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The formation of glutamine synthetase (GS) and glutamate synthase (GOGAT)
in Brevibacterium flavum (ATCG 14067) was repressed by ammonia in the culture medium.
Glutamate dehydrogenase (GDH)-defective mutants could grow in ammonia medium
but glutamate dehydrogenase (GDH)-glutamine synthetase (GS) or glutamate dehydro-
genase (GDH)-glutamate synthase (GOGAT) double-defective mutants could not.
Glutamine synthetase (GS) and glutamate synthase (GOGAT) were formed constitutive-
ly in glutamate dehydrogenase (GDH)-defective mutants which grew and accumulated
a small amount of glutamic acid in the glutamate fermentation medium containing
high concentration of ammonia as the main nitrogen source. When the cell-free extract
of a glutamate dehydrogenase (GDH)-defective mutant was incubated with a mixture
containing ammonium chloride, citrate and other substances for the glutamine synthetase
(GS) and glutamate synthase (GOGAT) reactions, significant amount of glutamate was
synthesized. These results suggested that glutamine synthetase (GS)/glutamate synthase
(GOGAT) system could function for the assimilation of ammonia into glutamate in

B. flavum.

It is now generally accepted that the
glutamine synthetase (GS)/glutamate syn-
thase (GOGAT) system is a major route of
uptake of ammonia into the glutamate in
bacteria in the presence of limited ammonia,
and glutamate dehydrogenase (GDH) can
function only when sufficient ammonia is
available.1-» We are interested in the
function of the GS/GOGAT system in
Brevibacterium flavum, one of the most powerful
glutamate-producing bacterium, because it
has a high level of GDH which plays an
important role in glutamate production, and
because the function of the GS/GOGAT
system in this organism is not sufficiently
understood.

Previously we found that GS and GOGAT
were present in B. flaoum and that their
activities varied with the nitrogen sources
in the culture medium.# We also reported
on the properties of GS and GOGAT from
this organism.»® Our findings suggested
that the GS/GOGAT system might partici-
pate in the assimilation of ammonia at low

concentration, even though there is some
difference in properties between GOGATSs
from B. flavum and other sources.®® If this
system operates in B. flavum, it would be
valuable in field of applied microbiology as
well as in general microbiology.

In this study, we investigated the effect of
nitrogen sources in the culture medium
especially on the formation of GS, GOGAT
and GDH and obtained results indicating
that the synthesis of GS and GOGAT was
repressed by ammonia whereas that of GDH
was not. We also found that mutants
defective in GDH could grow in a medium
containing ammonia as the sole nitrogen
source but GDH-GS and GDH-GOGAT
double-defective mutants could not. These
results suggested that the GS/GOGAT system

could function in ammonia assimilation in
B. flavum.

Materials and Methods

Bacteria, media and culture conditions
Brevibacterium flavum (ATCC 14067) was used. To
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prepare cell-free extracts, cells were cultured in 500 ml
of media in a 2-/ Sakaguchi flask with shaking (110
strokes per min) for 2448 h at 30°C. For mutagenesis
and investigation of growth characteristics, cells were
cultured in 5 ml of medium in a 16-mm diameter test-
tube with shaking or on 1:.5%, agar plate for 24-48 h at
30°G. Medium 1 contained 5g of glucose, 5g of
peptone and 3 g of yeast extract per liter of water,
pH 7.0. Medium 2 was composed of 10 g of glucose,
0.2 g of yeast extract, 0.05g of KHzPOy, 0.05g of
K:HPO, and 0.03 g of MgSO4-7H;O per liter of water,
pH7.0. Medium 3 was a synthetic medium coritaining
50 g of glucose, 1.5g of KHsPOy, 0.6 g of MgSOy
7H50, 0.01 g of FeSOy4, 0.01 g of MnSOy4, 1.0g of
casamino acids (vitamin free), 0.01 mg of folic acid,
0.01 mg of biotin, 0.2mg of riboflavin, 0.2 mg of
thiamine-HCI, 0.2 mg of p-aminobenzoic acid, 0.1 mg
of pyridoxine-HCl, 0.1 mg of calcium panthothenate,
0.1 mg of nicotinic acid, 0.02 mg of pyridoxal-HCl,
0.1 mg of adenine, 0.1 mg of guanine, 0.1 mg of uracil
and 0.1 mg of xanthine per liter of water, pH 7.0.
Various nitrogen sources were added to medium 2 or
3. The glutamate fermentation medium contained
36 g of glucose, 1 g of KH2POy, 1 g of MgSO4-7H:0,
10 mg of FeSO47H:0,
100 ug of thiamine-HCI, 2 ug of biotin, 6 ml of “Mieki”’
(acid hydrolysate of soybean protein) and 15g of
ammonium sulfate per liter of water, pH 7.0. Culti-
vation was carried out in 20 ml of the medium with
1 g of CaCOs in a 500-ml Sakaguchi flask with shaking
at 30°C.

Isolation of mutants GDH-defective mutants
were isolated after mutagenesis with ethylmethane-
sulfonate, basically according to the method of Necasek
et al® B. flavum cells cultured overnight in liquid
medium 1 were harvested by centrifugation (12,000 x
g), washed twice with 1/15M potassium phosphate
buffer (pH 7.0) and resuspended in 3 ml of the buffer
(OD at 610nm : 1.0). Ethylmethanesulfonate was
added to a final concentration of 0.05 M.  After shaking
for 20 h at 30°C, the cells were collected and resuspend-
ed in 0.85% saline. The cell suspension was spread on
agar plates of medium 1 and incubated for 48 h at
30°C. Colonies appeared on the plates were replicated
on agar plates of medium 2 containing 1 mM and
300 mM ammonium chloride. .GDH-defective mutants
were expected to grow on the medium with 1 mM
ammonium chloride but not on that with 300 mM
ammonium chloride. The growth characteristics of
the isolated strains were further confirmed by their
response to nitrogen sources in liquid medium 3.
Deficiency of GDH was confirmed with cell-free extracts
by determination of GDH activity and by double
immunodifussion -analysis with GDH antibody.

10mg of MnSO44H:O,
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GDH-GS and - GDH-GOGAT double-defective
mutants were derived from GDH-defective mutant
8D. After mutagenesis and replica-plating in the same
manner as above, cells which could grow on the agar
plate of medium 3 supplemented with 30 mM sodium
glutamate plus 0.18 mM glutamine but neither with
50 mM ammonium chloride nor with 30 mM sodium
glutamate were isolated as GDH-GS defective mutants.
Likewise, cells which could grow on the medium with
30 mM sodium glutamate but not with 50 mM am-
monium chloride were picked up as GDH-GOGAT
defective: mutants. Their growth characteristics and
immunological protein detection were confirmed in the
samie manner as those of the GDH defective mutant.

Enzyme assay Preparation of cell-free extracts
and determination of the enzyme activities were carried
out as described previously.¥ One unit of GOGAT
and GDH activity was defined as the amount which
oxidizes 1 umol of NADPH per min, and that of GS as
the amount which required for the synthesis of 1 pmol
of y-glutamylhydroxamate per min. .

Immunological test Homogeneous GDH and
GS and their antibodies were prepared as described
previously.® Double immunodifussion analysis was
carried out according to the method of Ouchterlony.®

Assays Protein was determined by the method
of Lowry et al. with egg albumin as the standard.®
Amino acids in the culture broth or in the reaction
mixture were determined by paper chromatography.1
a-Keto acids in the culture broth was determined by the
method of Friedemann and Haugen!V with a-keto-
glutarate (a-KGA) as the standard. Bacterial growth
in liquid medium was expressed as turbidity at 610 nm.

Chemicals Pyruvate kinase was from Sigma
Chemical Co. All other reagents were the highest
grade commercial products. All amino acids were
the L-isomers.

Results and Discussion

Effect of nitrogen sources on the
enzyme level We previously found that
B. flavum cells grown on medium 2 with
1.12% (60 mM) sodium glutamate as a major
nitrogen source contained high levels of GS
and GOGAT.» When peptone or vyeast
extract was substituted for sodium glutamate,
the activity of GOGAT decreased but there
was no significant change in that of GS,
even though GS activity was reduced in
other bacteria grown in nutrient broth.2:12
The activities of both GS and GOGAT
decreased in the culture medium containing
ammonia. GDH level did not vary with
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nitrogen source. However, the findings
with medium 2 do not allow discussion of
the function of the GS/GOGAT system in
B. flavum, because cell growth in this medium
was very poor compared with that in the
glutamate fermentation medium. On the
other hand, during the investigation of the
cultural conditions for GOGAT production,®
we found that the extent of cell growth in
medium 2 supplemented with 0.289, yeast
extract and 0.569, (30 mM) sodium gluta-
mate reached almost the same level as that
in the glutamate fermentation medium.
Moreover the level of GOGAT was further
increased by addition of EDTA-Fe to this
yeast extract and glutamate medium (Table
1, Exp. A).

Experiment B in Table 1 shows that the
activities of both GS and GOGAT decreased
with increase of ammonia concentration in
the medium, as has been observed in other
bacteria possessing a functional GS/GOGAT
system under ammonia-limited conditions.?

Ammonia assimilation by mutants

Ammonia Assimilation by Brevibacterium flavum 7

defective in the enzymes involved in
glutamate biosynthesis Table 2 dem-
onstrates that GDH-defective mutants (Fig.
1) could assimilate ammonia as the sole
nitrogen source, even if the growth was not so
good as the wild-type. It also indicates that
the levels of GS and GOGAT in the mutants,
especially grown on ammonium chloride,
were higher than those in the wild-type strain.

‘As the formation of GS was repressed by

ammonia and that of GOGAT by yeast
extract and ammonia in wild-type strain
grown on medium 2,4 this finding suggested
some change in the regulation system for the
synthesis of GS and GOGAT, respectively
in the mutants. Table 3 indicates growth of
the mutants in the media containing different
amounts of ammonia as the sole nitrogen
source and shows that the GDH-defective
mutant 8D, as well as other strains (data not
shown), grew similarly to the wild-type
strain in the media with lower concentration
of ammonia (less than 1mM, 14 ppm
nitrogen). The growth decreased with in-

Table 1. Effect of nitrogen sources and EDTA-Fe in medium on the levels of
GS, GOGAT and GDH.
Cell growth GS GOGAT GDH
Supplement
(OD at 610 nm) (units/mg protein)
Exp. A
0.289%, Yeast extract 2.8 3.76 0. 004 0.90
0.56% (30 mM) Sodium glutamate 1.8 4.90 0. 035 0.89
0.289%, Yeast extract and 16. 4 3. 94 0,029 1.41
0.56%, sodium glutamate
0.56%, Sodium glutamate and 1.5 4,50 0. 027 0.70
0.019%, EDTA-Fe
0.289%, Yeast extract, 17.8 3.56 0. 065 1.32
0.569, sodium glutamate and .
0.01% EDTA-Fe
Exp. B
Ammonium chloride (0 mM 17.8 2,42 0. 060 0.91
1 mM 16. 2 2,02 0. 047 0.91
5 mM 16. 4 3.30 0.017 1. 14
10 mM 18.4 0.35 0. 001 1.02
30 mM 17.0 0.40 0. 001 0.93

Exp. A: Medium 2 was supplemented as indicated in the Table.
Exp. B: Various amounts of ammonium chloride were added to medium 2 sup-
plemented with 0.289%, yeast extract, 0.569, sodium glutamate and 0.01

9, EDTA-Fe.
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Fig. 1.

Immunodifussion reactions of antibody specific for GDH (A) and GS (B) with

cell-free extracts of the wild-type strain and mutants of B. flavum.

(A) GDH antibody (50 ug) was placed in center well. Well 1 conmmed 3 ug of
GDH. Wells 2,3,4,5 and 6 contained 35 ug, 38 ug, 30 ug, 40 ug and 37 ug of
protein of cell-free extracts of 8D (GDH-defective), wild-type strain, 059 (GDH-
GOGAT double-defective), 89 (GDH-defective) and S13 (GDH-GS double-defective),
respectively. (B) GS antibody (50 ug) was placed in center well. Well I contained
5ug of GS. Wells 2, 3, 4,5 and 6 contained 38 ug, 28 ug, 36 ug, 30 ug and 35 ug
of protein of cell-free extracts of wild-type strain, 8D (GDH defective), 059 (GDH- -
GOGAT double-defective), 89 (GDH-defective) and S13 (GDH-GS double-defective),

respectively.

crease in ammonia concentration but was
observed even in the maximum, 300 mM
ammonia medium. The mutant 8D also
grew in the glutamate fermentation medium1#®
which contains a high concentration of
ammonia as a major nitrogen source, and
accumulated significant amount of glutamate
and a-keto acids (Fig. 2). Enzyme activity
 of the mutant grown on glutamate fermen-
tation medium was almost the same as in
Table 2 (data not shown). Table 3 also
shows that neither the GDH-GS double-
defective mutant S13 (see Fig. 1) nor the
GDH-GOGAT double-defective mutant 059

which contained GOGAT at 109, of the
level of the wild-type strain, could grow at
any concentration of ammonia.

The  finding that the GDH-defective
mutants could grow in the medium with
high concentration of ammonia was un-
expected, because in the wild-type strain the
formation of GS and GOGAT was repressed
under this condition (Table 1). The reason
for this assimilation of ammonia should be
discussed in relation to the change of the
regulation system for the enzyme synthesis.
That aside, the results of this study suggested
that GS and GOGAT played a role in

Table 2. Growth and enzyme activities in the wild-type strain and GDH-defective mutants
of B. flavum grown on ammonia or yeast extract as a major nitrogen source. .

Cell growth GS GOGAT GDH
Strain Nitrogen source
(OD at 610 nm) (units/mg protein)
Wild-type Ammonium chloride 1.50 0.59 0.006 117
Yeast extract 4,80 2,12 0.011 1.08
8D (GDH-defective)  Ammonium chloride 0. 32 1.70 0051 O
Yeast extract 0.97 2.08 0. 058 0
8F (GDH-defective) = Ammonium chloride 0.27 2,20 00 O
Yeast extract 0.95 3.01 0.029 0
89 (GDH-defective)  Ammonium chloride 0.30 1.30 0079 O
Yeast extract 0,87 1,28 0.068 O

The organisms were grown at 30°C for 24 h on medium 2 supplemented with ammonium
chloride (5 mM) or yeast extract (0.48%,) as the sole nitrogen source.
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Table 3. Growth response to ammonia concentration
of the wild-type strain and mutants defective in
one or more enzymes in glutamate biosynthesis in
B. flavum.

Ammonium Cell growth (OD at 610 nm)
chloride
(mM) wild 8D*  Si3*  059%
0 0.03 0,02 0. 02 0.01
0.5 0. 33 0.32 0.01 0,01
1 0.45 0,40 0.02 0.01
5 .00 0,40 0.02 0.02
10 1,10 0,40 0.02 0.02
100 0.90 0.35 0.01 0.01
300 0.30 0.10 0.01 0.0l

*8D : GDH-defective

S13 : GDH-GS double-defective

059 : GDH-GOGAT double-defective
The organisms were grown at 30°C for 24 h on medium
2 supplemented with various concentration of ammo-
nium chloride as the sole nitrogen source.

ammonia assimilation in B. flavum under the
ammonia-limited condition and that both
enzymes were indispensable for glutamate
formation in GDH-defective mutants, as
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Fig. 2. Growth of and formation of glutamate and
a-keto acids by the wild-type strain and GDH-
defective mutant 8D of B. flavum in the glutamate
fermentation medium.
(A) Cell growth. Symbols: —O—
strain; —@—, 8D (GDH-defective).
(B) Formation of glutamate and a-keto acids.
Symbols: —O—, glutamate by wild-type strain;
—@—, glutamate by 8D (GDH-defective); —A—,
a-KGA by wild-type strain; —A—, a-KGA by 8D
(GDH-defective).
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Fig. 3. Synthesis of glutamate by the GS/GOGAT
system.

has been reported with GDH-defective
mutants of Escherichia coli*t® and Bacillus
megaterium.2®  These indications were strong-
ly supported by the demonstration of the
consecutive reactions of GS and GOGAT
(illustrated in Fig. 3) in the cell-free extracts
of the GDH-defective mutant (Fig. 4).
During the reactions, NADPH was re-
generated by the TCA cycle for the synthesis
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Fig. 4. Formation of glutamate from ammonia and
citrate by cell-free extracts of GDH-defective
mutant 8D.

The reaction mixture contained 25 mM ammoni-
um chloride, 7 mM citrate, 1.3 mM glutamate,
I mM ATP, 0.l mM NADPH, 30 mM MgCl,,
1 mM CoClz, 13 mM phosphoenolpyruvate, 25
units/ml of pyruvate kinase, 50 mM Tris-HCI
buffer (pH 7.5) and 3.0 mg/ml of protein of cell-
free extracts. Incubation was carried out at
30°C.

Symbols: —O—, glutamate; —@—, glutamine;
—A—, glutamate in the control mixture (minus
pyruvate kinase-phosphoenolpyruvate system).
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of a-KGA from citrate, and ATP by the
pyruvate kinase-phosphoenol pyruvate sys-
tem. Addition of a small amount of gluta-
mate was necessary as the initial substrate
for GS to start the reactions.

The nonrepressive formation of GS and
GOGAT in the wild-type strain under the
ammonia limited-condition and the growth
characteristics of the mutants defective in
GDH, GS and GOGAT revealed the im-
portant role of GS/GOGAT system in
ammonia assimilation by B. flasum. How-
ever, it should be noted that most of the
present results were obtained with mutants
which synthesized GS and GOGAT consti-
tutively. Deeper insight might be afforded
by analyzing the change in pool of amino
acids, especially glutamine and glutamate,
with ammonia concentration161” and the

growth characteristics of mutants impaired
only in the GS/GOGAT system.
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