did not alter the situation (Table 1).

When cells were shifted to medium causing osmotic
stress, production of excess glutamate appeared to be initi-
ated immediately (Fig. 2). In several experiments, the first
sample was taken S min after the cells were shifted to
conditions of osmotic stress and had higher levels of gluta-
mate than did cells shifted to conventional medium (data not
shown). The increased production of glutamate was not
affected by antibiotics that inhibit protein synthesis (Table
2). This indicates that de novo protein synthesis is not
required.

Production of glutamate occurred regardless of the growth
phase of the culture (Fig. 3). As expected, cells in exponen-
tial growth, having more resources, accumulated more glu-
tamate when shifted than did cells in the stationary phase.
However, some excess glutamate accumulated even when
cells were in the stationary phase.

Cells rarely accumulated much more than 500 nmol of
glutamate mg of protein~. When grown with osmotic stress,
the glutamate levels gradually declined after the culture
entered the stationary growth phase. When the cells were
shifted to high-osmolarity medium, the glutamate levels did
not continue to increase after 60 min of incubation. This
suggests that the amount of glutamate in each cell is regu-
lated.

We have isolated a clone that appears to have git from R.
meliloti Rm1021 on high-copy-number cosmid pLAFR1 (9,
21; submitted for publications). The plasmid complements
AK330. The specific activity of GOGAT in strain 10234 with
this plasmid was found to be 30 times greater than in the
control. However, the strain with the plasmid had amounts
of intracellular glutamate comparable to those of the control.
This suggests that glutamate production is actively regulated
by the cells.

Virtually all of the nitrogen in bacterial cells growing in
minimal defined medium with ammonium or nitrate as the
nitrogen source is assimilated in reactions involving gluta-
mate. On the basis of values for the number of moles of
amino acids, purines, pyrimidines, amino sugars, and other
nitrogenous compounds in E. coli B/r (16), it can be calcu-
lated that the bacterium must assimilate 19,730 nmol of
amino moieties mg of protein~!. If we assume comparable
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values for R. meliloti growing with a generation time of 3.5 h,
each cell must synthesize 94 nmol of glutamate min~! mg of
protein~1. The rate of increase in glutamate production in
cells shifted to medium causing osmotic stress is 9.3 nmol
min~—! mg of protein™'. Thus, the excess glutamate made by
the bacterium represents only 10% of the capacity of the cell
for glutamate production. Small changes in the specific
activity of one or more enzymes involved in glutamate
production or utilization, as well as small changes in intrac-
ellular intermediates, could account for the excess glutamate
production.

In R. meliloti, despite a great deal of effort working with
dialyzed crude cell extracts, neither GDH nor GOGAT
appears to be activated by K* or to be allosteric (Gonzalez,
Ph.D. dissertation). Furthermore, as was noted, strain
AK330 lacks detectable glutamate synthase but has normal
levels of GDH. This mutant is auxotrophic for glutamate,
even when growing with excess ammonium under conditions
of osmotic stress. GDH does not appear to be responsible for
the excess glutamate made by R. meliloti in response to
osmotic stress. Similarly, GOGAT does not appear to be
responsible either. Addition of methionine sulfone (Table 3)
did not affect glutamate production when wild-type cells
were shifted to high osmolarity (Table 3). g/t mutant AK330
accumulated elevated levels of glutamate when shifted to
high-osmolarity medium (Tables 2 and 3). The data indicate
that some glutamic acid could be made by using the amino
acids present when cells are shifted to high-osmolarity
medium by using transaminase activity. Inhibitors of trans-
aminase reduced glutamic acid made in response to osmotic
stress (Table 3). The glutamate auxotroph AK330 can utilize
a variety of amino acids as sources for assimilated nitrogen
(18; unpublished data). Addition of a variety of amino acids
to MDM with a high salt concentration to induce osmotic
stress enabled the mutant to accumulate glutamate at levels
comparable to those of the wild type (Table 4). The experi-
ments with transaminase activity inhibitors (Table 3) suggest
that at least some of the excess glutamate could be derived
from transamination of amino acids already made by the
bacterium before the shift. Glutamate production in strain
AK330 shifted to MDM—400 mM NaCl was stimulated by
addition of arginine, proline, and glutamine, amino acids that
are readily degraded to glutamate (1). This suggests that
degradation of these amino acids could also account for
some of the excess glutamate.

Both K™ and glutamate seem to be involved in nitrogen
fixation (13, 17), and it is inviting to propose that rhizobia use
this accumulation of glutamate and K* to regulate symbiotic
nitrogen fixation. Addition of 100 mM NaCl increases the
osmolarity of the medium to 320 mosM, and this is sufficient
to cause excess glutamate and K* to accumulate (Fig. 1).
This is in the range of the osmolarity within plant cells and
presumably in the root nodule. Since glutamate plays a
central role in ammonia assimilation, this could be critical to
nitrogen fixation. It has been shown that K™ is critical for
derepression of nitrogenase when rhizobia grow ex planta
(13). When K™ is present as the salt of glutamic acid rather
than an inorganic anion, it is more active in vitro, mediating
interactions between protein and DNA, activities involved in
regulation of gene expression (19). Potassium and glutamate
accumulate in substantial quantities. If the volume of a
bacterial cell is 1 x 10715 liter, a glutamate concentration of
400 nmol mg of protein~! is equivalent to an intracellular
concentration of 30 mM. A K" concentration of 1,000 nmol
mg of protein™! is equivalent to an intracellular concentra-
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tion of 75 mM. At these concentrations, either compound
could have a significant effect.

The results suggest an interesting evolutionary aspect. If
cells simply need to accumulate an osmoticum, glutamate is
easily obtained by slight alterations of the activity of one or
more enzymes involved in glutamate metabolism. The amino
acid is readily utilized by the cells as a source of assimilated
nitrogen and as a carbon source when the cells return to a
lower-osmolarity environment. This is an ideal compound to
serve as an osmoticum (38) or as counterion for K* (10, 25,
33).
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