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We have isolated mutant strains (nit) of Salmonella typhimurium that are

defective in nitrogen metabolism. They have a reduced ability to use a variety of
compounds including glutamate, proline, arginine, N-acetyl-glucosamine, ala-
nine, and adenosine as sole nitrogen source. In addition, although they grow
normally on high concentrations of ammonium chloride (>1 mM) as nitrogen
source, they grow substantially more slowly than wild type at low concentra-
tions (<1 mM). We postulate that the inability of these strains to utilize low
concentrations of ammonium chloride accounts for their poor growth on other
nitrogen sources. The specific biochemical lesion in strains with a nit mutation
is not known; however, mutant strains have no detectable alteration in the
activities of glutamine synthetase, glutamate synthase, or glutamate dehydro-
genase, the enzymes known to be involved in assimilation of ammonia. A nit
mutation is suppressed by second-site mutations in the structural gene for
glutamine synthetase (glnA) that decrease glutamine synthetase activity.

Several laboratories interested in regulation
of bacterial nitrogen metabolism have charac-
terized mutant strains with pleiotropic defects
in the utilization ofvarious nitrogen sources. In
certain cases the biochemical lesions have been
defined. Mutant strains (asm) of Klebsiella
pneumoniae that have low glutamate synthase
(EC 2.6.1.53) activity were first described by
Nagatani et al. (20), and similar strains of K.
aerogenes were characterized further by Bren-
chley et al. (4). These strains fail to grow on low
concentrations ofNH4Cl as nitrogen source and
consequently are unable to use a variety of
other compounds as nitrogen source (4, 20). The
phenotype is consistent with the proposed role
of glutamate synthase in assimilation of low
concentrations of ammonia (18).

Prival et al. (23) characterized mutant
strains (glnA) ofK. aerogenes with low gluta-
mine synthetase (EC 6.3.1.2) activity. Unlike
the wild type, these mutants are unable to
derepress synthesis of the histidine and proline
degradative enzymes in response to nitrogen
limitation. Tyler et al. (36) proposed that gluta-
mine synthetase activates transcription of
genes for these degradative enzymes. (It is im-
portant to note that Salmonella typhimurium
cannot derepress synthesis of the histidine- and
proline-degradative enzymes in response to ni-
trogen limitation [24; J. Broach, unpublished

' Present address: Cold Spring Harbor Laboratories,
Cold Spring Harbor, NY 11724.

data] but can do so only in response to carbon
limitation [5, 24].)
We have isolated mutant strains of S. typhi-

murium with a pleiotropic defect in nitrogen
metabolism different from that in strains with
an asm or glnA mutation; in this paper we
describe their phenotype and preliminary bio-
chemical and genetic characterization. Since
the biochemical lesion in these strains is not
known, we call the mutated gene nit for nitro-
gen utilization. Mutations in nit are suppressed
by second-site mutations in g1nA.

MATERIALS AND METHODS
Chemicals. [3H]proline (3.0 Ci/mmol) was ob-

tained from New England Nuclear Corp. ICR372
and ICR191E were kindly donated by R. M. Peck, R.
K. Preston, and H. J. Creech, Chemotherapy Labo-
ratory of the Institute for Cancer Research in Phila-
delphia. Malate dehydrogenase (pig heart, 1,000 U/
mg) was obtained from Sigma Chemical Co.
Media and growth of bacterial strains. Minimal

medium refers to the following salts mixture: 1 g of
K2S04; 17.7 g of K2HPO4 - 3H2O; 4.7 g of KH2PO4; 0.1
g of MgSO4- 7H20; and 2.5 g of NaCl per liter. Com-
pounds added to this medium to serve as carbon and
nitrogen sources are indicated in the text. A mixture
of trace elements (2) was added at a concentration of
1 ml/liter as noted. Medium E of Vogel and Bonner
(37), a minimal medium that contains 0.2% citrate
and 17 mM NH4+, was used in some experiments.
Nutrient broth medium contained 8 g of nutrient
broth (Difco) and 5 g ofNaCl per liter. Cultures were
incubated at 37°C in a New Brunswick rotary shaker
with aeration. Bacterial growth was monitored tur-
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bidimetrically by measuring optical density at 650
nm except as noted. For determination of growth
rates, inoculum cultures were grown overnight in
medium E + 0.4% glucose and were diluted 1:100 or
1:50 into minimal medium containing the supple-
ments specified. Residual NH4+ carried over with
the inoculum allowed growth to an optical density at
650 nm of 0.035 to 0.07. For determination of growth
rates at low concentrations of NH4Cl, inoculum cul-
tures were grown in minimal medium + 0.4% glu-
cose + 5 mM NH4Cl so that no NH4+ would be
carried over with the inoculum. Growth tests on
petri plates were done by placing a filter paper disk
containing the compound to be tested on a plate
seeded with 108 bacteria (13, 25).

Strains and genetic analysis. All strains con-
structed for this work'were derived from S. typhimu-
rium strain LT2 and are listed in Table 1. Strains
nit-9 and nit-li were obtained from a mutagenized
culture of strain LT2 by enriching for cells unable to
use a mixture of glutamate and aspartate as nitro-
gen source. An overnight nutrient broth culture of
strain LT2 was diluted 1:10 into medium E contain-
ing 0.1 mg ofN-methyl-N'-nitro-N-nitrosoguanidine
(nitrosoguanidine) per ml and incubated for 10 min
at 37°C with aeration. Cells were collected by cen-
trifugation, washed twice, and grown in medium E
+ 0.4% glucose. Penicillin enrichment was carried
out in minimal medium containing 0.4% glucose and
10 mM glutamate + 10 mM aspartate for 8 h. Cells
were washed and grown in medium E + 0.4% glu-
cose, and samples of this culture were spread on
minimal plates containing 0.4% glucose, 0.1 mM
NH4Cl, and glutamate + aspartate + alanine at 1
mM each. Plates were incubated at 37°C for 48 h;
small colonies were tested for their ability to grow
on various compounds as nitrogen source, and
strains that grew well on NH4Cl and D-serine but
not on glutamate or aspartate were retained. In
general, strain nit-9 grew slightly better on various
compounds as nitrogen source than did strain nit-l,
suggesting that the nit-9 and nit-li mutations are
different.

Strain SK51 (nit-12 dhuAl hisJ5601) was iso-
lated as part of another study by enriching an ICR-
mutagenized culture of strain TA1650 (dhuAl
hisJ5601) for cells unable to grow on arginine as the
nitrogen source. The ability of this strain to grow on
various organic compounds as nitrogen source was
tested only on petri plates.

Revertants of strains nit-9 and nit-il were in-
duced on minimal plates containing 0.4% glucose
and 10 mM glutamate or arginine as nitrogen
source; nitrosoguanidine (1 ,lA ofa 1-mg/ml solution)
or diethylsulfate (1 ,ul) was placed at the edge of a
plate seeded with 108 bacterial cells in soft agar.

"Spontaneous revertants" of strains nit-9 and nit-
11 that displayed partial or conditional glutamine
auxotrophy (see Results) were tested for the pres-
ence of a glnA mutation (14). P22 phage grown on
these strains was used to transduce strain SK35
(glnA60 hisF645) or strain TA2190 (glnA54
hisF645) to growth in the absence of glutamine, and
transductants were scored for the partial or condi-
tional glutamine auxotrophy of the donor. (Strain

SK35 has an absolute requirement for glutamine;
the glnA mutation in this strain was ICR induced
and does not revert [K. Bisharat and S. Kustu,
unpublished data].)

Strains SK128 (Nit+) and SK129 (Nit+) were ob-
tained by transducing strains nit-9 and nit-il, re-
spectively, to growth on glutamate as nitrogen
source with P22 phage grown on strain LT2. Phage-
sensitive clones of these strains were isolated as
described previously (25).

Strain glt-611 was obtained from a nitrosoguani-
dine-mutagenized culture of strain TA1772 (a wild
type) by selecting for growth on 10 mM glutamate as
sole carbon and nitrogen source. Mutant strains of
E. coli selected by the same procedure have elevated
glutamate transport (8, 10). Strains SK46 (glt-611)
and SK47 (glt-611 nit-9) were obtained by transduc-
ing strains LT2 and nit-9, respectively, to growth on
glutamate as carbon source (with 10 mM NH4Cl as
nitrogen source) with P22 phage grown on strainglt-
611. The following properties of strains glt-611 and
SK46 are consistent with their having elevated glu-
tamate transport. These strains grow on glutamate
as sole carbon or carbon and nitrogen source; they
have improved growth on glutamate as nitrogen
source in the presence ofglucose. On the other hand,
like strain LT2, they do not grow on aspartate,
arginine, asparagine, or glutamine as sole carbon
and nitrogen source; tests on petri plates indicate
that their growth on aspartate, arginine, or proline
as nitrogen source is not improved.

Strains TA2186 (nit-9/F'lac+pro+) and TA2187
(nit+/F'lac+pro+) were obtained by episome transfer
from strain TR132 to strains nit-9 and LT2, respec-
tively; selection was for growth on minimal medium
with lactose as carbon source.
The donor strain SK50 (nit-li thy201 HfrK5) used

for conjugation mapping was derived from strain
nit-il by L. Kier, using methods described previ-
ously (14). The origin oftransfer for HfrK5 is around
67 min; metG (67 min) is transferred early, and his
(65 min) is transferred late (26). With one exception,
recipient strains carried single auxotrophic muta-
tions spaced at 10- to 15-min intervals around the
chromosome; several recipient strains with muta-
tions in the 33-min region (obtained from Alper and
Ames [1]; Table 1) contained deletion mutations.
Matings were carried out directly on petri plates
(medium E + 0.4% glucose) as described previously
(14), and recombinants were scored for ability to
grow on glutamate or arginine as nitrogen source.

P22 phage was P22 int4 (30) or P22 HT int- (27);
this phage was obtained from G. Roberts, who intro-
duced the int- mutation. Mapping by transduction
was done using the recipient strains listed in Table 1
and phage grown on strain nit-9. Transductants
were scored for growth on glutamate as nitrogen
source; those that grew were scored positive even
though they did not grow as well as strain LT2.
Ambiguity in scoring was apparently due to the fact
that the presence of phage in transductants inter-
fered with their growth on poor nitrogen sources.

Procedures used for isolating strains sensitive to
phage P1 and for transductions with phage Plkc
were those described by Enomoto and Stocker (6)
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TABLE 1. Bacterial strains

J. BACTERIOL.

Strain Genotype Parent (recipient, donor) Operation that producedstrain

LT2

LT2

nit-12 dhuAl hisJ5601a
Wild type
Wild type
Wild type

glt-611
nit-9 glt-611
nit-9 glnA57
nit-9 glnA58
nit-9 glnA59
glnA54 hisF645
hisF645
glnA57 hisF645
glnA58 hisF645
glnA59 hisF645
glnA60 hisF645
aroP505 gall501 hagslO ilv405 proA46
purC7 rha465 strIF'lac+ pro+

nit-9IF'lac+ pro+
nit+/F'lac+ pro+
nit-il thy201 HfrK5

TA1650
nit-9, LT2
nit-li, LT2

TA1772

LT2, glt-611
nit-9, glt-611
nit-9
nit-9
nit-9

TA2190, nit-9
TA2190, TA2183
TA2190, TA2184
TA2190, TA2185
TA831

nit-9, TR132
LT2, TR132

Mutagenesis, nitroso-
guanidine

Mutagenesis, nitroso-
guanidine

Mutagenesis, ICR
Transduction
Transduction

Mutagenesis, nitroso-
guanidine

Transduction
Transduction
Spontaneous
Spontaneous
Spontaneous

Transduction
Transduction
Transduction
Transduction
Mutagenesis, ICR

Episome transfer
Episome transfer

hisF645
A(gal bio uvrB chl dhb)
A(gal bio uvrB chl dhb aroG nicA)
nic5O6 hisD-

pyrC1502 purC7

nit-9 galEl 797
nic5O6 hisO1242 hisB2147 galE542 hut+
pyrD23 his01242 hisC3734 galE542 hut'
purB73 hisO1242 hisC3734 galE542 hut+
pyrC7 hisO1242 hisC3737 galE542 hut+
aroA124 galEl 798
aroAl48 galEl 799

nit-9

aroA124
aroA148

Spontaneous

Spontaneous
Spontaneous

a dhuA and hisJ mutations affect the high-affinity histidine permease.
b Obtained from G. F.-L. Ames.
c Characterized in reference 14.
d Obtained from J. Roth.
e Constructed by L. Kier as described in Materials and Methods.
Obtained frQm B. N. Ames.

9 Obtained from J. L. Ingraham.
h Obtained from G. Roberts.

and Ornellas and Stocker (21). Strain SK75 (nit-9
galE1797) was the donor in each cross; recipient
strains are listed in Table 1. Transductants were
scored on glutamate as nitrogen source. Some recip-
ient strains obtained from G. Roberts were his- and

hut+. Transductants obtained from these strains
were scored on plates containing 0.06 mM histidine
in addition to other supplements; this level was
sufficient to satisfy auxotrophy but not to serve as
nitrogen source for hut+ strains.

nit-9

nit-li

SK51
SK128
SK129
TA1772b
glt-611

SK46
SK47
TA2183
TA2184
TA2185
TA2190c
SK15
SK16
SK17
SK18
SK35
TR132d

TA2186
TA2187
SK5Oe
leul083f
proAB47f
purE54f
pyrC7'
pyrDI359
trpD9'
TA831b
TA1665'
TA1674f
TR2405A
deoKI49
JL379°
aroE135f
SK75
TR2411h
TR2582h
TR2584h
TR2588h
SK77
SK78
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Testing for auxotrophy. Strains nit-9 and nit-il
were tested for auxotrophy on minimal plates con-
taining 0.4% glucose and 10 mM glutamate as nitro-
gen source. Paper disks containing the following
compounds were placed on these plates: 0.5 to 1
j,mol of each -amino acid; 0.25 to 1 JAmol of each
purine and pyrimidine base; 1 jimol ofN-acetylglu-
cosamine; and >2 ,ug ofthe following vitamins: pyri-
doxine, pyridoxamine, nicotinamide, nicotinic acid,
p-aminobenzoic acid, p-hydroxybenzoic acid, folic
acid, thiamine, riboflavin, biotin, and pantothen-
ate. Growth was observed only around compounds
that could serve as nitrogen source, and the re-
sponse to these compounds was tested further in
liquid culture. The optical density of an overnight
culture of strain nit-9 or nit-il grown on glutamate
plus the supplement to be tested (0.5 mM concentra-
tion) was compared to the sum of the optical densi-
ties of cultures grown on glutamate or the supple-
ment alone. If the two were equal and the optical
density of the supplemented culture was consider-
ably less than that of strain LT2 grown on gluta-
mate, it was concluded that the supplement was
serving as an alternative nitrogen source.

Purification of glutamine synthetase. Glutamine
synthetase was purified from strains LT2 and nit-9
by the method of Woolfolk et al. (38). The enzyme
was purified about 300-fold and in both cases was
approximately 50% pure as judged by disk gel elec-
trophoresis.
Enzyme assays. Cells were grown to late expo-

nential or early stationary phase in the media indi-
cated. Cell extracts were prepared in 0.05 M potas-
sium phosphate buffer, pH 7.5, as described previ-
ously (14) except that cells were broken in a French
pressure cell at 20,000 lb/in2. MnCl2 (1 mM) was
added to that portion of extracts used for glutamine
synthetase assays. A second extraction buffer was
used for some glutamate synthase assays: 10 mM
imidazole-hydrochloride, pH 7, containing 1 mM
EDTA; 5 mM 2-mercaptoethanol; and 100 mM KCl.
Protein was determined by the method of Lowry et
al. (15) after precipitation with 5% trichloracetic
acid.

Glutamine synthetase. Total activity and degree
of adenylylation of glutamine synthetase in crude
extracts were determined using the y-glutamyl
transfer assay ofStadtman et al. (31) with the modi-
fications described (14). In the presence of 0.3 mM
Mn2+, this assay is a measure of total activity inde-
pendent of degree of adenylylation. In the presence
of 0.3 mM Mn2+ + 60 mM Mg2+, activity of adenyly-
lated subunits is inhibited (31). Thus, the ratio of
activities +Mg2+/-Mg2+ provides an estimate of de-
gree of adenylylation.

Activity of purified enzyme preparations was de-
termined by biosynthetic assays in which the
release of inorganic phosphate from adenosine 5'-
triphosphate (29) or the conversion of [14C]glutamate
to [ 4C]glutamine (33) was measured.

Glutamate synthase and glutamate dehydrogen-
ase (EC 1.4.1.4). Activities of glutamate synthase
and glutamate dehydrogenase were determined at
28°C by measuring oxidation of reduced nicotina-
mide adenine dinucleotide phosphate (NADPH) (de-

crease in absorbance at 340 nm). Reaction mixtures
contained: 50 mM tris(hydroxymethyl)aminometh-
ane-hydrochloride, pH 7.8; 0.25 mM NADPH; 5 mM
a-ketoglutarate; crude extract containing between
0.04 and 0.4 mg of protein; and either 5 mM gluta-
mine or 5 mM NH4Cl for glutamate synthase or
glutamate dehydrogenase assay, respectively. Ac-
tivities were corrected for NADPH oxidation in the
absence ofglutamine or NH4Cl and are expressed as
micromoles of NADPH oxidized per minute per
milligram of protein.
Aspartate ammonia-lyase (EC 4.3.1.1). Aspartate

ammonia-lyase was assayed at 37°C by measuring
release of ammonia from aspartate as described by
Marcus and Halpern (16).

Aspartate aminotransferase (EC 2.6.1.1). Aspar-
tate aminotransferase activity was measured at
25°C by coupling to malate dehydrogenase and fol-
lowing oxidation of reduced nicotinamide adenine
dinucleotide (NADH) at 340 nm. Reaction mixtures
contained: 60 mM phosphate buffer, pH 7.4; 40 mM
aspartate; 0.1 mM pyridoxal phosphate; 0.25 mM
NADH; 1 U of malate dehydrogenase; crude extract
containing between 0.05 and 0.2 mg ofprotein; and 4
mM a-ketoglutarate. Activities are expressed as mi-
cromoles of NADH oxidized per minute per milli-
gram ofprotein and were corrected for NADH oxida-
tion in the absence of a-ketoglutarate or aspartate.

Proline oxidase and (8-galactosidase (EC 2.1.23).
Proline oxidase was measured in toluenized whole
cells as described by Denainger and Brill (5); cells
were grown in medium E + 10 mM proline or me-
dium E + 10 mM proline + 0.4% glucose. The activ-
ity of ,B-galactosidase was measured in toluenized
cells as described by Pardee et al. (22). Strains
TA2187 (nit+/F'lac+ pro+) and TA2186 (nit-9lF'lac+
pro+) were grown in medium E or medium E + 0.4%
glucose; 30 min before sampling, isopropyl-f3-D-thio-
galactoside was added to the medium at a final
concentration of 0.1 mM.

Proline transport. High-affinity proline transport
was measured by the protein incorporation assay
described by Ames for histidine transport (2). Rates
of transport of proline at concentrations from 0.01 to
0.5 ,uM were determined; Km and V.ax values were
obtained from double-reciprocal plots of these data.
Transport at high concentrations of proline was
measured by a starved-cells assay (2). A culture
growing exponentially in minimal medium plus glu-
cose and ammonium chloride was washed, sus-
pended in minimal medium without additions, and
incubated at 25°C without aeration. After approxi-
mately 2 h, samples were removed and assayed for
transport of [3H]proline at 23°C; transport was
linear for at least 3 min. Between 1.5 and 2.5 h of
starvation, the rate of transport was constant.
Rate is expressed as micromoles per minute per
gram (dry weight) of cells, assuming 75 jig (dry
weight)/108 cells (2).

RESULTS
Phenotype of nit strains. By the procedures

described in Materials and Methods, we iso-
lated three mutant strains (nit-9, nit-il, and
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SK51) of S. typhimurium that have impaired
ability to utilize a variety of nitrogen sources.
Table 2 summarizes the ability of two of these
strains and their parent (strain LT2) to grow
on minimal medium containing glucose as car-
bon source and various nitrogen sources. The
mutant strains failed to grow on compounds
such as glutamate and arginine, which served
as poor nitrogen sources for the wild type (dou-
bling time, 240 min or longer); they grew well
on compounds such as D- and L-serine and cyti-
dine, which served as good nitrogen sources for
the wild type (doubling time, 55 to 75 min); and
they grew poorly on compounds such as aspara-
gine and alanine, which served as "intermedi-
ate" nitrogen sources for the wild type (dou-
bling time, 100 to 150 min). Representative
growth curves of strain nit-9 and wild type on a
poor nitrogen source (glutamate), a good nitro-
gen source (D-serine), and an intermediate ni-
trogen source (alanine) are shown in Fig. 1.

TABLz 2. Doubling times of strains with a nit
mutation on various compounds as nitrogen source"

Doubling time (min)
Nitrogen sourceb

LT2 nit-9 nit-li

Glutamate ..2 303 >840 >840
No dou- No dou-

Arginine ...... 450 bling, bling
No dou-

Proline ....... 540 bling _d
Aspartate ..... 260 630 700
N-acetylgluco- No dou-

samine ..... 462 900 bling
Asparagine .... 98/154e 211/645e
Alanine ...... 145 188f 235'
Adenosine ..... 65 93 105
n-Serine ...... 71 70 -

L-Serine ...... 49 76
Cytidine ...... 55 72 -

Glutamine .... 56 63/1539 65/1489
NH4Cl ...... 54 56 -

a Strains were grown in minimal medium con-
taining added trace elements with 0.4% glucose as
carbon source.

b Glutamate, arginine, aspartate, asparagine,
adenosine, and cytidine were present at a concentra-
tion of 10 mM; N-acetylglucosamine, alanine, D- and
L-serine, glutamine, and NH4Cl were present at 20
mM; and proline was present at 50 mM.

c Optical density of the culture does not double in
24 h.

d _, Growth rate not determined.
e The culture shifts from the faster to the slower

doubling time at an optical density at 650 nm of 0.2.
' The mutant strain has a lag phase about 3 h

longer than that of the wild type before achieving
this doubling time (see Fig. 1C).

9 The culture shifts from the faster to the slower
doubling time at an optical density at 650 nm of 0.6.

(Tests on petri plates indicate that the mutant
phenotype is essentially.the same with citrate
or ribose as carbon source.)

In addition to growing poorly on some or-
ganic nitrogen sources, the mutant strains
grew poorly on NH4Cl if the concentration was
low (0.1 to 0.5 mM), having both a decreased
growth rate and decreased cell yield (Table 3).
However, at higher NH4Cl concentrations (2 to
10 mM) they grew almost as rapidly (within
10%) as the wild type (Table 3) and had essen-
tially normal cell yield.
Mutagen-induced revertants and P22-me-

diated transductants of strains nit-9 and nit-li
selected for growth on glutamate as nitrogen
source simultaneously regained the ability to
use all other nitrogen sources listed in Table 2
and the ability to grow normally on low concen-
trations of NH4Cl (Table 3). The same applies
for spontaneous revertants of strain SK51.
These results indicate that pleiotropic defects
in nitrogen metabolism in nit strains are proba-
bly due to a single mutation. (Revertants of
strains nit-9 and nit-li were induced with mu-
tagens because a high proportion of "sponta-
neous revertants" of these strains had suppres-
sor mutations unlinked to the nit locus [see
below].)

nit strains can metabolize compounds that
they fail to use as nitrogen source. Strains nit-
9 and nit-li grew well on proline and N-acetyl-
glucosamine as sole sources of carbon or carbon
and nitrogen (Table 4), even though they could
not use these compounds as sole nitrogen
source. Furthernore, strain SK47 (glt-611 nit-
9) (see Materials and Methods for strain con-
struction) utilized glutamate as sole carbon or
carbon and nitrogen source, but not as sole
nitrogen source in the presence of glucose (Ta-
ble 4). Thus, the nit mutation specifically pre-
vents utilization of certain compounds as nitro-
gen source. The results suggest that enzymes
required for degradation of these compounds
are structurally intact in strains with a nit
mutation (although regulation of their synthe-
sis or activity may be altered). This hypothesis
is confirmed below for the enzymes of gluta-
mate and proline degradation.
Glutamate degradation. In Escherichia coli,

glutamate is degraded to a-ketoglutarate by
sequential action of aspartate aminotrans-
ferase and aspartate ammonia-lyase (16). Ac-
tivities of these enzymes in strains with a nit
mutation were normal under the several
growth conditions tested (Table 5). Activities of
aspartate aminotransferase and aspartate am-
monia-lyase in strain LT2 were the same on
medium containing glutamate as nitrogen
source (conditions under which strain nit-9

J. BACTVRIOL.
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E 8 LT21303 8 8

E0
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FIG. 1. Growth of strains nit-9 and LT2 on various compounds as nitrogen source. Cells were grown in
minimal medium plus trace elements with 0.4%glucose as carbon source. Doubling times (minutes) are given
in parentheses. Nitrogen source: (A) 10 mM glutamate; (B) 20 mM D-serine; (C) 20 mM alanine..

TABLE 3. Doubling times of strains with a nit
mutation and their Nit+ transductants on various

concentrations ofNH4Cl as nitrogen sourcea

Concn of Doubling time (min)

NH,Cl ~ ~ nt-i8SK128 SK1629(mM) L12 nit-9P nit-Ilb (Nit+)c (Nit+)c
0. ld 74 214 160 86 74
0.2d 76 151 130 87 76
0.3 75 117 92
0.5 74 95 78
2.0 66 68 65

10.0d 65 70 63
a Strains were grown in minimal medium con-

taining 0.4% glucose as carbon source (trace ele-
ments were not added). Optical density was moni-
tored at 420 nm.

b Cell yield was 60 to 70% that of wild type at
NH4Cl concentrations up to 0.5 mM and 80 to 100%
that of wild type at higher concentrations.

c Cell yield was normal at all NH4Cl concentra-
tions.

d Temperature for this experiment was 350C.

could not be tested) as they were on medium
containing NH4Cl as nitrogen source. This indi-
cates that activities of these enzymes do not
limit growth of strain nit-9 on glutamate as
nitrogen source. (The activity of aspartate am-
monia-lyase in strain LT2 was about 15% that
of aspartate aminotransferase; aspartate am-
monia-lyase activity was elevated 5- to 10-fold
in strains growing on glutamate as carbon and
nitrogen source [Table 5]. All activities were
similar to those reported for E. coli [9, 16].)
The following observation indicates that

strains with a nit mutation can transport gluta-
mate rapidly. Strain SK47 (glt-611 nit-9),

which failed to use glutamate as nitrogen
source, grew on glutamate as sole carbon and
nitrogen source more rapidly than did strain
SK46 (glt-611) (Table 4). (In E. coli, mutations
similar to glt-611 cause an increased rate of
glutamate transport [8, 10]. We have not di-
rectly measured the rate ofglutamate transport
in our strains.)
Enzymes of proline degradation: proline

oxidase. Proline is degraded to glutamate by
sequential action of the enzymes proline oxi-
dase and 1-pyrroline dehydrogenase (EC
1.5.1.12), which are induced by proline and are
subject to catabolite repression by glucose. Pro-
line oxidase levels of strain nit-9 grown in the
presence and absence of glucose are similar to
those of strain LT2 (data not shown), which
suggests that induction and glucose repression
of this enzyme are normal (the same applies for
,8-galactosidase). Kinetic constants for high-af-
finity proline transport are the same in strains
nit-9 and LT2 (Km = 0.3 ,uM; Vmax = 0.9 ,umol/
min per g [dry weight] of cells); in addition, the
rate of proline transport at a high external
proline concentration (0.1 mM) is also the same
in the two strains (2.5 umol/min per g [dry
weight] of cells).

Conditionally expressed auxotrophy. We
tested the possibility that nit strains might be
auxotrophic in medium containing a poor nitro-
gen source. (This phenotype can result from a
mutation that inactivates a biosynthetic gluta-
minase such as that associated with anthrani-
late synthetase [11, 39].). However, this is not
the case because nit strains cannot grow on
glutamate as nitrogen source even in the pres-
ence of exogenous L-amino acids, purines, py-
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TABLE 4. Doubling times ofstrains with a nit mutation on various compounds as sole nitrogen, carbon, and
nitrogen, or carbon sourcea

Doubling time (min)
Carbon (C) and nitrogen SK47

(N) sources' LT2 nit-9 nit-1l SK46 (nit-9
(glt-611) gt61

Glucose (C) 462 900 No doubling
N-acetylglucosamine (N)

N-acetylglucosamine (C 55 64c 64c
and N)

N-acetylglucosamine (C) 52 52 52
NH4Cl (N)

Glucose (C) 540 No doubling
Proline (N)

Proline (C and N)d + + +

Proline (C)d + + +
NH4Cl (N)

Glucose (C) 303 >840 >840 102 1,120
Glutamate (N)

Glutamate (C and N) 210e 115

Glutamate (C) 225e 126
NH4Cl (N)

a Strains were grown in minimal medium supplemented with the indicated carbon and nitrogen source
(trace elements were not added).

b N-acetylglucosamine and glutamate were present at a concentration of 20 mM. Proline was present at 50
mM, NH4Cl at 10 mM, and glucose at 0.4%.

c The mutant strain has a lag phase 2 to 3 h longer than that of the wild-type strain before achieving this
doubling time.

d Since strain LT2 had a very low growth yield on proline (or proline + NH4Cl) in liquid medium,
qualitative tests were done on petri plates as described in Materials and Methods.

e The culture has a faster doubling time initially.

rimidines, N-acetylglucosamine, vitamins (see
list in Materials and Methods), or the following
combinations of compounds: arginine and ura-
cil; serine and pyridoxine; isoleucine, valine,
and leucine; and the aromatic amino acids and
aromatic vitamins. (The nit strains grow only
on supplements (e.g., serine) that serve as al-
ternative nitrogen sources [see Materials and
Methods].)
Enzymes of glutamine and glutamate bio-

synthesis. Lack of evidence for a defect in deg-
radation of poor nitrogen sources by nit strains
coupled with the observation that they grow
poorly on low concentrations of NH4Cl as nitro-
gen source suggests that they have a defect in
assimilation of low concentrations of ammonia.
We therefore assayed the enzymes that cata-
lyze synthesis of glutamate and glutamine, the
primary products of ammonia assimilation.

Glutamate synthase and glutamate dehy-
drogenase. Assimilation of ammonia into giu-
tamate could be catalyzed by glutamate syn-
thase in conjunction with glutamine synthetase
(reactions 1 and 2) and, at high ammonia con-
centrations, could also be catalyzed by gluta-
mate dehydrogenase (reaction 3):
a-ketoglutarate + glutamine + NADPH

-- 2 glutamate + NADP

glutamate + NH3 + ATP

-* glutamine + ADP + Pi
a-ketoglutarate + NH3 + NADPH + ATP

-* glutamate + NADP + ADP + Pi
a-ketoglutarate + NH3 + NADPH

(1)

(2)

(1 + 2)

-* glutamate + NADP (3)

J. BACTERIOL.



MUTANTS DEFECTIVE IN NITROGEN METABOLISM

TABLz 5. Aspartate aminotransferase and aspartate
ammonia-lyase activities in strains with a nit
mutation after growth on various carbon and

nitrogen sourcesa

Carbon (C) and Aspar- Aspar-
nitrogen (N) Strain tate ami- tate am-

noiroen notrans- monia-SoUrces ~~~~~ferase' lyase"
Glucose (C) LT2 0.57 0.08
NH4Cl (N) it-9 0.58 0.05

SK46 (glt-611) 0.50 0.045
SK47 (nit-9 0.61 0.04
glt-611)

Glucose (C) iLT2 0.60 0.07
Glutamate (N) SK46 0.93 0.06

Glutamate (C K46 0.52 0.42
and N) K47 1.31 0.48

Citrate (C) T2 _d 0.08
NH4Cl (N) it-9 - 0.11

a Media, growth conditions, and preparation of
extracts are described in Materials and Methods.
Extracts were centrifuged at 40,000 x g for 75 min to
decrease NADH oxidase activity.

b Activity was measured by coupling to malate
dehydrogenase as described in Materials and Meth-
ods and is expressed as micromoles of NADH oxi-
dized per minute per milligram ofprotein at 25°C.

c Activity is in micromoles of ammonia released
per minute per milligram of protein at 37°C.

d -, Not determined.

(ADP is adenosine 5'-diphosphate; Pi is inor-
ganic phosphate.)

Activities of glutamate synthase and gluta-
mate dehydrogenase in crude extracts of strain
nit-9 were nonnal (Table 6), as were the appar-
ent Km values of glutamate synthase for gluta-
mine and a-ketoglutarate (1.3 and 0.1 mM,
respectively). (The levels of glutamate syn-
thase and glutamate dehydrogenase in Sal-
monella do not vary with the concentration of
NH4C1 in the growth medium [3]. The activities
of these enzymes in strain LT2 decrease when
cells are grown in medium containing gluta-
mate rather than NH4Cl as nitrogen source 13;
S. Kustu, unpublished data].)
Glutamine synthetase. The basal and dere-

pressed levels of glutamine synthetase (38) in
strain nit-9, i.e., levels in cells grown in me-
dium containing, respectively, 20 and 2 mM
NH4C1 as nitrogen source, were similar to those
for strain LT2 (Table 7). Moreover, glutamine
synthetase activity of nit strains was normal
under several other growth conditions (Table
7). The fact that glutamine synthetase specific
activity of strain nit-9 (0.59) on minimal me-

dium containing 2 mM NH4Cl as nitrogen
source was about as high as that of strain LT2
(0.81) grown on medium containing glutamate
as nitrogen source suggests that ability to dere-
press glutamine synthetase is not the factor
that limits growth of strain nit-9 on glutamate
as nitrogen source.
The degree of covalent modification (adeny-

lylation) of glutamine synthetase in crude cell
extracts was estimated as described in Materi-

TABLE 6. Glutamate synthase and glutamate
dehydrogenase activities in extracts of strains nit-9

and LT2

Strain Glutamate Glutamatesynthasea dehydrogenasea
LT2 ........... 0.18 0.33
nit-9 .......... 0.15 0.33

a Strains were grown in medium E + 0.4% glu-
cose. Preparation of extracts and assay conditions
are described in Materials and Methods. Activity is
in micromoles of NADPH oxidized per minute per
milligram of protein at 28°C.

TABLz 7. Glutamine synthetase activity in strains
with a nit mutation after growth on several carbon

and nitrogen sourcesa

Carbon (C) and Total Rati(f
nitrogen (N) source Strain activity5 Ratio

Glucose (C) LT2 0.76 1.5
2 mM NH4Cl (N) nit-9 0.59 1.55

Glucose (C) LT2 0.27 1.4
10 mM NH4Cl (N) nit-9 0.41 1.6

SK46 (glt-611) 0.18 1.3
SK47 (nit-9 0.17 1.4

glt-611)

Glucose (C) LT2 0.11 1.25
20 mM NH4Cl (N) nit-9 0.12 1.1

Glucose (C) LT2 0.81 1.3
10 mM glutamate SK46 0.70 1.5

(N)

50 mM glutamate SK46 0.07 0.3
(C and N) SK47 0.12 0.4
a Preparation of extracts is described in Materials

and Methods. Activity was measured using the y-
glutamyltransfer assay (31).

b Activity in the presence of 0.3 mM Mn2+ as
divalent cation, which is a measure of total activity
independent of degree of adenylylation (14, 31).

" This ratio provides an approximate measure of
the degree of adenylylation of glutamine synthe-
tase. For strain LT2 this ratio has varied from about
0.5 for (partially) adenylylated enzyme to 1.5 for
unadenylylated enzyme depending on the growth
conditions (14).
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als and Methods. Glutamine synthetase from
both mutant and wild-type strains grown on
medium containing NH4Cl as nitrogen source is
largely in the unadenylylated or "active" (17,
28) form (Table 7), as is the enzyme from wild
type grown on a medium containing glutamate
as nitrogen source. These data indicate that the
nit phenotype is probably not caused by an

increase in the degree of adenylylation ofgluta-
mine synthetase.
Glutamine synthetase was purified from

strains nit-9 and LT2, and apparent Km values
for glutamate and NH4Cl in the biosynthetic
reaction were determined (see Materials and
Methods). Values summarized in Table 8 indi-
cate that substrate affinities of glutamine syn-
thetase from strain nit-9 are the same as those
of enzyme from strain LT2. (Several Km values
were determined with Mn2+ as divalent cation
as well as with Mg2+. For the E. coli glutamine
synthetase, Mn2+-dependent activity reflects
solely activity of adenylylated subunits and
Mg2+-dependent activity that of unadenylyl-
ated subunits [7, 121.)
A nit mutation is suppressed by mutations

in g1nA. Growth defects of nit strains were

suppressed by second-site mutations in the
structural gene for glutamine synthetase,
ginA. Most spontaneous mutants selected from
strains nit-9 and nit-11 for recovery of ability to
grow on glutamate (or arginine) as nitrogen
source had second-site mutations causing par-
tial glutamine auxotrophy. (The same applies
for some spontaneous mutants selected from
strain SK51.) Plate tests indicated that mu-
tants selected on glutamate (arginine) also re-
covered ability to grow on arginine (glutamate)
and aspartate; however, they grew very poorly
in comparison with the wild-type strain. They
required glutamine for optimal growth even on
medium containing NH4C1 as nitrogen source.
Mutations causing the glutamine requirement
in 10 independent strains were shown to be co-
transducible with known mutations in glnA as
described in Materials and Methods.
Three suppressor strains that have a heat-

sensitive glutamine requirement (TA2183,
TA2184, and TA2185) were studied further. Mu-
tations in these strains are 80 to 90% co-trans-
ducible with known mutations in glnA (14).
Glutamine auxotrophy resulted directly from
the glnA mutation and not from an interaction
of altered products of glnA and nit, because
strain SK17 (glnA58 hisF645) and, strain
TA2184 (glnA58 nit-9) had similar heat-de-
pendent glutamine auxotrophy. (The same ap-
plies for strains SK16 and TA2183 and strains
SK18 and TA2185.) Glutamine auxotrophy and
suppression ofnit were due to a single mutation

J. BACTERIOL.

TABLE 8. Kinetic constants ofglutamine synthetase
purified from strains nit-9 and LT2a

Apparent Km (mM)r
Substrate Divalent cationb

LT2 nit-9

NH4Cld Manganese 0.25 0.22
Magnesium 0.4 _e

Glutamatef Manganese 2.2 2.3
Magnesium 8.7 8.7

a Glutamine synthetase was purified from cells
grown in medium E + 0.4% glucose as described in
Materials and Methods. Activity in the y-glutamyl-
transfer assay (14, 31) indicated that enzyme from
both strains was partially adenylylated.

b For the E. coli glutamine synthetase, biosyn-
thetic activity in the presence of MnCl2 or MgCl2
represents catalysis by adenylylated or unadenylyl-
ated subunits, respectively (7, 12).

c The apparentKm value for a given substrate was
determined by measuring biosynthetic activity at
various concentrations of that substrate with the
others present in excess.

d Biosynthetic activity measured by release of in-
organic phosphate from ATP.

e Not determined.
' Biosynthetic activity measured by conversion of

['4C]glutamate to [14C]glutamine.

because transduction of strains TA2183,
TA2184, and TA2185 to glutamine prototrophy
with P22 phage grown on strain LT2 yielded
transductants with the phenotype characteris-
tic of nit mutants. This indicates, in addition,
that the glnA gene is separated from the nit
gene by at least the length of the P22 genome.

Analysis of the heat stability of glutamine
synthetase from strains TA2183, TA2184, and
TA2185 provides further evidence that they
have mutations inglnA. Relative to strain LT2,
the mutants had 5- to 10-fold lower glutamine
synthetase activity when they were grown at
370C than when they were grown at 230C (Table
9). This reduction in glutamine synthetase ac-
tivity at 37°0 is commensurate with their heat-
sensitive glutamine auxotrophy. Glutamine
synthetase in crude extracts of these mutants is
more labile to heat denaturation than is the
wild-type enzyme (Fig. 2). Increased heat labil-
ity persists in purified preparations and is inde-
pendent of the degree of adenylylation of the
enzyme (F. Cimino, personal communication).
Thus the primary structure of glutamine syn-
thetase is altered in these strains.
Mapping of the nit gene. Reciprocal crosses

by transduction with P22 phage, performed as
described previously (14), indicate that the
three nit mutations studied are closely linked
on the Salmt nella chromosome (data not
shown). Conjugation mapping of the nit-li mu-
tation was carried out as described in Materials
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TABLz 9. Glutamine synthetase activity of strains
with suppressor mutations in ginAa

Percent of activity in strain
LT

Strain Growth at 230C Growth
at 3rC,

Assay Assay assay
at 23°C at 37C at 3rC

TA2183 (glnA57 nit-9) 65 58 7
TA2184 (glnA58 nit-9) 30 27 5
TA2185 (glnA59 nit-9) 34 29 _b

a Cells were grown at 23°C in medium E + 0.4%
glucose or at 37°C in medium E + 0.4% glucose + 3
mM glutamine. Preparation of extracts is described
in Materials and Methods. Total glutamine synthe-
tase activity was determined at the indicated tem-
perature by the y-glutamyltransfer assay and is ex-
pressed as a percentage of the activity in extracts of
strain LT2 grown and assayed under the same con-
ditions. Activities in extracts ofstrain LT2 were 0.09
and 0.29 ,umol of y-glutamyl hydroxamate formed/
min per mg of protein for growth at 23°C and assay
at 23°C and 37°C, respectively, and 0.17 ,umol/min
per mg for growth and assay at 37°C.

b Not determined.

and Methods. There was 30% co-inheritance of
nit with pyrC (60/200) and pyrD (44/150) at 42
min and none with deletions of the gal-chl re-
gion (0/100) at 33 min, indicating that the nit
gene does not lie under these deletions. There
was 0.5% co-inheritance (1/200) of nit with trpD
(52 min) (the limited range of co-inheritance
may reflect selective pressure against inherit-
ance of the Nit- character even on medium
containing a high concentration of NH4Cl).
There was no (0/150) P22-mediated co-transduc-
tion of nit with the following markers: nicA (33
min), deoK (37 min), pyrC and pyrD (42 min),
and aroE (46 min). There was no (0/200) P1-
mediated co-transduction of nit with the follow-
ing markers: nicA (33 min), pyrC andpyrD (42
min), purB (43 min), and aroA (45 min).

DISCUSSION
We have isolated mutant strains of S. typhi-

murium with pleiotropic defects in nitrogen
metabolism; evidence has been presented that
these defects are due to mutation of a single
gene (nit). Mutant strains have reduced ability
to use a variety of compounds including gluta-
mate, proline, arginine, N-acetylglucosamine,
alanine, and adenosine as sole nitrogen source.
In addition, they grow poorly on low concentra-
tions of NH4Cl, suggesting that the lesion is in
assimilation of low concentrations of ammonia
rather than in metabolism of organic nitrogen
sources.

The following evidence indicates that degra-
dative pathways are intact in strains with a nit
mutation. (i) Catabolic pathways for com-
pounds that nit mutants fail to use as nitrogen
source (e.g., glutamate and N-acetylglucosa-
mine) have no common steps. Thus nit does not
encode a degradative enzyme. (ii) Degradative
enzymes for glutamate and proline are present
in mutant extracts in normal amounts. Glucose
catabolite repression of proline oxidase appears
normal. (iii) The mutant strains grow well on
glutamate, proline, and N-acetylglucosamine
as sole carbon source, confirning that they are
able to transport and degrade these compounds
as rapidly as the wild type.
We postulate that the rate of release of am-

monia from various compounds may determine
whether strains with a nit mutation can use
them as nitrogen source. The mutant strains
grow best on compounds that the wild type uses
best (doubling times of 55 to 75 min); they grow
at intermediate rates on compounds that the
wild type uses less well (doubling times of 100
to 150 min) and fail to grow on compounds that
the wild type uses poorly (doubling times
longer than 240 min). The nit strains can use all
compounds used by the wild type as sole carbon

so
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FIG. 2. Heat lability ofglutamine synthetase from
strains with suppressor mutations in g1nA. Extracts
of strains LT2 (O), TA2183 (glnA57 nit-9, A),
TA2184 (glnA58 nit-9, O), and TA2185 (glnA59
nit-9, /X) with a protein concentration of 20 mg/ml
were heated at 63°C. At the indicated times, samples
were withdrawn and assayed for total activity at 37°C
using the -j-glutamyltransfer assay. Results are pre-
sented as percentage of initial activity remaining at
the indicated time.
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and nitrogen source, although they fail to use
some of the same compounds as nitrogen source
in the presence of glucose. The rate of release of
ammonia from these compounds (e.g., N-ace-
tylglucosamine and glutamate) is more rapid
when they are used as carbon and nitrogen
source than when they are used as nitrogen
source. For example, the wild type grows
slowly on N-acetylglucosamine as nitrogen
source (doubling time of462 min) but rapidly on
N-acetylglucosamine as carbon and nitrogen
source, i.e., in the absence of glucose (doubling
time of 55 min). Thus, the rate of degradation of
N-acetylglucosamine (and hence the rate of
release of ammonia) increases in the absence of
glucose. Similarly, the high aspartate ammo-
nia-lyase activities of organisms grown on glu-
tamate as carbon and nitrogen source suggest
that the rate of glutamate degradation also
increases in the absence of glucose. It is impor-
tant to note that Salmonella is able to increase
activities of various degradative enzymes in
response to carbon limitation (5, 24) but, unlike
Klebsiella, is unable to do so in response to
nitrogen limitation (24; J. Broach, unpublished
data).
Although our evidence indicates that strains

with a nit mutation have a defect in assimila-
tion of low concentrations of ammonia, we have
detected no change in the activity of enzymes
known to be involved in this process. Activities
of glutamate synthase and glutamate dehydro-
genase in extracts of mutant strains are nor-
mal. In addition, one of the compounds that the
mutant strains fail to use as nitrogen source is
glutamate, the product of reactions catalyzed
by these enzymes. These observations suggest a
defect beyond glutamate synthesis. The fact
that nit mutants are not auxotrophic on poor
nitrogen sources and that the nit gene is not
linked by P22-mediated transduction to any
known gene for a biosynthetic glutaminase (J.
Broach; unpublished data) suggests a defect be-
fore any specific biosynthetic pathway and fo-
cuses attention on synthesis of glutamine. We
have investigated the activity and regulation of
glutamine synthetase in detail. The following
results indicate that there is no alteration in
the primary structure of glutamine synthetase
and suggest that there is no change in regula-
tion of its activity. (i) The nit gene is unlinked
to glnA, the structural gene for glutamine syn-
thetase, as judged by P22-mediated transduc-
tion. Rather it appears to lie at about 42 min on
the Salmonella chromosome (the glnA gene is
at 125 min [14]). (ii) Kinetic properties of puri-
fied glutamine synthetase from strain nit-9 are
the same as those of the enzyme from wild type.

(iii) Like the wild type, nit strains derepress
synthesis of glutamine synthetase when they
are grown on low concentrations of NH4Cl and
convert the enzyme to the unadenylylated or
"active" form (17, 28).
The Nit phenotype is suppressed by second-

site mutations in the structural gene for gluta-
mine synthetase (glnA) that decrease gluta-
mine synthetase activity. (We find this surpris-
ing because the Nit phenotype itself mimics the
consequences of decreased glutamine synthe-
tase activity.) We do not know whether
suppression is due to a change in catalytic ac-
tivity of glutamine synthetase (e.g., an in-
crease in affinity for ammonia) or to a less
direct regulatory effect (14).
Other mutations that cause pleiotropic de-

fects in nitrogen metabolism similar to but dis-
tinguishable from those caused by a nit muta-
tion have been described in both Salmonella
and Klebsiella. Mutations at the asm locus of
Klebsiella result in low glutamate synthase ac-
tivity, loss of ability to grow on low concentra-
tions of NH4Cl as nitrogen source, and loss of
ability to use a number of other compounds as
nitrogen source (4, 20). In contrast, the nit mu-
tation does not affect glutamate synthase activ-
ity, and nit mutants fail to use a different spec-
trum of nitrogen sources. Notably, nit mutants
fail to use glutamate, one of the few compounds
that asm mutants can use. Mutants ofS. typhi-
murium that grow poorly on low concentrations
of NH4Cl and on several organic compounds as
nitrogen source were isolated by resistance to
methionine sulfoximine (32). Unlike nit mu-
tants, these strains have low glutamate syn-
thase activity. Moreover, nit mutants remain
sensitive to methionine sulfoximine (S. Kustu,
unpublished data).
A second type of mutant of K. pneumoniae

that is unable to use N2 and various other com-
pounds as nitrogen source was described by
Tubb (35). The spectrum ofcompounds that this
mutant fails to use is similar to that of nit
mutants. However, in contrast to results for nit
mutants, Tubb finds that his mutant is unable
to derepress synthesis of glutamine synthetase
in response to nitrogen limitation and proposes
that this regulatory defect is the primary lesion
(35). In agreement with Magasanik and his
colleagues (4, 23, 36), Tubb proposes that de-
creased ability to synthesize glutamine synthe-
tase results in failure to transcribe nitrogenase
and various degradative enzymes (35). This ex-
planation cannot account for the phenotype of
nit mutants because they are able to derepress
synthesis of glutamine synthetase and they
have normal levels of degradative enzymes.

J. BACTERIOL.
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In conclusion, our evidence suggests that the
nit mutation interferes with normal utilization
of low concentrations of ammonia as nitrogen
source rather than with degradation of other
compounds. The biochemical lesion remains
undefined. We are currently considering sev-
eral possibilities, among them the following: (i)
that mutant strains have a regulatory defect in
ammonia assimilation that was not detected
under growth conditions we used and (ii) that
they have a defect in ammonia (NH4+) trans-
port and fail to maintain normal intracellular
ammonia pools. Knowledge of the biochemical
lesion in these strains and of the basis for
suppression of their growth defects by glnA
mutations should contribute to our understand-
ing of the regulation of bacterial nitrogen me-
tabolism.
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