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A mutation leading to glutamine auxotrophy was located near a 5-fluorouracil
resistance marker in the citB-thyA region of the Bacillus subtilis chromosome.
This mutation resulted in a glutamine synthetase with altered kinetic and
feedback properties. The specific activity of manganese-stimulated glutamine
synthetase activity in crude extracts was 18-fold higher, and the magnesium-
stimulated activity was about 30% that of the wild type. Quantitation of the
enzyme by precipitation with antibody prepared against pure enzyme confirmed
the presence of high enzyme levels in the mutant. This mutation is very closely
linked (recombination index of 0.03) to another glutamine auxotroph containing
enzyme with altered electrophoretic and heat sensitivity properties. Mutations
in the structural gene for glutamine synthetase may result not only in altered
catalytic and regulatory properties but also in altered production of the enzyme.

Ammonia assimilation in Bacillus megate-
rium (9) and probably Bacillus subtilis is de-
pendent on the concerted activity of glutamine
synthetase (GS) and glutamate synthase (17).
The lack of glutamate dehydrogenase in these
species (12) implies that the above reactions are
pivotal for nitrogen metabolism. In these ba-
cilli, as in Klebsiella (16), regulation of nitro-
gen metabolism may center on glutamine syn-
thetase. The regulation could include not only
feedback inhibition and catalytic properties of
the enzyme but also the capacity of glutamine
synthetase to control formation of various en-
zymes involved in nitrogen metabolism, includ-
ing its own synthesis.

Another potentially interesting property of
this enzyme in Bacillus centers on its possible
role in regulating initiation of sporulation.
There is evidence from studies with B. megate-
rium that glutamine and/or glutamine synthe-
tase are involved in such regulation (10, 18).

To further study regulation of nitrogen me-
tabolism and sporulation, a number of gluta-
mine auxotrophs were isolated in B. subtilis.
After transformation into isogenic back-
grounds, mutations were mapped and charac-
terized. In this report, some mutations in the
structural gene are described that result not
only in alterations of both the catalytic and
feedback inhibition properties of glutamine
synthetase but also in overproduction of the
enzyme.

MATERIALS AND METHODS

Bacterial strains and cultivation. The strains of

B. subtilis used in this study are listed in Table 1.
Cells were grown in a minimal salts medium (19)
supplemented with 0.2% (wt/vol) glucose and 50 ug
of required amino acids per ml. For strains requir-
ing glutamine, the media were supplemented with
0.2% glutamine (filter sterilized). Growth rates were
determined by measuring absorbances at 610 nm in
a Beckman DBG spectrophotometer.

Isolation of glutamine auxotrophs. Glutamine
auxotrophs were isolated from strain JH642. Muta-
genesis with N-methyl-N'-nitro-N-nitrosoguanidine
was done according to Adelberg et al. (1). After
mutagenesis, the cells were centrifuged at 10,000
rpm for 5 min in a Sorvall SS 34 rotor, washed, and
then suspended in minimal media supplemented
with 0.2% glutamine. After growth for 3 h, the cells
were washed twice and suspended in minimal media
supplemented with 0.2% glutamate. After incuba-
tion for 1 h, penicillin G was added to a final concen-
tration of 500 U/ml and incubated for 2 h. A total of
2,000 U of penicillinase (EC 3.5.2.6) was then
added and, after 5 min, the cells were centrifuged
and washed once with minimal media. The cells
were then diluted and plated on minimal media plus
glutamine. Auxotrophs were recovered by scoring
colonies after 24 h on minimal media replicas. Puta-
tive auxotrophs were streaked three times on plates
containing minimal media plus glutamine and then
tested for the glutamine requirement by plating on
minimal media. A total of 50 auxotrophs were iso-
lated during four independent screenings.

Preparation of crude extracts. Cells (150 ml)
grown to the late log phase in minimal media sup-
plemented with 0.2% glutamine were harvested as
described above and washed twice with 30 ml of 50
mM imidazole hydrochloride (pH 7.0). The pellet
was suspended in 5 ml of the same buffer and lysed
by addition of 100 ug of lysozyme (EC 3.2.1.17) per
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TABLE 1. Strains used in this study

Strain Genotype Source

JH641 trpC2 phe-1 ilv-1 Stock strain

JH642 trpC2 phe-1 Wild-type DNA x
JH641

DRD-1 trpC2 phe-1 ginA100 Nitrosoguanidine mu-
tagenesis of JH642

DRD-2  trpC2 phe-1 ginA100 DRD-1 DNA x JH641

ilv-1

DRD-3 trpC2 phe-1 ginA103 Nitrosoguanidine mu-
tagenesis of JH642

DRD-4 trpC2 phe-1 ginA103 DRD-3 x JH641

ml and 10 ug of deoxyribonuclease (EC 3.1.4.5) per
ml for 30 min at 37°C. Lysed cells were used directly
as crude extract. Protein was determined by the
method of Lowry et al. (15).

Assay for glutamine synthetase. Glutamine syn-
thetase (EC 6.3.1.2) was assayed in crude extracts
by a modification of the glutamyl transferase
method of Elliott (8). The reaction mixture con-
tained 50 mM imidazole hydrochloride (pH 7.0), 10
mM adenosine 5'-triphosphate (ATP), 100 mM glu-
tamate, 40 mM hydroxylamine, and either 10 mM
MnCl, or 40 mM MgSO, in a final volume of 1.8 ml.
The reaction was initiated by addition of 0.2 ml of
crude extract and terminated by addition of 1 ml of
ferric chloride reagent (8). The optical density at 540
nm was read on a Beckman DBG spectrophotome-
ter after removal of the precipitate by centrifuging
for 5 min at 5,000 rpm in a Sorvall SS 34 rotor.

Purified GS was assayed by the biosynthetic
method of Deuel et al. (6). The reaction mixture
contained 50 mM imidazole hydrochloride (pH 7.0),
10 mM ATP, 100 mM glutamate, 50 mM NH,CI, and
40 mM MgSO, or 10 mM MnCl], in a final volume of 1
ml. For kinetic and feedback analysis, the biosyn-
thetic assay was used.

Purification of GS. GS was purified as described
by Deuel et al. (6). Enzyme isolated by this proce-
dure was homogeneous as judged by the presence of
only one band after sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis.

Electrophoresis. Electrophoresis was done ac-
cording to the procedure of Laemmli and Favre (14)
by using a slab gel apparatus. Before application to
the gel, samples in 50 ul of 0.0626 M tris(hydroxy-
methyl)aminomethane (pH 6.8)-2.0% sodium dode-
cyl sulfate-10% glycerol-5% mercaptoethanol-
0.001% bromophenol blue were placed in boiling wa-
ter for 5 min. Slabs were stained for 6 h in 0.025%
Coomassie brilliant blue dissolved in 25% isopropa-
nol-10% acetic acid and destained in several changes
of 10% acetic acid until clear.

Immunological methods. Two male New Zealand
White rabbits (about 15 pounds [ca. 33 kg] each) were
injected subcutaneously (once a week for 4 weeks)
with 1 mg of purified GS emulsified in Freund com-
plete adjuvant. Three weeks after the last injection
the animals were bled from the marginal ear vein.

Serum was prepared, and the immunoglobulin
fraction was obtained by precipitation with 50% (wt/
vol) ammonium sulfate. Precipitated immunoglobu-
lin was suspended in 0.1 M sodium phosphate buffer
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(pH 7.0) to the original volume and dialyzed 10 h
against 200 volumes of the same buffer. Remaining
precipitates were removed by centrifuging at 5,000
rpm.

Only a single band of precipitation was seen on
Ouchterlony immunodiffusion plates when either
purified GS or crude extract was tested against this
antiserum. For immunoprecipitation curves, 5 to
100 ul of antisera was added to a fixed amount of
enzyme. The volumes were brought to 0.2 ml with 50
mM imidazole (pH 7.0) and incubated at 27°C for 30
min and then at 4°C for several hours. The precipi-
tates were removed by centrifuging at 4°C in a Sor-
vall SS 34 rotor at 10,000 rpm for 30 min, and 0.1 ml
of the supernatant was assayed for residual GS ac-
tivity. Preimmune serum showed no precipitation
activity or inhibition of GS.

Heat inactivation. A total of 0.2 ml of crude ex-
tract was heated for up to 30 min at 70°C and then
rapidly cooled in an ice bath to 4°C. GS activity was
determined by the manganese-stimulated glutamyl
hydroxamate assay.

Transformation and construction of isogenic
strains. Transformation was done according to An-
agnostopoulos and Spizizen (2). Strain JH641 (phe
trp ilv ginA*) was used as an isogenic background
for the ginA mutations. The glnA100 mutation was
transformed into it by treating competent cells with
0.1 ug of deoxyribonucleic acid (DNA) from strain
DRD-1 (gin phe trp). Treated cells were plated on
minimal media supplemented with 50 ug each (per
ml) of phenylalanine, tryptophan, isoleucine, and
valine plus 0.2% glutamate as the nitrogen source.
Strains bearing the glnA100 mutation grow slowly
on glutamate (see below) and form small colonies.
Small colony transformants were picked, purified
several times on complete media, and checked for
the glutamine and isoleucine-valine requirement:
DRD-2 (gin trp phe ilv). The ginA103 mutation was
transformed into strain JH641 by treating compe-
tent cells with 10 ug of DNA per ml from strain
DRD-3 (gin phe trp). Cells were plated on minimal
media supplemented with 50 ug each of phenylala-
nine and tryptophan per ml plus 0.2% glutamine.
ilv* recombinants were replicated onto minimal me-
dium plates without glutamine to detect gin ilv*
double transformants. Approximately 1% of the ilv*
recombinants also had the Gln phenotype (DRD-4).

Chemicals. Imidazole and ATP were obtained
from Sigma Chemical Co.; acrylamide was obtained
from Eastman Kodak Co.; N-methyl-N’-nitro-N-ni-
trosoguanidine was from the Aldrich Chemical Co.;
penicillin G was from E. R. Squibb & Sons, Inc.;
penicillinase was from Calbiochem; Freund adju-
vant (complete) was from Grand Island Biological
Co.; lysozyme and deoxyribonuclease were obtained
from Worthington Biochemicals Corp. Other chemi-
cals were of reagent grade.

RESULTS

Growth characteristics of mutant ginA100.
Of fifty glutamine auxotrophs isolated, at least
four contained GS with altered catalytic proper-
ties in crude extracts. One of these, the
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glnA100 mutation, was transformed into strain
JH641 as described below and studied in detail.
The resultant strain DRD-2 was first tested for
its ability to grow on various nitrogen sources.
There was no growth when ammonia or alanine
was supplied as the sole nitrogen source. The
mutant grew at a slow rate when glutamate,
proline, or arginine (180 min mean doubling
time in a glucose minimal medium supple-
mented with 0.2% [wt/vol] of various nitrogen
sources) was provided, whereas the growth
rate on glutamine was comparable to that of
the wild type (50 min mean doubling time).

Kinetic and feedback inhibition properties
of glutamine synthetase from strain DRD-2.
Since there was appreciable activity of GS in
extracts of strain DRD-2 (Table 2), substrate
saturation curves were constructed in an effort
to determine the the basis for the glutamine
requirement. Purified enzyme from strain
DRD-2 showed an apparent decrease in affinity
for glutamate and ammonia in both the Mg?*-
and Mn?+-stimulated activities (Fig. 1 and 2).
The substrate saturation curve for ammonia
(Fig. 1), by Mn?* stimulation of the mutant
enzyme, did not show inhibition of activity at
high substrate levels characteristic of the proto-
trophic strain. GS from the mutant also did not
exhibit substrate saturation for glutamate or
ammonia when Mg?* was the activating cation.

Results of feedback inhibition studies are
summarized in Table 3. Glutamine, an inhibi-
tor of the Mg2*-stimulated activity (7), showed
much less inhibition of enzyme from strain
DRD-2 than from the wild type. Alanine and
glycine, inhibitors of the Mn?*-stimulated ac-
tivity (7), showed no effect on the enzyme from
strain DRD-2.

TABLE 2. Specific activities of glutamine synthetase
from wild type and mutant®

Activat- Sp act
Sp act ing cat-
jon JH641  DRD-2
Crude extract® Mg3+ 0.011 0.0039
(glutamyl hydroxa- Mn2* 0.0089 0.156
mate) assay
Pure enzyme® Mg+t 3.2 0.11
(glutamyl hydroxa- Mn?* 2.5 2.2
mate) assay
Pure enzyme* Mgt 9.4 0.27
(biosynthetic assay) Mn?* 8.0 6.0

¢ Strains were grown in minimal media supple-
mented with 0.2% glutamine as the nitrogen source.

® Specific activity expressed as micromoles of glu-
tamyl hydroxamate formed per minute per milli-
gram of protein.

¢ Specific activity expressed as micromoles of P,
released per minute per milligram of protein.
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Fic. 2. Substrate saturation curves of purified GS
for glutamate with Mg** or Mn** as the activating
cation. (@) Mn**-stimulated activity. (b) Mg**-stimu-
lated activity. Left ordinate for strain JH641(®);
right ordinate for strain DRD-2 (X).
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TABLE 3. Feedback inhibition of glutamine
synthetase from mutant and wild type

Activity found in

Activat. Presence of: inlgilritor
Inhibitor ing cat- 28 % of v.;mn‘llnbneed
jon values
JH641 DRD-2
Glutamine (1 mM)  Mg?* 7 91
Alanine (5 mM) Mn?+ 19 100
Glycine (6 mM) Mn2+ 35 100

¢ Glutamine synthetase activity measured by the
biosynthetic assay as described in the text, using
purified enzymes.

Evidence for overproduction of glutamine
synthetase in strain DRD-2. Crude extracts of
strain DRD-2 showed an 18-fold increase in
Mn?*-stimulated specific activity and a 70% de-
crease in Mg?*-stimulated activity when com-
pared with those of the wild type (Table 2).
Comparison of specific activities of purified en-
zymes from strain DRD-2 and the prototrophic
strain (Table 2) indicates that the increased
level of Mn?* activity seen in crude extracts is
probably a result of increased levels of enzyme
rather than an increase in the Mn2+-stimulated
turnover number of the pure enzyme. These
results were obtained by either the glutamyl
hydroxamate or biosynthetic assay. The biosyn-
thetic assay could not be used for measurement
of enzyme activity in crude extracts due to high
levels of nonspecific adenosine triphosphatase
activity. Recovery of GS during purification
was usually greater than 50% of the total activ-
ity in crude extracts for both strains.

Further evidence that DRD-2 has increased
levels of enzyme was provided by immunopre-
cipitation of GS from extracts of the mutant
and wild-type strains by using antiserum pre-
pared against the pure enzyme (Fig. 3). The
immunoprecipitation curves showed that a unit
of Mn?*-stimulated activity from the wild type
was approximately equal to a unit of Mn2+-
stimulated activity from strain DRD-2 in capac-
ity to be precipitated by anti-GS antibody. Sim-
ilar results were obtained whether purified en-
zymes or crude extracts were used. This re-
sult confirms the specific activity measure-
ments (Table 2) in showing that the increased
level of Mn?* activity in strain DRD-2 extracts
reflects an increase in total enzyme.

Evidence that gIn4100 is a mutation in the
structural gene for glutamine synthetase. Al-
though the DRD-2 strain contains GS with al-
tered catalytic and feedback inhibition proper-
ties, it was not entirely clear whether these
changes were a result of a mutation in the
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structural gene or were due to another altera-
tion, such as a lesion in an enzyme that might
alter or process GS, i.e., analogous to adenyly-
lation of the E. coli GS (13). The electrophoretic
mobility in sodium dodecyl sulfate-polyacryl-
amide gels and the heat lability of GS from
strain DRD-2 and wild type were found to be
identical. Attempts to isolate temperature-sen-
sitive revertants of strain DRD-2 were unsuc-
cessful. Evidence that strain DRD-2 is altered
in the structural gene for GS was obtained by
demonstrating close linkage to another gluta-
mine auxotroph that contains GS altered in
electrophoretic mobility and heat stability.

A number of glutamine auxotrophs were
screened for altered electrophoretic mobility of
GS by precipitating the enzyme from crude ex-
tracts with antiserum and electrophoresing the
precipitates on sodium dodecyl sulfate-poly-
acrylamide gels. Enzyme from one mutant,
strain DRD-4, showed a slight increase in mo-
bility relative to the wild type when electropho-
resed alone or mixed with the wild-type enzyme
(Fig. 4). GS from strain DRD-4 also showed
increased lability at 70°C (Fig. 5). Parentheti-
cally, this mutant also overproduced GS.

Transformation of strain DRD-2 by using
DNA from strain DRD-4 showed that glnA100
and ginA103 were closely linked (Table 4).
Since a recombination index of 0.1 is routinely
obtained for markers in the same gene (4), the
value obtained here (0.03) strongly suggests
that they affect the same polypeptide.

Genetic mapping of glnA100. The ginA100
marker was located on the B. subtilis chromo-
some by PBS-1-mediated transduction. Prelimi-
nary experiments indicated that this marker
was linked to the citB locus, and further crosses
were undertaken to locate the glnA100 marker
within this terminal region. The results of
these crosses are presented in Fig. 6.
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Fic. 3. Immunoprecipitation of GS from crude ex-
tracts of strain JH641 (®) and strain DRD-2 (x). One
hundred percent activity is the amount of enzyme that
produces 1.5 umol of glutamyl hydroxamate in 1 h
using Mn** as the activating cation under standard
assay conditions (see the text).
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Fic. 4. Sodium dodecyl sulfate-slab gel electrophoresis of purified GS and GS antibody precipitates.
Sample preparation and electrophoresis as described in the text. From left to right, the slab contains: GS
purified from the wild type; antibody precipitate from crude extract of wild type; antibody precipitate from
crude extract of strain DRD-4; antibody precipitate from mixture of wild-type and strain DRD-4 extracts.

Two-factor transduction results showed that
the glnA100 marker mapped between the citB
(aconitase) locus and the thyA (thymidylate
synthetase) locus. Since genetic manipulation
with thyA markers is complicated (S. Zahler
and T. Neubauer, personal communication),
we employed the fur-5 marker as a landmark
for this region. The fur-5 mutant was isolated
as resistant to fluorouracil (40 ug/ml) in the
presence of uracil (40 ug/ml) (J. Hoch and C.

Chen, unpublished data). Linkage to thyA was
tested by first constructing a strain, JH745, of
the genotype thyB fur-5. DNA from strain
JH745 was used to transform the 168 thy strain
(thyA thyB) to thyA+, and the presence of fur-5
scored among the recombinants. Among 269
thyA* recombinants, 96 were cotransformed
with the fur-5 marker. Although fur-5 is linked
to thyA in transformation, no significant co-
transfer of this marker with glnA100 was ob-
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served in transformation. On the other hand,
there was a weak linkage of thyA and glnA100
in transformation (15% cotransfer). The results
suggest the order citB-ginA -thyA-fur-5 for the
markers in this region.

Anomalous behavior of citB alleles was ob-
served when donor PBS-1, prepared on either
citB10- or citB17-bearing strains, was used to
transduce the glnA100-bearing recipient. The
glnA+ transductant clones that acquired a citB
allele were mixed with two recombinant types,
glnA+ citB and glnA* citB*. In general, the two
recombinant types were in equal proportions,
but the number of mixed clones varied widely
from cross to cross. This behavior may be a
peculiarity of citB strains or may be a conse-
quence of transduction near the replication ter-
minus of the chromosome.

DISCUSSION

The conclusion that the glnA100 mutation is
in the structural gene for GS is based on the
following observations: (i) glutamine is re-
quired for normal growth; (ii) GS from strains

100 T T

g

Percent Remaining Activity

o
T
]

10 20
Minutes

F1c. 5. Heat inactivation of GS in crude extracts
of strain JH641 (@) and strain DRD-4 (x). Crude ex-
tracts containing an amount of enzyme that produces
2.0 umol of glutamyl hydroxamate in 1 h using Mn2+
as the activating cation were placed at 70°C, and
samples were removed at the indicated times for as-
say.
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bearing the ginA100 mutation is altered in ki-
netic and feedback inhibition properties; and
(iii) this mutation is closely linked to another
mutation (ginA103) that contains GS altered
in electrophoretic mobility and heat stability.
Although there is considerable glutamine
synthetase activity remaining in extracts of
strain DRD-2, glutamine is required for normal
growth. This may be due to insufficient intra-
cellular substrate levels for glutamine synthe-
sis. The altered kinetic parameters of the mu-
tant enzyme (Fig. 1 and 2) and the ability of
glutamate or compounds that can be degraded
to glutamate (proline or arginine) to partially
restore growth (180 min doubling time versus
50 min on glutamine) support this possibility.
A comparison of Mn?*-stimulated specific ac-
tivities from wild-type and strain DRD-2 ex-
tracts suggests that the mutant has an 18-fold
increase in GS. Since sulfhydryl modification of
GS from B. subtilis results in a decrease in
Mg?* activity and an increase in Mn?* activity
(5), it was initially thought these results might
reflect a catalytic alteration resulting from the
mutation. Overproduction of the enzyme was
confirmed, however, by immunological precipi-
tation (Fig. 3). It is likely that a single muta-
tion alters the structure and production of the
enzyme since the marker is in an isogenic back-
ground. It was also found that prototrophic re-
vertants contained normal amounts and feed-
back properties of GS. Among a total of 20
glutamine auxotrophs screened to date (includ-

citK ItA citB inA thyA fur-5

78 (51/237) 54 (21/46)
80 (21/103)
93 (21/321) 20

82 (29/160) o/

99 (3/200)

F16. 6. Genetic map of the terminal region of the
B. subtilis chromosome constructed by PBS-1 trans-
duction. The head of the arrow points to the donor
(selected) marker. The numbers are percentage of
recombination [(1 — cotransfer of donor and recipient
markers) x 100]. The numbers in parentheses are the
number of recombinants that acquired the donor
marker divided by the total recombinants tested.

TaBLE 4. Linkage of glutamine auxotrophs by transformation®

Transformants/ml
Recipient strain Donor strain gintlilv* RI®
gint ilv*
DRD-2 JH642 5.3 x 108 7.7 x 10% 0.69 0.03
DRD-2 DRD-4 6.3 x 108 2.8 x 10° 0.02

@ See text for details.

® RI, Recombination index as defined in reference 3.
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ing strains DRD-2 and DRD-4), 4 contained 9 to
18 times the parental Mn?* activity and 30 to
50% of the Mg?* activity. It is unlikely, there-
fore, that this phenotype is due to rare double
mutations.

Magasanik and co-workers have reported
that mutations affecting GS from Klebsiella
aerogenes may alter regulation of enzymes im-
portant in nitrogen metabolism (16). In the case
of histidase it has been shown in vitro that GS
may activate transcription of the histidase
genes (20). More recently, Foor et al. (11) have
reported that GS production appears to be regu-
lated by GS and that transcription of the struc-
tural gene is probably dependent on the adeny-
lylated state of the enzyme. Although the
glnA100 mutation described here does affect
the production of GS, we have not yet examined
the effect of the mutation on enzymes that cata-
bolize certain amino acids to provide glutamate
or ammonia.

In contrast to K. aerogenes, GS from B. sub-
tilis is not covalently modified by adenylylation
(7). However, Deuel has demonstrated catalytic
changes analogous to adenylylation when GS is
treated in vitro with sulfhydryl-modifying re-
agents (5). The Mg?* and Mn?* activities are
distinguished by their catalytic properties, sen-
sitivity to feedback inhibitors (7), and response
to limited alkylation (5). The two activities also
appear to be differentially affected in the
glnA100 mutation since the Mg?* activity is
almost entirely lost, whereas the Mn?* activity
is nearly normal when assaying pure prepara-
tions at saturating substrate concentrations.

Initially, we had hoped to isolate GS mutants
deficient in the ability to sporulate. Studies
with B. megaterium (10) suggest that gluta-
mine or some compound derived from gluta-
mine may be a catabolite repressor of sporula-
tion. It has also been proposed that GS may be
responsible for initiation of sporulation since
most GS mutants from B. megaterium are un-
able to sporulate (18). All of the 50 glutamine
auxotrophs isolated in this study sporulate nor-
mally in a nutrient sporulation medium supple-
mented with glutamine. It should be noted,
however, that all of the mutants contain some
GS activity, albeit catalytically altered. Al-
though our results suggest that active GS may
not be a necessary element for sporulation in B.
subtilis, they do not preclude the possibility
that the enzyme may be involved in regulating
sporulation under certain conditions (i.e., ni-
trogen starvation) or that glutamine may be a
catabolite repressor of sporulation.

ACKNOWLEDGMENTS

Our research was supported by Public Health Service
grant GM20606 from the National Institute of General Med-

GLUTAMINE AUXOTROPH OVERPRODUCES SYNTHETASE

987

ical Sciences. D. R. D. is a trainee on a Public Health
Service regulatory biology training grant.

LITERATURE CITED

1. Adelberg, E. A., M. Mandel, and G. C. C. Chen. 1965.
Optimal conditions for mutagenesis by N-methyl-n’-
nitrosoguandine in Escherichia coli K 12. Biochem.
Biophys. Res. Comm. 18:788-795.

2. Anagnostopoulos, C., and J. Spizizen. 1961. Require-
ments for transformation in Bacillus subtilis. J. Bac-
teriol. 81:741-746.

3. Barat, M., C. Anagnostopoulos, and A.-M. Schneider.
1965. Linkage relationships of genes controlling iso-
leucine, valine, and leucine biosynthesis in Bacillus
subtilis. J. Bacteriol. 90:357-369.

4. Carlton, B. C. 1966. Fine-structure mapping by trans-
formation in the tryptophan region of Bacillus sub-
tilis. J. Bacteriol. 91:1795-1803.

5. Deuel, T. F. 1971. Bacillus subtilis glutamine synthe-
tase. J. Biol. Chem. 246:599-605.

6. Deuel, T. F., A. Ginsburg, J. Yeh, E. Shelton, and E.
R. Stadtman. 1970. Bacillus subtilis glutamine syn-
thetase. J. Biol. Chem. 245:5195-5205.

7. Deuel, T. F., and E. F. Stadtman. 1970. Some kinetic
properties of Bacillus subtilis glutamine synthetase.
dJ. Biol. Chem. 245:5206-5213.

8. Elliott, W. H. 1955. Glutamine synthesis, p. 337-342. In
S. P. Colowick and N. O. Kaplan (ed.), Methods in
enzymology, vol. II. Academic Press Inc., New York.

9. Elmerich, C. 1972. Le cycle du glutamate point de dé-
part du métabolisme de ’azote, chez Bacillus megate-
rium. Eur. J. Biochem. 27:216-224.

10. Elmerich, C., and J.-P. Aubert. 1975. Involvement of
glutamine synthetase and the purine nucleotide
pathway in repression of bacterial sporulation, p.
385-390. In P. Gerhardt, R. N. Costilow, and H. L.
Sadoff (ed.), Spores VI. American Society for Micro-
biology, Washington, D.C.

11. Foor, F., K. A. Janssen, and B. Magasanik. 1975. Regu-
lation of synthesis of glutamine synthetase by
adenylylated glutamine synthetase. Proc. Natl.
Acad. Sci. U.S.A. 72:4844-4848.

12. Freese, E., S. W. Park, and M. Cashel. 1964. The
developmental significance of alanine dehydrogenase
in Bacillus subtilis. Proc. Natl. Acad. Sci. U.S.A.
51:1164-1172.

13. Kingdon, H. S., B. M. Shapiro, and E. R. Stadtman.
1967. Regulation of glutamine synthetase VIII. Proc.
Natl. Acad. Sci. U.S.A. 58:1703-1710.

14. Laemmli, U. K., and M. Favre. 1973. Maturation of the
head of bacteriophage T4. J. Mol. Biol. 80:575-599.

15. Lowry, O. H., N. J. Rosebrough, A. L. Farr, R. J.
Randall. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193:265-275.

16. Magasanik, B., M. J. Prival, J. E. Brenchley, B. M.
Tyley, A. B. Deleo, S. L. Streicher, R. A. Bender,
and C. G. Paris. 1974. Glutamine synthetase as a
regulator of enzyme synthesis. Curr. Top. Cell. Re-
gul. 8:119-138.

17. Meers, J. L., and D. W. Tempest. 1970. Glutamine
(amide): 2-oxoglutarate aminotransferase oxido-re-
ductase (NADP)’, and enzyme involved in the synthe-
sis of glutamate by some bacteria. J. Gen. Microbiol.
64:195-203.

18. Reysset, G., and J-P. Aubert. 1975. Relationship be-
tween sporulation and mutations impairing gluta-
mine synthetase in Bacillus megatetium. Biochem.
Biophys. Res. Commun. 65:1237-1241.

19. Spizizen, J. 1958. Transformation of biochemically defi-
cient strains of Bacillus subtilis by deoxyribonu-
cleate. Proc. Natl. Acad. Sci. U.S.A. 44:1072-1078.

20. Tyler, B., A. B. Deleo, and B. Magasanik. 1974. Activa-
tion of transcription of hut DNA by glutamine syn-
thetase. Proc. Natl. Acad. Sci. U.S.A. 71:225-229.



