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A Bacillus subfilis mutant that produced glutamine synthetase (GS) with altered sensitivity to DL-methionine
sulfoximine was isolated. The mutation, designated glnA33, was due to a T- A-to-C- G transition, changing
valine to alanine at codon 190 within the active-site C domain. Altered regulation was observed for GS activity
and antigen and mRNA levels in a B. subtilis glnA33 strain. The mutant enzyme was 28-fold less sensitive to
DL-methionine sulfoximine and had a 13.0-fold-higher Km for hydroxylamine and a 4.8-fold-higher Km for
glutamate than wild-type GS did.

Bacillus subtilis assimilates inorganic nitrogen by the
concerted action of glutamine synthetase (GS) and glutamate
synthase. GS catalyzes the ATP-dependent amidation of
glutamate to form glutamine, a key metabolite that is not
only necessary for protein biosynthesis but is also used as
the nitrogen donor for the synthesis of most of the nitrogen-
containing compounds in the organism. Thus, the formation
of glutamine by GS may be considered the first step in a
highly branched pathway, and the prominent role of GS in
metabolism makes it a likely candidate for metabolic control.

In B. subtilis, GS specific activity is highest when the
organism is grown in the presence of limiting ammonia or a
poorly utilizable nitrogen source; growth in media containing
excess nitrogen yields low enzyme levels (24, 26). This
nitrogen-dependent response has been shown to be primarily
due to regulation at the transcriptional level, and evidence
for control of enzymatic activity by covalent modification
has not been found (11, 14).
The structural gene for GS, glnA, lies in an operon called

glnRA (32, 38). The glnR gene product, GlnR, is a repressor
that interferes with transcription under conditions of nitro-
gen excess (3, 16, 32, 35). How GlnR activity is controlled is
not known. However, genetic evidence has implicated a role
for GS in regulation, and the enzyme may be utilized to
signal information about nitrogen availability (6, 27, 32, 33,
36). Strains harboring glnA mutations that produce enzymes
with altered kinetic and feedback inhibition properties were
also found to express GS at high levels under repressing
conditions (6, 27, 36). Since the mutations were found to lie
within or near sequences contributing to the enzyme active
site, it has been proposed that GS activity is necessary for
regulation (42).
Mutants of B. subtilis that produce GS with altered

regulatory properties either required glutamine for growth or
grew very slowly in minimal medium in the absence of
glutamine (a leaky phenotype) (5, 6, 12, 27, 36). The fact that
both classes of mutants express enzymes unable to provide
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the organism with sufficient glutamine for growth has made it
difficult to separate the catalytic and regulatory functions of
GS. Thus, we were interested in examining characteristics of
GS mutants that are glutamine prototrophs. Salmonella
typhimurium mutants of this type have been isolated by
selecting for resistance to the transition-state analog L-
methionine-SR-sulfoximine (MSX) (21). MSX is a GS inhib-
itor that binds the enzyme irreversibly (19, 28, 29), and in S.
typhimurium the resistance was due to a mutation that
produced an enzyme with lowered affinity for glutamate and
ammonia (21). Although the isolation of B. subtilis strains
resistant to MSX has been reported, the strains were found
to be defective in methionine transport and to exhibit pleio-
tropic effects on GS and glutamate synthase expression (10).
We have isolated a B. subtilis GS mutant that displays
tolerance to MSX, and we describe the effect of the glnA
mutation on GS activity and regulation.

Plasmid pSF14 (Tetr Camr ginA+) (Fig. 1) contains the B.
subtilis ginRA operon and, when introduced into Es-
cherichia coli YMC11 [endA41 thi-I hsdR17 supE44
AlacU169 hutC,bs,wlla A(glnA ntrBC)2000] (2), will comple-
ment the glutamine auxotrophy of that host (11). We muta-
genized plasmid pSF14 by passage through E. coli KD1067
(Su' arg his mutD5) (7) as described previously (17). After
approximately 20 generations of growth in rich medium,
plasmid DNA was isolated and used to transform strain
YMC11 by the method of Cohen et al. (4). Transformants
were plated onto minimal medium containing 50 ,ug of MSX
per ml; this concentration was the minimal amount neces-
sary for inhibiting the growth of strain YMC11(pSF14). One
transformant, designated YMC11(pMSX), produced GS that
was less sensitive to MSX than was wild-type GS (see
below). GS levels in strain YMC11(pMSX) were approxi-
mately fourfold higher than those observed for the ginA+
parent strain YMC11(pSF14) grown in the presence of
excess nitrogen (glutamine plus ammonia) (Table 1). In
addition, although GS levels were regulated 10.6-fold in
strain YMC11(pSF14), only 3.4-fold regulation was found for
strain YMC11(pMSX) (Table 1).
Dideoxy sequencing (30) of the glnA DNA region of

plasmid pMSX revealed a T- A-to-C. G transition mutation
at position + 1088, relative to the transcription start point.
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FIG. 1. Abbreviated restriction maps of plasmids used in this
study. A 3.2-kb HindlIl segment of B. subtilis DNA containing the
glnRA operon is shown on the top line. Relative positions of GlnR
(medium bar) and GS (heavy bar) coding regions are represented, as
well as the location of the start point of transcription (arrow). Below
are shown the DNA content of plasmids carrying portions of this
region. Restriction sites: Ah, AhaIII; Bg, BglII; E, EcoRI; H,
HindIII; Hp, HpaI; Sc, Sacl. The alteration of the HpaI site during
cloning is indicated by parentheses. The approximate location of the
mutation in plasmid pCAR33 is indicated by X.

This mutation, designated glnA33, changed the valine at
codon 190 to alanine. To determine whether the glnA33
mutation was responsible for the observed characteristics,
we introduced the 570-bp BglII fragment from plasmid
pMSX, which contains the glnA33 allele, into the BglII site
of plasmid pCAR31 (Tetr Camr AglnA31), creating pCAR33
(Fig. 1). Plasmid pCAR33 not only was capable of comple-
menting the glutamine auxotrophy of strain YMC11 but also
allowed for growth in minimal medium containing 50 ,ug of
MSX per ml. Furthermore, GS levels in strain YMC11
(pCAR33) were similar to those observed for strain YMC11
(pMSX) (Table 1).
To construct a B. subtilis strain carrying the glnA33 allele,

we first introduced the BglII deletion harbored on plasmid
pCAR31 (AglnA31) (Fig. 1) into the chromosome of strain
SMY (glnA+) by congression with chromosomal DNA from
strain LS11(rfin-500) (37). Of the Rif' transformants, approx-
imately 1% acquired the Gln- phenotype. One transformant
was chosen, and the absence of the 570-bp BglII glnA
fragment was confirmed by Southern analysis (results not
shown). The strain, named CAR2, did not exhibit detectable

TABLE 1. Expression of B. subtilis GS in E. coli
plasmid-carrying strainsa

Sp act (mean ± SD)b of GS
Plasmid Glutamine + Repression

Glutamine +
Glutamine ratioc

ammonia

pSF14 2.9 + 0.6 30.6 ± 6.1 10.6
pMSX 11.5 ± 2.0 38.7 ± 4.4 3.4
pCAR33 9.5 ± 1.3 42.5 ± 5.9 4.5

a GS activity was measured in E. coli YMC11 strains harboring the
plasmids shown and grown in the presence of the indicated nitrogen sources
as described previously (33).

b GS was measured by the Mn2+-dependent reverse transferase assay (13),
and activity is expressed as micromoles per minute per milligram of protein.
Protein was determined by the method of Lowry et al. (18). Results are the
averages of duplicate analyses of permeabilized cells prepared from at least
two separate sets of cultures.

c Repression ratios were calculated by dividing the respective enzyme
activities found in the glutamine cultures by the glutamine-plus-ammonia
culture value.
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FIG. 2. GS antigen produced by wild-type and glnA derivatives.
[35S]methionine labeling of B. subtilis strains grown in the presence
of TSS minimal medium (11) with glutamine as the nitrogen source
was done as described previously (36). Approximately equal
amounts of labeled crude extracts, as determined by trichloroacetic
acid-precipitable radioactivity, were treated with antibody to GS (a
gift from A. Aronson). Precipitated proteins were subjected to
electrophoresis in a 10% polyacrylamide-sodium dodecyl sulfate
gel, and labeled bands were visualized by autoradiography. Lanes:
1, strain SMY (glnA+); 2, strain CAR2 (AglnA31); 3, strain CAR6
(glnA33); 4, strain CAR5 (glnA+). Wild-type GS polypeptide has a

molecular mass of approximately 50 kDa. The dye front is indicated
by the arrow.

GS activity, and we could not detect any GS antigen when
we probed [35S]methionine-labeled extracts with antibody to
GS (Fig. 2).
Wild-type and ginA33 alleles were then introduced into

strain CAR2 by transforming with linearized plasmids pSF14
(glnA+) and pCAR33 (glnA33), producing strains CAR5 and
CAR6, respectively, selected as Gln+ transformants. Resto-
ration of the 570-bp BglII fragment in both strains by a
double-crossover event was confirmed by Southern analysis
(results not shown).

In minimal medium containing glutamine, ammonia, or

glutamate as the nitrogen source, strain CAR6 displayed
generation times of approximately 50, 60, and 120 min,
respectively, which were similar to those of the glnA +
strains SMY and CAR5. In contrast to E. coli
YMC11(pCAR33), strain CAR6 was not capable of growing
in liquid or solid medium when MSX was present at a
concentration as low as 1 ,ug/ml. The lack of resistance to
MSX in B. subtilis may be due to special properties of the
mutation in this organism or to the presence of other
MSX-sensitive pathways.
We measured GS activities in permeabilized cells of

strains CAR5 and CAR6 grown in the presence of glutamine
and glutamate as nitrogen sources as described previously
(33, 36); the results are shown in Table 2. Regardless of
assay conditions, increased GS activities were observed in
strain CAR6 compared with those in the wild-type strain.
Furthermore, GS levels in strain CAR6 were only partially
repressed under conditions of nitrogen excess (glutamine),
and growth under nitrogen-limiting conditions (glutamate)
resulted in only 1.6-fold derepression, compared with 5.1-
fold for CAR5, as measured by the Mn2+-dependent reverse
transferase assay (Table 2). Similarly, when we examined
crude extracts of strains labeled with [35S]methionine, we
found a qualitative three- to fivefold increase in the GS
antigen level in strain CAR6 grown under repressing condi-
tions (Fig. 2, lane 3) compared with that in wild-type strains
SMY and CAR5 (Fig. 2, lanes 1 and 4, respectively). These

pSF14 (glnA+)

pCAR31 (AglnA3l)

pCAR33 (glnA33)

pHJS104E (glnR'-lacZ)
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TABLE 2. ,B-Galactosidase and GS activities of B. subtilis strains grown under conditions of excess and limiting nitrogena

Sp act (mean t SD)b

Strain Relevant genotype Assay GS ,B-Galactosidase
With With With With

glutamine glutamate glutamine glutamate

CAR5 glnA+ Mn2+-Rev. 377 ± 94 1,907 - 95
Mn2 -For. 27 + 1 93 ± 2
Mg2+-For. 25 ± 6 62 ± 6

CAR6 glnA33 Mn2+-Rev. 1,472 + 162 2,365 ± 231
Mn2 -For. 116 ± 1 195 + 12
Mg2+-For. 48 5 75 6

CAR15 glnA+ glnop::lacZ Mn2+-Rev. 376 ± 17 1,945 + 11 1.2 ± 0.3 10.5 ± 0.4
CAR16 glnA33 glnop::1acZ Mn2+-Rev. 1,319 ± 250 2,791 - 225 6.0 ± 1.2 14.0 ± 0.4

a GS and 3-galactosidase activities were measured in B. subtilis strains grown in TSS minimal medium containing the indicated nitrogen source (each at a final
concentration of 0.2%). GS activity in permeabilized cells was determined shortly after harvesting, using either the Mn2'-dependent reverse transferase
(Mn2+-Rev.) (13) or the Mg2'-dependent forward transferase (Mg2+-For.) (biosynthetic) (6) assay. In cases when Mg2+ was substituted for Mn2+, MgCl2 was
added at a final concentration of 40 mM. 13-Galactosidase activity was measured as described previously (36).

b GS and 3-galactosidase specific activities are expressed as micromoles per minute per milligram of protein and nanomoles per minute per milligram of protein,
respectively. Results are the averages of duplicate analyses of permeabilized cells prepared from at least two separate sets of cultures.

results indicated that the glnA33 mutation influenced both
GS specific activity and GS antigen levels.
To determine whether the glnA33 allele affected glnRA

expression, we constructed strains CAR15 and CAR16 from
CAR5 and CAR6, respectively, by transforming with linear-
ized plasmid pHJS104E (Fig. 1) (32) and selection for Camr
by plating on tryptose blood agar base plates (Difco) con-
taining chloramphenicol (2.5 jig/ml). Plasmid pHJS104E
(Ampr Camr Lac') contains a glnR'-lacZ transcriptional
fusion and is a derivative of the B. subtilis integrative vector
pAF1 (15). 3-Galactosidase expression is driven by a 700-bp
HindIII fragment containing the ginRA promoter and regu-
latory sequences and the first 83 bases ofglnRA mRNA (32).
Integration of the linearized plasmid at the chromosomal
amyE locus occurs by homologous recombination via a
double-crossover event and results in an Amy- phenotype
(32), which was assayed on starch agar plates as described
by Nicholson and Chambliss (23). Strains CAR15 and
CAR16 are both Amy-, and Southern analysis showed that
integration did not occur within the ginRA DNA region
(results not shown). Furthermore, both strains exhibited
similar chloramphenicol acetyltransferase activities when
measured in crude extracts of glutamine-grown cells (34),
indicating that the copy number of the integrated fusion gene
was equivalent in the two strains.

1-Galactosidase activities expressed from the ginRA pro-
moter in both fusion-containing strains are shown in Table 2.
For strain CAR15, the activity varied 8.8-fold, being regu-
lated in the same manner as GS. On the other hand, in
glutamine-grown cultures, 0-galactosidase activity was only
partially repressed in strain CAR16, being regulated only
2.3-fold. Thus, the glnA33 mutation altered the ability of GS
to regulate transcription in trans under conditions of nitro-
gen excess.
We partially purified GS from late-exponential cultures of

strain CAR6 and E. coli YMC11(pCAR33) and compared its
kinetic properties with those of GS prepared from wild-type
strains. Partial purification was done by the procedure of
Deuel et al. (9) up to and including ammonium sulfate
fractionation. The enzyme isolated from the E. coli host was
used for the results reported here since yield and purity were
severalfold higher than those of the enzyme prepared from
B. subtilis strains (not shown). Under derepressing condi-
tions, GS makes up 10 to 20% of the protein in crude extracts

of strain YMC11(pSF14) (31) and the product obtained after
ammonium sulfate fractionation is approximately 50 to 60%
purified. The properties observed for the enzyme from E.
coli YMC11(pCAR33) were, in all cases, identical to those
found for the CAR6 GS (data not shown).
The effect of MSX on GS activity from strains YMC11

(pSF14) and YMC11(pCAR33) was examined. MSX concen-
trations in excess of 50 ,uM inhibited GS activity by more
than 95% from both strains; however, the GS from YMC11
(pCAR33) was more tolerant to the inhibitor than was the
wild-type enzyme. IO.5 values derived from the reciprocal
plots of fractional inhibition versus MSX concentration (Fig.
3) were 8.3 and 0.29 ,uM for the glnA33 and wild-type
enzymes, respectively. The single-amino-acid change at
codon 190 was responsible for altering some aspect of the
catalytic properties of the enzyme, making it 28-fold less
sensitive to MSX.
To examine the parameters that were altered, we deter-

mined saturation curves for glutamate, ATP, and the ammo-
nia analog hydroxylamine. The ATP saturation curves for
both wild-type and glnA33 enzymes (results not shown)
yielded similar apparent Kms of 0.4 and 0.5 mM, respec-
tively. On the other hand, the enzyme from YMC11
(pCAR33) showed decreased affinity for hydroxylamine and
glutamate compared with that of the enzyme from the
wild-type strain. For hydroxylamine, reciprocal plots (Fig.
4) indicated apparent Kms for theglnA+ andglnA33 enzymes
to be 0.59 and 7.7 mM, respectively. The reciprocal plots for
glutamate (Fig. 5) revealed apparent Kms of 0.46 mM for the
glnA+ enzyme and 2.2 mM for theglnA33 enzyme and were
characteristically nonlinear at high substrate concentrations
(8).
To our knowledge, this is the first report of a B. subtilis GS

mutant with altered sensitivity to MSX. The kinetic param-
eters obtained for the glnA33 GS indicated that its partial
resistance to MSX was due to decreased affinity for both
glutamate and hydroxylamine (ammonia). Similar variations
were found for the GS from S. typhimurium containing the
glnA292 mutation, which was shown to be unaffected by
MSX when the inhibitor was present at a concentration as
high as 500 ,uM (21). Because the location of the glnA292
allele was not characterized, the active-site domain modified
by the mutation is not known. However, since MSX binding
is competitive with glutamate binding (28) and since the
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FIG. 3. Double-reciprocal plot for fractional inhibition of en-

zyme activity by various concentrations of MSX. Fractional inhibi-
tion, i, is defined as (VO - V)/V0, where V0 and V represent the
reaction velocities at zero and finite levels of inhibitor, respectively
(40). They intercept is -1IIo0, which is used to determine the value
of Io.s. Samples of partially purified GS from strains YMC11(pSF14)
(glnA+) (O) and YMC11(pCAR33) (glnA33) (-) were assayed by the
Mn2+-dependent forward transferase assay (13). Enzyme was pre-
incubated for 5 min at 37°C in the presence of NH20H, ATP (final
concentrations, 40 and 10 mM, respectively), and various concen-
trations of MSX. Glutamate (final concentration, 100 mM) was then
added to start the reaction. For these experiments, the L isomer of
MSX was used. Specific activities of GS preparations from
YMC11(pSF14) and YMC11(pCAR33) were 0.28 and 4.0 ,umol/
min/mg of protein, respectively.
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S-methyl group of the sulfoximine moiety of the analog
appears to occupy the ammonia-binding portion of the active
site (20), it is likely that the alteration in the glnA292 mutant
affected a residue involved in the formation of both ammonia
and glutamate domains. For glnA33 in B. subtilis, partial
resistance to MSX was due to the substitution of Ala for Val
at codon 190, which lies within a stretch of amino acids that
is conserved among 17 different GSs (25). Codon 190 is

20

1/[Glutamate] (mM-1)
FIG. 5. Effect of glutamate concentration on reaction velocity

for GS from YMC11(pSF14) (A) and YMC11(pCAR33) (B). Condi-
tions were as described in the legend to Fig. 4, except that the
glutamate concentration was varied and the concentration of
NH20H was 50 mM.

B

-2.0 0 2.0 4.0 6.0
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FIG. 4. Effect of NH2OH concentration on reaction velocity for

GS from glnA+ and glnA33 strains. Assays were done under
standard conditions measuring the Mn2+-dependent forward trans-
ferase activity (13), except that the NH2OH concentration was
varied and the concentrations of MnC12, ATP, and glutamate were

10, 10, and 100 mM, respectively. Reactions were initiated by the
addition of partially purified GS at a final concentration of 40 and 48
±g/ml from glnA (L1) and glnA33 (-) strains, respectively.

adjacent to a glutamate residue (Glu-189) used as a ligand for
metal binding and is part of the p-strand-forming region
(region II) of the active site in the C-terminal domain, as
defined for the S. typhimurium enzyme (1, 41). Photolabeling
experiments with the B. subtilis enzyme have implicated this
region in ATP binding, since nearby His-187 and His-188
residues are modified by the ATP analog 8-azidoadenosine
5'-triphosphate (39). However, theglnA33 mutation does not
appear to significantly influence ATP binding. Thus, the
alteration in hydroxylamine and glutamate affinities may be
due to slight changes in the active-site domains of these
substrates as a consequence of the subtle Val-to-Ala substi-
tution, which would be consistent with the way MSX binds
to the enzyme active site. Further clarification will require
detailed physical studies of the glnA33 and similar mutant
enzymes.
The altered regulation observed for GS levels in glnA33-

containing strains supports the model that GS catalytic
activity is involved in regulation. However, the glnA33 GS is
unlike all previous mutants in that it is not defective in
enzyme activity at saturating substrate concentrations in
vitro and causes no growth defects in glutamine-free me-
dium. If the role of GS in regulation is to provide or maintain
the supply of a certain metabolite(s) used in modulating
GlnR activity, the glnA33 protein may be impaired in its
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ability to support such a pool without affecting other meta-
bolic processes. The decreased affinities for hydroxylamine
and glutamate suggest that the mutant enzyme may not be
capable of assimilating ammonia in the same manner as the
wild type, perhaps falsely signaling nitrogen limitation under
growth conditions of nitrogen excess. Evidence for such a
model may be obtained by comparing the intracellular pool
concentration of glutamine and other nitrogen metabolites in
the glnA33 and glnA+ strains under different physiological
conditions. On the other hand, if GS protein itself directly
influences GlnR activity, as has been suggested by recent in
vitro studies (3, 22), the mutant protein may not be capable
of achieving the correct conformation necessary for it to
interact in this capacity. Such a scenario would require that
catalytic and regulatory domains overlap, a possibility that
cannot be ruled out from available information. Further
studies with the glnA33 enzyme and similar glnA mutants
will be helpful in elucidating the role of GS in its own
regulation.
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