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Glutamine synthetase (GS) plays an important role in nitrogen assimilation. The major GS of Mycobacterium
tuberculosis is GlnA1, a type I GS whose activity is controlled by posttranscriptional modification by GlnE.
GlnE is an adenylyl transferase comprised of an adenylylating domain and a deadenylylating domain which
modulate GS activity. We previously demonstrated that GlnE is essential in M. tuberculosis in normal growth
medium. In this study, we further show that GlnE is required under multiple medium conditions, including in
nitrogen-limited medium. We demonstrate that adenylylation is the critical activity for M. tuberculosis survival,
since we were able to delete the deadenylylation domain with no apparent effect on growth or GS activity.
Furthermore, we identified a critical aspartate residue in the proposed nucleotidyltransferase motif. Temper-
ature-sensitive mutants of GlnE were generated and shown to have a defect in growth and GS activity in
nitrogen-limited medium. Finally, we were able to generate a GlnE null mutant in the presence of L-methionine
sulfoximine, a GS inhibitor, and glutamine supplementation. In the presence of these supplements, the null
mutant was able to grow similarly to the wild type. Surprisingly, the GlnE mutant was able to survive and grow
for extended periods in liquid medium, but not on solid medium, in the absence of GS inhibition. Thus, we have
confirmed that the unusual requirement of M. tuberculosis for GlnE adenylylation activity is linked to the
activity of GS in the cell.

A recent report from the WHO noted that approximately 1.7
million people died from tuberculosis and that at least 14.6 mil-
lion people lived with the disease in 2004. Current antibiotic
treatments are unable to address the high prevalence or stem the
emergence of multidrug-resistant and extremely drug resistant
strains. Therefore, much recent research has focused on the iden-
tification and validation of novel drug targets to combat the caus-
ative agent of tuberculosis, Mycobacterium tuberculosis.

Glutamine synthetase (GS) catalyzes the ATP-dependent
condensation reaction between glutamate and ammonia to
produce the amino acid L-glutamine (L-Gln), a precursor for
several other amino acids as well as glucosamine-6-phosphate,
AMP, and CTP. M. tuberculosis has four GS homologues,
GlnA1 to -4 (3). GlnA1, GlnA3, and GlnA4 are involved in the
synthesis of L-Gln, whereas GlnA2 is involved in the synthesis
of D-Gln and D-iso-Gln (15).

GlnA1 is a dodecamer formed of two hexameric units on
overlaying planes, where each subunit contains an active site
which binds ATP and glutamate (1). GlnA1 is secreted from
M. tuberculosis at high levels, and deletion mutants are both
auxotrophic for glutamine and attenuated in the macrophage
and guinea pig models of infection (13, 33, 34). GlnA2 is
localized at the cell wall, which may allow the incorporation of

D-iso-Gln into position 2 of the peptide side chain of the
peptidoglycan (9). Notably, a GlnA2 mutant of M. bovis is
completely avirulent in the guinea pig model (4). In contrast, a
GlnA2 mutant of M. tuberculosis was virulent in mice (19).
Neither GlnA3 nor GlnA4 has been detected in culture, and
little is known at present about their roles in M. tuberculosis
biology and pathogenesis (15).

GS activity is effectively inhibited by L-methionine sulfoxi-
mine (MetSox) (31). In the presence of ATP, MetSox is phos-
phorylated by GS and irreversibly binds to the active site,
thereby preventing the entry of glutamate. MetSox has activity
against whole bacilli and can prevent the growth of several
mycobacterial species (12, 14), indicating that GS activity could
be a useful drug target. MetSox has wide activity against GS
enzymes and demonstrates strong inhibition of all four M.
tuberculosis GSs. However, MetSox itself cannot be used as an
antitubercular agent due to its epileptogenic properties (28).

In most bacteria, GS activity is posttranscriptionally con-
trolled by adenylylation (8) or oxidative modification (20, 21)
in response to a multitude of extracellular and intracellular
stimuli (1, 7). M. tuberculosis GlnA1 is a type I GS, and thus its
activity is expected to be regulated by the adenylyl transferase
GlnE. Consistent with this is the fact that both enzymes are
located in the cell wall of M. tuberculosis (9). In Escherichia coli
and other bacteria, modification of GS by the covalent addition
of AMP leads to a reduction in enzyme activity (1, 30, 32).
Since GlnE can catalyze both reactions (addition and removal
of AMP), it has a critical role in modulating GS activity in the
cell. In E. coli, GlnE has two distinct domains which catalyze
the two reactions, the N-terminal deadenylylating domain and
the C-terminal adenylylating domain (17). GlnE activity is in
turn regulated by the PII signal transduction cascade.
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We have previously shown that GlnE is essential in M. tu-
berculosis and that its expression is regulated by nitrogen avail-
ability (24, 26, 27). The essentiality of GlnE is surprising, given
that it is not essential in other bacteria, including E. coli and
streptomycetes (6). Given its central role in modulating GS
activity, we therefore considered GlnE to be a potential anti-
tuberculosis drug target.

In this study we have further investigated the essentiality of
GlnE. We demonstrate that GlnE mutants are not viable on a
range of media, including nitrogen-limiting medium. We show
that the key domain is the adenylylation domain, and within
that domain we identify a key residue required for function.
We show that the majority of GlnA1 is adenylylated under all
conditions profiled and that this holds true for all of the mu-
tants isolated. Finally we show that GlnE can be deleted, but
only when GS activity is inhibited by MetSox and exogenous
L-Gln is provided. Once generated, the GlnE deletion strain
was able to survive in liquid culture in the absence of GS
inhibition for extended periods, although it was not viable on
solid medium.

MATERIALS AND METHODS

Bacterial strains, growth media, and antibiotics. M. tuberculosis H37Rv
(ATCC 25618) was grown in Middlebrook 7H9 medium plus 10% (vol/vol) oleic
acid-albumin-dextrose-catalase (OADC) supplement (Becton Dickinson) and
0.05% (wt/vol) Tween 80 or on Middlebrook 7H10 agar plus 10% (vol/vol)
OADC. TSM medium, as described previously (26), contained 1.5 g K2HPO4

liter�1, 0.5 g KH2PO4 liter�1, 0.5 g MgSO4 liter�1, 0.5 mg CaCl2 liter�1, 0.1 mg
ZnSO4 liter�1, 0.1 mg CuSO4 liter�1, and 50 mg FeCl3 liter�1 supplemented
with 10% (vol/vol) OADC and 0.05% (wt/vol) Tween 80. For TSM-high ammo-
nia, 30 mM (NH4)2SO4 was added, and for TSM-low ammonia, 0.1 mM
(NH4)2SO4 was added; D-Gln, L-alanine, L-asparagine, L-Gln, and L-glutamate
were added at 3 mM unless otherwise specified. Hygromycin was added at 100
�g/ml, kanamycin at 20 �g/ml, gentamicin at 10 �g/ml, and X-Gal (5-bromo-4-
chloro-3-indolyl-�-D-galactopyranoside) at 50 �g/ml.

Construction of unmarked deletion-integration strain. The deletion delivery
vector pGLN16 was constructed as follows. A NotI deletion in the glnE gene was
made using vector pGLN1 (24). The glnE fragment was excised from the vector
as a BamHI-HindIII fragment and cloned into p2NIL (24), and the PacI cassette
containing Phsp60-sacB, PAg85a-lacZ, and hyg from pGOAL19 (25) was inserted to
make pGLN16. The delivery vector was treated with UV light and electroporated
into M. tuberculosis (25). A single-crossover strain (Glue11) was isolated after 3
weeks and transformed with the integrating vector pGLINT1 (24) to generate a
merodiploid (Glue12). Double-crossover strains were generated as described
previously by streaking out the single-crossover strain without antibiotic selection
and then plating onto 2% (wt/vol) sucrose–50 �g/ml X-Gal for 4 weeks. White
colonies were patch tested for hygromycin sensitivity and gentamicin resistance
and then screened by PCR for the presence of the deletion band. One potential
mutant (Glue13) was selected and subjected to Southern hybridization.

Generation of pLEDGE3 derivatives. Plasmid pLEDGE3 was constructed by
PCR amplification of glnE using primers glnEF7 (GAC TCT AGA GGA TCT
ACC GGT) and glnER7 (GTT GGT CAG CGT GGA CAA GCT TAT AC) and
inserting this into pUC18 as an XbaI-BamHI fragment. The antigen 85A pro-
moter from pEM37 (5) was inserted upstream as a BamHI-BglII fragment into
the BamHI site. The L5-based integrating cassette (Gm, L5 integrase, and attP)
from pUC-Gm-INT (22) was inserted as a HindIII fragment. Three deletion
derivatives were made using enzymes Eco47III (pLEDGE3D1), PpuMI
(pLEDGE3D2), and XhoI (pLEDGE3D4). To generate specific amino acid
substitution of conserved aspartic residues at positions 730 and 732, site-directed
mutagenesis was performed. Primers SDM1 (GTT GGG CTA CGG GTC GGC
TGC CGA CGT GAT GTT C) and SDM2 (GAA CAT CAC GTC GGC AGC
CGA CCC GTA GCC CAA C) were used to generate pLEDGE3S-D730A, and
primers SDM3 (CTA CGG GTC GGA TGC CGC CGT GAT GTT CGT C) and
SDM4 (GAC GAA CAT CAC GGC GGC ATC CGA CCC GTA G) were used
to generate pLEDGE3S-D732A.

A library of mutated alleles was generated using hydroxylamine mutagenesis as
previously described (10). Briefly, 20 �g of pLEDGE3 was suspended in 100 �l
Tris-EDTA–5 M hydroxylamine–5 mM EDTA (pH 8.0), and the reaction mix-

ture was incubated for 30 min at 81°C. Plasmid DNA was ethanol precipitated
and resuspended in nuclease-free water.

Gene switching. Gene switching was performed as described previously (27).
Briefly, Glue13 was transformed with pUC-Hyg-INT, pLEDGE3, pLEDGE3D1,
pLEDGE3D2, pLEDGE3D4, pLEDGE3S-D730A, pLEDGE3S-D732A, and
the pLEDGE3 mutagenized library. Transformants were selected on hygromycin
and patch tested for gentamicin sensitivity, which indicated that switching had
occurred, i.e., that the resident plasmid, pGLINT1 containing gentamicin resis-
tance, had been replaced by the incoming plasmid (carrying hygromycin resis-
tance).

Growth curves and cell extracts. Liquid cultures were diluted to give a starting
optical density at 580 nm (OD580) of 0.01 in 3 ml of medium. Each tube
contained a 12-mm magnetic stirrer and was incubated at 37°C on a Wheaton
Biostir. OD580 readings were taken periodically for 18 days. Cell extracts were
prepared as from liquid cultures. Cells were harvested, washed twice in 10 mM
Tris (pH 8.0)–0.05% (vol/vol) Tween 80, resuspended in 1 ml of 10 mM Tris (pH
8.0), and added to lysing matrix B tubes (QBiogene). Cells were disrupted using
the Fastprep (QBiogene) set at speed 6.0 for 30 seconds. Samples were centri-
fuged for 2 min, and the supernatant was recovered and filter sterilized.

GS activity assays. The synthetic reaction was used to measure active GS, i.e.,
nonadenylylated enzyme. Phosphate release was measured as previously de-
scribed (35). The assay mixture contained 0.76 mM ATP, 0.1 M L-glutamic acid,
0.05 M ammonia, 0.05 M MgCl2, 0.05 M imidazole buffer (pH 7), and 50 �l
sample and was made up to 200 �l with sterile distilled water. Protein concen-
trations were assayed using a bicinchoninic acid kit (Pierce). Reactions were
standardized against 1 unit of E. coli GS (Sigma), which will convert 1.0 �mol of
L-glutamate to L-Gln in 15 min at pH 7.0 at 37°C (35). To determine the total
amount of GS present in the sample, i.e., nonadenylylated and adenylylated
enzyme, snake venom phosphodiesterase type IV (SVPD) from Crotalus atrox
(Sigma) was added to a final concentration of 1 mg/ml in Tris buffer (pH 9.0)–5
mM MgCl2 and incubated at 37°C for 3 h. This removes the AMP group. Samples
were then assayed for GS using the phosphate release assay as above.

RESULTS

glnE is essential in media containing alternative nitrogen
sources. We had previously shown that glnE is an essential
gene by demonstrating that we could disrupt the chromosomal
copy only when we provided a second functional copy of the
gene elsewhere (24). In our case, we used the mycobacterioph-
age L5-based integrating vector pUC-Gm-INT (22) and tried
to isolate mutants using the standard laboratory medium,
Middlebrook 7H10 plus OADC, which contains 0.5 g/liter of
glutamate and 40 mg/liter of ferric ammonium citrate. Salmo-
nella enterica serovar Typhimurium GlnE mutants grow better
in nitrogen-limited medium (2), so we wanted to determine if
we could isolate mutants under low-ammonia conditions or by
using alternative nitrogen sources. Our approach was to make
use of a switching method for replacing the integrated vector
carrying glnE with one without the gene and determining via-
bility (see Fig. S1 in the supplemental material). Gene switch-
ing involves replacing the integrated glnE vector with an
“empty” version of the vector carrying a different selection
marker but no M. tuberculosis genes. We had previously shown
that the integrated vector can be replaced very efficiently by an
alternative version after transformation (27). Using this ap-
proach, we could rapidly test a number of different growth
conditions rather than attempting the long process of trying to
generate mutants of the wild-type and merodiploid strains un-
der each independent condition.

Although we already had a strain with the chromosomal
disruption, it carried a hygromycin resistance cassette, and we
required this marker for subsequent experiments. Therefore,
we made a new “del-int” strain (deletion on chromosome,
integration of functional copy) with an unmarked deletion. The
delivery vector pGLN16 was transformed into M. tuberculosis
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to generate a single-crossover strain (Glue11). This was then
transformed with the pGLINT1 integrating vector (24) to
make the merodiploid strain Glue12. A double-crossover
strain with the deletion on the chromosome was then isolated
(Glue13) and confirmed by Southern blotting (see Fig. S2 in
the supplemental material).

The switching experiment was carried out using the vector
pUC-Hyg-INT (27), which does not contain a functional copy
of glnE. In order to test whether glnE mutants were viable
under different conditions, we used TSM medium with various
nitrogen sources. The del-int strain Glue13 was transformed
with pUC-Hyg-INT (22), recovered, and plated onto different
nitrogen sources under selection for the incoming vector. We
used pLEDGE3, containing the glnE gene in pUC-Hyg-INT,
as a positive control. We tested TSM plus low and high am-
monia concentrations, as well as alanine, asparagine, glu-
tamine, and glutamate. The transformation efficiency was 104

per �g of pLEDGE3; all transformants were hygromycin re-
sistant and gentamicin sensitive, indicating that the original
vector had been replaced, i.e., that switching had occurred.
When pUC-Hyg-INT was used, no transformants were ob-
tained on any of the media tested, indicating that we could not
remove the only functional copy of the glnE gene. Thus, we
have shown that the essentiality of glnE is not restricted to

Middlebrook 7H9 medium and that mutants cannot be isolated
under nitrogen-limiting conditions.

Adenylylation is the essential activity of GlnE. Analysis of
the domain structure of GlnE proteins by use of BLAST soft-
ware confirms that there are two Pfam adenylylation domains
and predicts that the N-terminal domain is responsible for the
deadenylylation activity (17). The C-terminal domain contains
the DNA polymerase motif, indicative of a nucleotide binding
site (16), and therefore is responsible for the adenylylation
activity (17). Our original deletion of glnE would disrupt both
the deadenylylation and adenylylation domains of the protein.
Since we hypothesized that GlnE is required to inactivate the
large amounts of GlnA1 synthesized, we predicted that the
deadenylylation activity might be unnecessary. We used our
switching strategy to determine which domain(s) was essential
for growth.

We constructed three deletion derivatives of pLEDGE3
(Fig. 1A) and determined whether they were functional using
the gene switching method. pLEDGE3D1 was an Eco47II de-
letion resulting in a 147-bp in-frame deletion of the deadeny-
lylation domain. pLEDGE3D2 was a PpuMI deletion resulting
in a 476-bp deletion leading to the loss of the 600-bp C-
terminal adenylylation domain (as the deletion was out of
frame). pLEDGE3D4 was an XhoI deletion resulting in a

FIG. 1. Functional analysis of GlnE. (A) The proposed deadenylylation and adenylylation domains and the location of the conserved
nucleotidyl transferase motif in GlnE are indicated. The three domain deletions are shown below. The original NotI deletion in pGLN16 is also
marked. This is the region deleted in the chromosome of strain Glue14. The drawing is not to scale. (B) Primary amino acid sequence of GlnE
from M. tuberculosis. The potential nucleotidyl transferase motif found in the adenylylation domain of GlnE is boxed. The two conserved aspartates
in this motif which were individually mutated to alanines are shown in bold. Residues which were mutated in the temperature-sensitive strains, TS1
and TS2, are underlined.
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1,182-bp in-frame deletion covering both domains. Each plas-
mid was transformed into the del-int strain Glue13 (�glnE
[glnE�int Gm]), and switching was assessed by selecting for
hygromycin resistance. Plasmid pLEDGE3, containing full-
length glnE, was used as a positive control. Hygromycin-resis-
tant transformants were obtained with pLEDGE3 (control)
and pLEDGE3D1 (deletion in the N-terminal domain); 24 of
each were patched onto gentamicin, and all were sensitive,
confirming the loss of the resident pGLINT1 plasmid and
successful switching. The expected genotypes were confirmed
by Southern analysis (not shown). No transformants were ob-
tained with pLEDGE3D2 (C-terminal domain deletion) or
pLEDGE3D4 (deletion of both domains), indicating that these
alleles cannot functionally complement. These data demon-
strate that the adenylylation activity is critical but that the
deadenylylating activity is dispensable.

Identification of key residues in the adenylylation domain of
GlnE. Our data demonstrated that the C-terminal adenylyla-
tion domain is essential for in vitro growth. This region con-
tains the motif GGAELGYGSDADVMFV (highly conserved
residues are in bold), noted as being present in a superfamily
of nucleotidyltransferases, and is the proposed active site for
adenylylation (Fig. 1B) (16). Within this motif, the two con-
served aspartates (D730 and D732) are predicted to bind a
divalent cation, which has been demonstrated as essential for
catalytic activity in at least one member of the superfamily
(16). In order to determine if this was a key catalytic motif in
the M. tuberculosis enzyme, we replaced each aspartate residue
individually with an alanine residue and tested the resultant
alleles for functionality. Vectors pLEDGE3M1 (D730A) and
pLEDGE3M2 (D732A) were transformed into strain Glue13
as before to replace the resident vector. Viable, hygromycin-
resistant, gentamicin-sensitive transformants were obtained
with pLEDGE3M2 only, indicating that this mutation does not
completely abrogate the enzyme activity of GlnE. In contrast,
no transformants were isolated with pLEDGE3M1, indicating
that this mutation does compromise its activity. These data
indicate that the predicted motif is the correct assignment and
that the aspartate at residue 730 is critical for GlnE activity.

Isolation of a temperature-sensitive GlnE mutant. We were
unable to construct complete (both domains) deletion mutants
of GlnE under any of the conditions that we tested. In order to
further our understanding of the role of this enzyme, we at-
tempted to construct a temperature-sensitive GlnE strain of M.
tuberculosis. We generated a library of randomly mutated glnE
alleles in pLEDGE3 using hydroxylamine mutagenesis (10).
We transformed M. tuberculosis Glue13 (�glnE [glnE�int Gm])
with the library and selected for switched strains on hygromy-
cin. A total of 4.1 � 105 transformants were isolated, each of
which could potentially carry a different mutant glnE allele.

One hundred sixty strains were screened for temperature
sensitivity on solid medium. Since M. tuberculosis does not
grow at 42°C, growth was scored at 30°C and 37°C. We isolated
two strains (TS1 and TS2) which showed very poor growth at
37°C but normal growth at 30°C on plates. In fact, growth at
37°C was slower in these strains than it was at 30°C, in contrast
to the case for wild-type M. tuberculosis and the other 158
strains, which grew much more slowly at 30°C than at 37°C.
However, growth of TS1 and TS2 was not completely pre-
vented at 37°C, indicating that the temperature-sensitive phe-

notype was incomplete. This was not surprising, since a higher
temperature is often required to completely abrogate enzyme
activity. However, given the retarded growth, we are able to
conclude that the mutation(s) in glnE affects activity.

In order to characterize the mutations responsible for this
phenotype, we amplified and sequenced the glnE genes from
strains TS1 and TS2. GlnE from strain TS1 had three substi-
tutions (D438Y, R657S, and S684K), and GlnE from strain
TS2 had one substitution (V921Q). None of the substitutions
were found within the nucleotidyl transferase motif.

Growth and GS activity with various nitrogen sources. We
wanted to determine what effect domain deletion or mutation
had on growth and on the level of adenylylation of GS in the
cells. Since all strains carried integrated vectors derived from
pLEDGE3, carrying GlnE expressed from PAg85a, we used
strain Glue14 (chromosomal glnE deletion, pLEDGE3 inte-
grated) as the control.

We first profiled growth and GS activity in the control strain.
Growth of Glue14 was measured in medium containing one of
the following nitrogen sources: a high concentration of ammo-
nia, a low concentration of ammonia, glutamine, or glutamate.
Growth also was measured in 7H9 medium. Glue14 was able to
grow well in all the media tested (Fig. 2). There were no
significant differences between the growth rates or maximal
OD580s reached between 7H9 and TSM containing a high
concentration of ammonia, glutamate, or glutamine. In con-
trast, growth with a low concentration of ammonia was limited
and appeared to cease at a lower OD580, although the initial
rate of growth was similar. Thus, the low concentration of
ammonia does seem to result in a restriction of growth, pre-
sumably due to ammonia depletion during growth.

We also determined the amounts of active and total GS in
the cells. GS activity was measured in cell extracts by using the
biosynthetic assay (35). Using this assay, we were able to mea-
sure the amount of active, unmodified GS. This represents the
basic glutamine biosynthetic ability of the cells. We also
wanted to assess the total amount of GS (adenylylated and
nonadenylylated) and so to determine how much of the en-
zyme had been modified by GlnE. In order to measure the
total amount of GS (modified and unmodified), we treated
samples with SVPD to remove the adenylyl group from Tyr-

FIG. 2. Growth of the M. tuberculosis glnE del-int strain (Glue14)
in liquid medium with different nitrogen sources. Media were 7H9
(black diamonds), 30 mM (high) ammonia (black squares), 0.1 mM
(low) ammonia (open triangles), 3 mM glutamate (open diamonds), or
3 mM glutamine (open squares). Data are the averages and standard
deviations from three independent cultures.

VOL. 190, 2008 FUNCTION OF M. TUBERCULOSIS GlnE 4897



406, making it fully active, and then assayed enzyme activity
using the biosynthetic assay.

We measured GS activity in the control strain, Glue14,
grown in Middlebrook 7H9 medium or in TSM with a high
concentration of ammonia, a low concentration of ammonia,
glutamate, or glutamine (see Fig. 4A). The level of active GS
was significantly higher in the low-ammonia medium (P �
0.05) than in all the other media; the largest changes were a
4.5-fold increase over the value with a high concentration of
ammonia and a 3-fold increase over the value with glutamate.
Similarly, total GS was highest in low-ammonia medium, being
3.7-fold and 2.7-fold higher than in high-ammonia and gluta-
mate media, respectively. In all conditions, the majority of GS
(84 to 89%) was in the inactive, modified state. The relative
levels of total GS mirrored those of active GS, so that while
total GS varied between media, the proportion of active GS
did not vary substantially (11 to 16%).

Effect of the GlnE deletions and mutations on growth and
GS activity. We wanted to determine whether deletion of the
deadenylylation domain or the D732A mutation of the adeny-
lylation domain had any effect on the status of GS or growth of
the mutant. The strains carrying either the deletion or the
mutation were subjected to the same growth and GS activity
assays as for Glue14. No difference in growth rates or final
OD580 was seen in any of the media (data not shown) for the
deletion strain, indicating that it was able to utilize all the
nitrogen sources tested. In contrast, the strain carrying GlnE-
D720A showed reduced growth rates in the low-ammonia- and
glutamine-containing media. Growth in the low-ammonia me-
dium was very slow, although the strain eventually reached the
same final OD580 as the control strain (Fig. 3A). Growth with
glutamine was reduced, but to a lesser extent.

GS assays were carried out to measure active and total GS
(Fig. 4B). The levels of GS were similar in both mutant strains,
and there were no significant differences from the control
strain. We observed the same pattern of expression in the
different media, with higher GS levels in the low-ammonia
medium and a large proportion of the GS being inactive.

Growth and GS activity of TS strains. We had originally
observed that the TS1 and TS2 strains were markedly affected
in growth on 7H10 solid medium at 37°C, although growth did
not completely cease. We looked at the ability of both strains
to grow at 37°C in liquid medium using the same nitrogen
sources as before. Surprisingly, both mutants were able to grow
in the majority of the media tested and showed no significant
reduction in growth rate compared to the control strain. The
only significant difference was seen with strain TS2, which
manifested a growth defect in low-ammonia medium. As with
the GlnE-D732A strain, the growth rate was reduced, but the
cells were able to grow slowly and eventually reached the same
final OD580 as the control strain. It was apparent that there was
an extended lag period before the cells were able to resume
growth (Fig. 3C).

GS assays demonstrated that the mutant GlnE proteins still
retained adenylylation activity, since modified GS still repre-
sented the major species. There was a trend toward an increase
in the proportion of active GS in low-ammonia medium in both
strains, from 13% in the control strain to 18% and 20% in TS1
and TS2, respectively, although this was not statistically signif-
icant. This compared to 12% in the both the deletion and
mutation strains. This is consistent with a proposed reduction
in GlnE activity resulting in less inactivation of GS (Fig. 4C).

Generation and characterization of a �GlnE strain. We
have demonstrated that glnE is essential in all media tested to
date (37, 46). Our hypothesis is that GlnE is required to inac-
tivate the large amount of GlnA1 synthesized in M. tuberculo-
sis. In the absence of GlnE, unrestrained GlnA1 activity could
potentially severely deplete the intracellular pool of glutamate
and ATP. We reasoned that if this were the case, then we
should be able to delete glnE in the absence of GS activity.
Inhibition of GS activity is normally lethal, but this can be
relieved by the addition of exogenous L-Gln (19).

We therefore attempted to construct a glnE mutant in the
presence of the GS inhibitor MetSox and L-Gln. We confirmed
that growth of wild-type M. tuberculosis was completely abol-
ished on agar plates containing 200 �M Met-Sox and that

FIG. 3. Growth of M. tuberculosis strains in liquid medium. (A and B) The control strain, Glue14 (black squares), and the recombinant strain
carrying the mutated glnE allele (pLEDGE3M2) (open diamonds) were grown with 0.1 mM (low) ammonia (A) or 3 mM glutamine (B). (C) The
control strain (Glue14 [glnE�int]) (black squares) and the temperature-sensitive strain TS2 (open squares) were grown with 0.1 mM (low)
ammonia. Data are the averages and standard deviations from three independent cultures.
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addition of 3 mM L-Gln restored growth (data not shown). We
transformed Glue13 with the empty vector pUC-Hyg-INT as
before and selected for hygromycin-resistant strains in the
presence or absence of 200 �M MetSox and 3 mM L-Gln. As
before, no hygromycin-resistant, gentamicin-sensitive strains
were recovered in the absence of the supplements. However,
we obtained 107 transformants in the presence of MetSox and
L-Gln. A number of these strains were patch tested for genta-
micin sensitivity to confirm the loss of the resident plasmid; all
24 were gentamicin sensitive. We confirmed the replacement
of the glnE plasmid by Southern blotting (not shown). This
confirmed that we had generated a true deletion strain for glnE
in the absence of GS activity. One strain (Glue21) was selected
for further study.

Survival of the GlnE deletion mutant in the absence of GS
inhibition. It is possible that GlnE is required only at certain
stages of the bacterial life cycle and is not always essential for
survival and/or growth. In the absence of a conditional mutant,
in which GlnE expression could be switched off at different
times during growth, it had not previously been possible to
examine this possibility. Having isolated a MetSox-dependent
mutant, we now had the ability to conduct such studies by
removing MetSox and thus GS inhibition in the GlnE mutant
and determining the outcome.

We looked at the growth of the wild-type and �GlnE strains
in liquid medium in the presence and absence of MetSox and
L-Gln (Fig. 5A). The wild-type strain showed restricted growth
in the presence of MetSox and L-Gln, with both a slightly lower
growth rate and a reduced final OD580. After plateauing, the
OD580 started decreasing, indicating that cell death and lysis
was occurring. We also saw a similar phenomenon on solid
medium, where after extended periods of incubation on MetSox
and Gln, both the wild-type and mutant strains started to lyse
on the plate (not shown). It is probable that this is due to
depletion of the L-Gln in the medium during growth.

In liquid culture, the �GlnE mutant grew at the same rate in
medium with or without MetSox and L-Gln supplementation,
although it showed an increased lag phase and a slightly lower
growth rate than the wild-type strain. Thus, surprisingly, in
liquid medium complete inhibition of GS is not required for its
viability. We looked at the long-term survival of strains in
liquid culture in the absence of GS inhibition. Cells from late
stationary phase were monitored over 4 months for viability by
colony counts (Fig. 5B). The number of viable cells dropped in
both cultures initially until they reached 106 per ml for both
strains, where they remained stable for the next 100 days. Thus,
no increase in cell death was seen in the mutant strain in the
absence of GS inhibition.

In order to determine whether GS activity was different in
cells grown in liquid versus contrast medium, we assayed GS
activity from the wild type. There were no significant differ-
ences between either total or active GS levels when cells were
harvested from either solid or liquid medium, with active GS in
the solid medium at 20 � 8 and total GS at 53 � 8. This
excluded the possibility that the growth in liquid medium was
due to normal levels of GS being lower in liquid medium than
on solid agar.

Another possibility to account for the growth of cells in
liquid medium is that the cells accumulate intracellular pools
of MetSox and these reserves are sufficient to maintain the GS

FIG. 4. GS activity in M. tuberculosis strains grown in different nitro-
gen sources. Active GS and total GS were assayed in cell extracts from
strains grown in liquid media with different nitrogen sources. (A) Control
strain Glue14 carrying wild-type GlnE. (B) Strains 3D1, carrying plasmid
pLEDGE3D1 (GlnE deadenylylation domain deletion), and 3M2, carry-
ing plasmid pLEDGE3M2 (D732A mutation) (C). Temperature-sensitive
strains TS1 and TS2. Data are the averages and standard deviations from
three independent cultures, assayed in duplicate (n 	 6). GS activity is
given in �mol min�1 mg�1.
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in the inactive state. We therefore assayed active GS from the
wild-type and �GlnE strains after passage from liquid medium
with MetSox and Gln into medium without supplementation
(Fig. 6). In the wild-type strain, active GS slowly increased over
7 days, suggesting that newly synthesized GS is not inactivated
by residual MetSox. After 7 days, the levels of active GS were
similar to those seen in culture previously. Surprisingly, in the
GlnE mutant, no increase in active GS was seen over the same
time period, and the levels remained just detectable. This
therefore explains the viability of the cells in the absence of
GlnE expression, since high levels of active GS are not being
produced.

DISCUSSION

Essentiality of GlnE. The essentiality of GlnE in M. tuber-
culosis is an oddity among bacterial species. We wanted to
understand why GlnE is essential in M. tuberculosis when it is
not in other bacteria. Essentiality was previously demonstrated

in Middlebrook 7H9 medium, which contains a large quantity
of glutamate (24). GlnE mutants of other bacteria show growth
defects on certain nitrogen sources (2, 6), so we tested whether
we could obtain mutants when the cells were grown on alter-
native nitrogen sources. In particular, the availability of nitro-
gen (high or low level) and/or the ability to utilize glutamate or
glutamine might be expected to have an effect on the require-
ment for GlnE activity. In the absence of glutamate, one might
expect that the lack of modification and inactivation of GS
would not be critical, since there is no exogenous substrate. In
contrast to our prediction, we found that glnE was required for
growth in all nitrogen sources. Thus, the modification of GS
seems to be a prerequisite for mycobacterial growth, and we
have discounted the possibility that our inability to isolate a
mutant was due to the choice of medium in our original work.

Domain identification. GlnE is comprised of two domains
(adenylylation and deadenylylation) and an interregion linker
(18). In addition to the GS binding regions in the Pfam do-
mains, there are independent PII, PII-UMP, and glutamine
binding sites on the enzyme. In high-glutamine environments,
glutamine and PII bind to GlnE, causing the linker region to
bring the two domains together and allow adenylylation. In
contrast, when there is a low glutamine level, PII-UMP binds
to GlnE, causing a conformation change which allows dead-
enylylation (18).

We have shown that the adenylylation domain encodes the
key activity in M. tuberculosis, since deletion of the deadeny-
lylation domain had no effect on growth or GS activity in a
variety of media. In addition, we show that we could isolate a
deletion mutant when all GS activity was inhibited. Taken
together, these data suggest that our original hypothesis that
inactivation of GS is required is correct. Recent work showed
that a triple mutant (GlnA1, GlnE, and GlnA2 deletion), in
which the major GS is deleted together with GlnE, was viable
(19), further supporting our hypothesis.

Motif analysis and mutagenesis. Mutations induced by hy-
droxylamine resulted in base substitutions from guanine to
adenine as expected. Two temperature-sensitive strains, TS1

FIG. 5. Growth of M. tuberculosis strains in the presence or absence of GS inhibition. (A) Wild-type (squares) and Glue21 (�glnE) (circles)
growth in liquid culture. Strains were grown in 7H9 medium with (open symbols) or without (filled symbols) 200 �M MetSox and 3 mM L-Gln
(MSG). Data are the averages and standard deviations from three independent cultures. (B) Long-term survival of wild-type and Glue21 strains.
Stationary-phase cultures were kept for 4 months and CFU/ml calculated at each time point. Data are the averages and standard deviations from
three independent cultures.

FIG. 6. Active GS in M. tuberculosis strains after removal of MetSox.
Strains were grown in 7H9 medium with 200 �M MetSox and 3 mM
L-Gln for 7 days, washed, and subcultured in fresh 7H9 medium with-
out supplementation for up to 7 days. Active GS was assayed in cell
extracts prepared using the biosynthetic reaction. Data are the aver-
ages and standard deviations from three independent cultures, assayed
in duplicate (n 	 6). GS activity is given in �mol min�1 mg�1.
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and TS2 were isolated. No complete structural data are avail-
able for M. tuberculosis GlnE, so it is not possible to predict the
effect of these mutations on the enzyme activity. However, it is
likely that mutations affect protein folding rather than inter-
fere with the catalytic activity per se. The temperature-sensi-
tive phenotype was most pronounced in the nitrogen-limited
medium (low ammonia level); in this medium growth was the
most restricted. This is probably due to the fact that GS levels
(active and total) were highest in this medium; thus, the re-
duced inactivation of the GS would have the greatest effect on
these cells. This is supported by the data showing that the
levels of active GS were at the highest in the two TS mutants
grown in low-ammonia medium.

GS activity and GlnE expression. It was surprising that the
majority of the GS in the cells was inactive. We predicted that
the proportion of active GS might change in response to the
available nitrogen source, since this provides the quickest re-
sponse to environmental changes. In fact, the proportion of
inactive GS was fairly constant (and low), and the increase in
GS activity seen in low-ammonia medium was due to an in-
crease in total GS levels. There was a small increase in the
proportion of active GS in the TS2 strain, which was accom-
panied by reduced growth. It is likely that the two are related
and that increased GS activity causes a reduction in growth
rate due to perturbation of the intracellular balance of gluta-
mate to glutamine and decreased ATP levels. Previous work
with M. tuberculosis grown in Sauton’s medium indicated that
GS was not adenylylated in the absence of glutamine (23);
from these data it was not clear whether the GS assayed was
intracellular or extracellular. In our work, we did not find any
conditions under which GS was unmodified, and this ties in
with our observations that GlnE is essential in the same con-
ditions. However, it remains possible that the differences in our
data result from the different media used, since Sauton’s me-
dium contains both asparagine and ferric ammonium citrate as
nitrogen sources, whereas we used single nitrogen sources in
our work. Interestingly, we were unable to isolate a GlnE
mutant using asparagine as a sole nitrogen source.

There is conflicting information available on the regulation
of GlnA1 in response to ammonia levels. We had previously
seen a higher level of total GS activity in cell extracts and
culture filtrates from cells grown with high levels of ammonia
compared to low levels of ammonia in large-scale cultures (29).
In contrast Harth and Horwitz (13) showed that GlnA1 was
upregulated, both at the mRNA level and at the enzymatic
activity level, in low-ammonia conditions. In our current work,
we saw higher levels of GS in low-ammonia conditions, in
agreement with Harth and Horwitz (13). However, there are
several differences between our current methodology and our
previous work which may account for this. In particular, we
used the biosynthetic assay in this study, rather than the trans-
ferase assay as used previously (29); the latter distinguishes
between active and inactive GS by the use of different covalent
metal ions, as opposed to the use of SVPD. In addition, we
used different culture conditions here, i.e., 10-ml stirred cul-
tures as opposed to 100-ml rolling cultures. The two growth
conditions are quite different in terms of growth rate and
oxygen availability, which could have significant consequences
in determining the activity of basic metabolic pathways. In
other bacterial species GS activity and expression are con-

trolled by nitrogen availability and by the intracellular concen-
trations of other key molecules, including glutamine, ATP, and
2-ketoglutarate. Our data and those of others suggest that
expression of GlnA1 in M. tuberculosis is also regulated by
more than the nitrogen source alone.

Persistence of the GlnE mutant in the absence of GS inhi-
bition. Given that we were unable to isolate a GlnE mutant in
the presence of GS activity, it was surprising that once we
obtained the deletion strain, it was able to grow and survive for
extended periods in the absence of GS inhibition. One possi-
bility was that the inhibition of GS is required only on solid
medium; this was supported by the increased severity of the
temperature-sensitive mutation on solid medium and the in-
ability of the mutant strain to grow on plates without GS
inhibition (MetSox). This could stem from an increased re-
quirement for glutamine during metabolism. However, given
that levels of active and total GS were the same in solid and
liquid media, this is unlikely.

Our data indicate that there was no new synthesis of GS in the
GlnE mutant strain after subculture from MetSox medium,
strongly suggesting that this is the reason for its ability to grow and
persist in liquid. There was a low level of active GS present, which
could be sufficient for glutamine biosynthesis, but the higher lev-
els of active GS seen in the wild type were not found. If GS has
a secondary function, aside from glutamine biosynthesis, then the
presence of large amounts of GS already in the cell, albeit inac-
tive, may repress expression of new active GS. If a reversible or
competitive inhibitor were used, which could be washed out of the
cells, then it would be possible to sassess the effect of deletion of
GlnE on growing cells. Unfortunately, no specific inhibitors
currently exist, so it is not possible to assay this.

Role of inactive GS. At present, it is not clear why M. tuber-
culosis produces such large quantities of GS or why it is ex-
ported at a high level. Previous work has suggested that non-
pathogenic mycobacteria produce much lower levels of GS and
have little, if any, adenylylated GS, in contrast to pathogenic
mycobacteria. It has been suggested that GS may modulate the
extracellular pH, for example in macrophages, by modulating
external ammonia levels in the phagosome or that the poly-L-
Gln found in large quantities in the cell wall only in pathogenic
species is important for pathogenesis (11). However, the syn-
thetic reaction requires an ATP source, which may not be
present in the extracellular milieu, and it is still possible that
GS plays an alternative, as-yet-undefined role.

Conclusion. We have demonstrated that the nucleotidyltrans-
ferase locus in the adenylylation domain of GlnE is critical for the
control of GS and, ultimately, essential for M. tuberculosis viabil-
ity. However, the finding that we could generate a viable GlnE
null mutant in the presence of MetSox and glutamine and its
ability to survive in the absence of GS inhibition cast doubt on
whether the enzymes involved in this regulatory cascade are ideal
drug targets. However, the abundance of inactive GS produced by
the bacilli leads to the hypothesis that it may have a secondary
function, and this novel phenomenon is of interest for the further
study in M. tuberculosis.
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