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We identified a response regulator in Mycobacterium smegmatis which plays an important role in adaptation
to oxygen-starved stationary phase. The regulator exhibits strong sequence similarity to DevR/Rv3133c of M.
tuberculosis. The structural gene is present on a multigene locus, which also encodes a sensor kinase. A devR
mutant of M. smegmatis was adept at surviving growth arrest initiated by either carbon or nitrogen starvation.
However, its culturability decreased several orders of magnitude below that of the wild type under oxygen-
starved stationary-phase conditions. Two-dimensional gel analysis revealed that a number of oxygen starva-
tion-inducible proteins were not expressed in the devR mutant. Three of these proteins are universal stress
proteins, one of which is encoded directly upstream of devR. Another protein closely resembles a proposed
nitroreductase, while a fifth protein corresponds to the a-crystallin (HspX) orthologue of M. smegmatis. None
of the three universal stress proteins or nitroreductase, and a considerably lower amount of HspX was detected
in carbon-starved wild-type cultures. A fusion of the hspX promoter to gfp demonstrated that DevR directs gene
expression when M. smegmatis enters stationary phase brought about, in particular, by oxygen starvation. To
our knowledge, this is the first time a role for a two-component response regulator in the control of universal
stress protein expression has been shown. Notably, the devR mutant was 10*-fold more sensitive than wild type
to heat stress. We conclude that DevR is a stationary-phase regulator required for adaptation to oxygen

starvation and resistance to heat stress in M. smegmatis.

Mycobacterium tuberculosis is a major cause of infectious
disease in humans causing over two million deaths annually
(41). Despite its high level of pathogenicity, few of the com-
mon virulence mechanisms found in other human pathogens
have been described in M. tuberculosis (6). An important fea-
ture of the pathogenesis of tuberculosis is the prevalence of
latent infection without disease (54). Although it has been
estimated that one-third of the world’s population harbor via-
ble M. tuberculosis bacilli (4), the majority of carriers exhibit no
clinical symptoms (44). It is believed that the immune system
confines the organism to a latent state in which the organism
can persist indefinitely (27). During latency, M. tuberculosis is
thought to reside in pulmonary granulomatous lesions and
possibly other host sites where it retains the ability to resume
growth at a future stage and instigate disease (41). It has yet to
be established whether the pathogen is maintained in a state of
dormancy or in one of continuous but suppressed cell growth
(41).

There is some evidence which suggests that M. tuberculosis
persists in a state of nongrowth in the human host (36, 37).
Growth arrest of a bacterial population can be caused by sev-
eral conditions, including nutrient and oxygen depletion, envi-
ronmental stress, and accumulation of toxic by-products. In
many species, including mycobacteria, this transition is accom-
panied by changes in the composition and structure of cellular
macromolecules and alterations in gene expression and RNA
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stability (30, 50). These physiological changes often coincide
with the increased ability of stationary-phase bacteria to with-
stand starvation and stress (35, 50). A number of in vitro
models, in particular oxygen and carbon starvation, have been
used to study the stasis response of mycobacteria (50, 55). The
use of these systems has enabled the identification of genes
whose expression is induced at entry into stationary phase and
whose products are important to mycobacterial survival and
virulence (3, 32, 56).

The aim of our work is to investigate the genetic and phys-
iological basis of mycobacterial persistence. To this end our
approach has been to identify and characterize a regulator of
mycobacterial stationary-phase survival and determine the
function of the genes under its control. Due to its shorter
generation time and the fewer constraints on its handling and
manipulation, M. smegmatis is increasingly demonstrating its
usefulness as a model for the study of mycobacterial physiology
and gene regulation (20, 46, 59). We therefore sought to locate
a regulatory system that could be involved in the adaptation
and survival of M. smegmatis in stationary phase.

Upon starvation, the gram-positive bacterium Bacillus sub-
tilis initiates a series of morphological changes that result in the
formation of a dormant spore which is crucial for its survival
under adverse conditions (12). One of the regulators control-
ling this process is a small 74-amino-acid protein, GerE, which
directs the expression of cot genes encoding proteins that form
the spore coat late in development (29). There are many bac-
terial transcriptional regulators that bind DNA through a so-
called GerE domain. As with GerE, a number of these regu-
lators are activated at the onset of growth arrest. An example
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of this is GacA, a regulator in gram-negative bacteria that
controls the expression of secondary metabolites and extracel-
lular proteins involved in pathogenicity to plants and animals,
ecological fitness, and tolerance to stress (13, 15, 21, 23, 24, 28,
43, 45, 47, 57). Thus, we reasoned that regulatory proteins
containing a GerE domain in other microbes, including myco-
bacteria, could be involved in the control of genes that function
during the stationary phase.

In the present study, we commenced with a bioinformatic
approach to locate a GerE-domain containing regulator in the
genome sequence of M. smegmatis. After mutagenesis of the
response regulator identified, we examined whether it controls
gene expression upon growth arrest in M. smegmatis. In addi-
tion, we investigated whether this system confers a survival
advantage upon M. smegmatis when exposed to nutrient and
oxygen depletion and to a number of stress conditions.

MATERIALS AND METHODS

Bacterial strains and plasmids. Escherichia coli XL1-Blue [recAl lac endAl
gyrA96 thi hsdR17 supE44 relAl (F' proAB lacl? lacZAM15 Tnl0)] was used as a
host strain for all cloning experiments. The M. smegmatis strain used was mc*155
(51). A green fluorescent protein (GFP)-based expression plasmid was con-
structed from the mycobacterial vector pTKmx (34). The coding sequence of the
gfpmut2 gene (7) was amplified by PCR with the primers gfpF1 (5'-GGGGGG
ATCCATGAGTAAAGGAGAAGAACTTTTC-3') and gfpR1 (5'-GGGGGCA
TGCTTATTATTTGTATAGTTCATCCATGCC-3") and the pKEN2gfpmut2
plasmid as a template (7). The incorporated restriction sites, BamHI and Sphl,
are highlighted in boldface. The gfpmut2 fragment generated was cloned into the
pGEM-Te vector (Promega) and sequenced to verify the fidelity of the amplifi-
cation. The xylE gene was excised from pTKmx by using the BamHI and Sphl
restriction enzymes and replaced with the gfpmut2 fragment. This generated the
plasmid pOT71 which allows for translational fusions with the gfpmur2 gene.
pSMT100 is a sacB-containing suicide vector used for mutagenesis in mycobac-
teria (52).

Media and growth conditions. E. coli and M. smegmatis were routinely grown
at 37°C in Trypticase soy broth (TSB; Becton Dickinson) or on TSA (TSB plus
1.5% agar). The nutrient limitation media used, Hartmans-de Bont minimal
broth (HdeB), was prepared as previously described (50). Phosphate-buffered
saline containing 0.05% (vol/vol) Tween 80 (PBST) was used for the washing and
serial dilution of bacteria. The antibiotic concentrations were used as follows:
ampicillin, 100 wg/ml; kanamycin, 50 pg/ml; and hygromycin, 50 pg/ml.

Nutrient starvation experiments. M. smegmatis starter cultures were grown
overnight in 5 ml of HdeB supplemented with 0.08% (vol/vol) glycerol. For the
carbon starvation experiments, the starter cultures were subinoculated into
250-ml flasks containing 50 ml of HdeB supplemented with 0.08% (vol/vol)
glycerol to an initial optical density at 600 nm (ODg) of 0.05. For the nitrogen
starvation experiments, the (NH,),SO, concentration in the HdeB was reduced
100-fold to 0.15 mM, whereas glycerol was present at 0.2% (vol/vol). For the
oxygen starvation experiments, cultures were grown in sealed (Suba seals; Sci-
entific Laboratory Supplies) 250-ml flasks containing 150 ml of HdeB supple-
mented with 0.2% (vol/vol) glycerol, with a resultant headspace ratio (HSR) of
1.67. Experiments in which the HSR was varied inferred that with an HSR of
1.67, the cultures entered stationary phase due to oxygen starvation. For exam-
ple, with 50 ml of medium giving an HSR of 5, the culture entered stationary
phase with an ODy, of ca. 1.5, whereas with a HSR of 1.67 stationary phase was
entered at an ODg of ca. 0.6. To initiate experiments, the starter cultures were
subinoculated into the experimental flask to an ODy of 0.05. The ODyy, of the
cultures was monitored and when the cultures reached stationary phase, serial
dilutions and viable plating were performed. For the oxygen starvation experi-
ments, samples were taken by inverting the flask, inserting a fine 25-gauge needle
(0.5 by 16 mm; Becton Dickinson) through the Suba seal and extracting culture
by using a 1-ml syringe (Becton Dickinson). The viable counts of the cultures
were assessed for up to 55 days. All nutrient limitation experiments were per-
formed in triplicate.

Mutagenesis of the devR gene of M. smegmatis. A 597-bp region was deleted
from the coding sequence of the M. smegmatis devR gene and replaced with a
hygromycin resistance cassette by homologous recombination. An upstream frag-
ment of 1,502-bp was amplified by PCR with the primers Msm8F1 (5'-GGG

J. BACTERIOL.

GGGATCCCGCACCGACCGGCTGCCGATGTCG-3") and Msm8R1 (5'-GG
GGACTAGTCAGAAAAACCCTGATCATCTCCCG-3') and M. smegmatis
genomic DNA as the template. The product generated was cloned into pGEM-
Te, sequenced, and subcloned into the BamHI and Spel restriction sites of
pSMT100 (52) upstream of the hygromycin resistance cassette, generating plas-
mid pDUBI. A downstream fragment of 1,501 bp was similarly generated by
PCR with the primers Msm8F2 (5'-GGGGAGATCTAAACTGGACCGGCGC
AACTAGGGC-3") and Msm8R2 (5'-GGGGTCTAGACACGGCCTGCAGTT
GCGCCACGGG-3'). The product generated was cloned into pGEM-Te, se-
quenced, and subcloned into the Bg/II and Xbal restriction sites of pDUB1
downstream of the hygromycin resistance cassette. The resulting knockout vec-
tor, pDUB2, contained a hygromycin cassette flanked by a fragment from up-
stream and a fragment from downstream of the intended deletion. Then, 5 pug of
pDUB2 was used in an electroporation of M. smegmatis mc*155, and transfor-
mants were selected on TSA containing 50 wg of hygromycin/ml. To select for the
second recombination event, colonies were grown overnight in TSB containing
hygromycin and 5% (wt/vol) sucrose and subsequently plated onto TSA contain-
ing hygromycin and 5% (wt/vol) sucrose. Genomic DNA was prepared from
sucrose-resistant colonies and screened by PCR for the presence of the hygro-
mycin-resistance cassette with primers hygF2 (5'-GGCGAGAGCACCAACCC
CGTAACTG-3") and hygR2 (5'-GTCGCCCCGGAAGGCGTTGAGATG-3')
and for the presence of the deletion with primers internal to the M. smegmatis
devR gene, namely, tcrRF2 (5'-CGGCTGCCCGACGGCAACGGC-3') and
tcrRR2 (5'-CACGTAGTTCTTGACGGTCTT-3"). Colonies indicating the pres-
ence of the hygromycin resistance cassette and a deletion in the devR gene were
analyzed further by Southern hybridization by using the QuikHyb kit (Strat-
agene). The genomic DNA was treated with the restriction enzyme Bs¢tXI, which
cuts outside of the regions used to construct the pDUB2 vector, and separated
by gel electrophoresis. A probe to the hygromycin gene was generated by PCR
with the primers hygF2 and hygR2 with plasmid pSMT100 as a template and
labeled with [a-3?P]dCTP by random oligonucleotide priming. A second probe
was generated by PCR with the primers Msm8F1 and Msm8R1 with M. smeg-
matis genomic DNA as a template and labeled. The results of this analysis were
consistent with the allelic exchange of an internal devR fragment for the hygro-
mycin cassette, generating a devR mutant, OTL1.

Stress challenge experiments. M. smegmatis strains were grown to stationary
phase under carbon or oxygen starvation conditions as described above. After
24 h in stationary phase, serial dilutions and viable plating were performed. For
the heat stress assay, the cultures were shifted to a shaking incubator held at
55°C. Incubation of the cultures was continued for a further 7.5 h with samples
taken for viable plating at 90-min intervals. For the UV light sensitivity assay,
serial 10-fold dilutions of the strains were plated on TSA agar. The plates were
allowed to dry and were then exposed to 0, 25, and 50 mJ of UV light by using
a UV Stratalinker 1800 (Stratagene). All stress challenge experiments were
performed in triplicate.

Two-dimensional gel analysis. M. smegmatis strains were grown to nutrient-
starved stationary phase in HdeB medium, and cells were harvested 48 h after
entry into stationary phase. Bacterial pellets were resuspended in 5 ml of sterile
distilled water (dH,O) containing a cocktail of protease inhibitors (Complete;
Roche), and cells were disrupted by passage three times through a One-Shot
model cell disrupter (Constant Systems) at 17.5 MPa. A 100-ul sample was
stored at —80°C for determination of protein concentration by using the Coo-
massie brilliant blue (CBB) protein reagent (Pierce). The remainder of the cell
lysates was immediately added to a final concentration of 9 M urea, 2% Triton
X-100, and 70 mM dithiothreitol (DTT). The solution was incubated for at least
1 h with gentle rocking at room temperature to fully denature the proteins before
centrifugation at 12,000 X g. The supernatant was concentrated fivefold by using
Ultrafree—four filter units with a molecular weight cutoff of 5 kDa (Millipore).
Two-dimensional gel electrophoresis was performed by using the Multiphor II
system from Amersham Biosciences according to the manufacturer’s instruc-
tions. Briefly, 18-cm dehydrated isoelectric focusing strips with an immobilized
pH gradient between pH 4 and 7, were rehydrated overnight in rehydration
solution (12 g of urea, 0.13 ml of Triton X-100, 37 mg of DTT, and 0.25 ml of 10
mg of orange G/ml in 25 ml of dH,0). Then, 200 ug of protein was loaded on
rehydrated gel strips, and proteins were focused at 20°C in two stages (5 h at 300
V, 2 mA, and 5 W followed by 23 h at 3,500 V, 2 mA, and 5 W) to a total of 70
to 80 kV - h. Focused gel strips were equilibrated for 10 min in equilibration
solution A (per 100 ml: 0.05 M Tris HCI [pH 6.8], 30 ml of glycerol, 36 g of urea,
1 g of sodium dodecyl sulfate [SDS], 125 mg of DTT) and for another 10 min in
10 ml of equilibration solution B (per 100 ml: 0.05 M Tris HCI [pH 6.8], 30 ml
of glycerol, 36 g of urea, 1 g of SDS, 2.25 g of iodoacetamide). For the second
dimension we used precast polyacrylamide gels with a linear polyacrylamide
gradient from 8 to 18% with the appropriate precast buffer strips (Amersham).
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Gels were run at 600 V, 20 mAmp, and 30 W for 25 min at 16°C, after which the
first dimension strip gels were removed. The gel was then run at 600 V, 50
mAmp, and 30 W for a further 75 min at 16°C. Proteins were immediately
transferred to a polyvinylidene difluoride membrane by electroblotting. The
membranes were washed carefully (20 min in water, 20 min in 50% [vol/vol]
methanol, and another 20 min in dH,O), rinsed briefly in 100% methanol, and
stained in CBB staining solution (0.1% [wt/vol] CBB, 1% [vol/vol] acetic acid,
and 40% [vol/vol] methanol) for 60 s. Membranes were destained in 50% (vol/
vol) methanol, washed for 5 min in dH,O three times, and dried in a laminar flow
cabinet. Proteins were excised from the membrane and N-terminal sequencing
was performed by ProSeq, Inc. N-terminal sequences were used to identify the
respective proteins from the genome sequence of M. smegmatis.

Measurement of promoter expression. The promoter of one of the genes
upregulated under oxygen limitation, 4spX, was amplified by PCR. A fragment
containing the first 6 codons of the AspX gene together with 501 bases of
sequence upstream of the predicted start codon was generated with the primers
hspXF1 (5'-GGGGGAATTCAACCGTGCGGCACGGGGAGATCTG-3") and
hspXR1 (5'-GGGGGGATCCTTCAGGAAGTTTGGTCATCGGTCCTCCTC
A-3") and M. smegmatis genomic DNA as the template. The PCR product was
cloned into pGEM-Te, sequenced to verify fidelity, and then subcloned into the
EcoRI and BamHI restriction sites of the reporter plasmid pOT71, i.e., upstream
of and in frame with the gfpmur2 gene. The resulting plasmid, pOT73, was
electroporated into the M. smegmatis wild-type and devR mutant strains, which
were then grown under carbon and oxygen starvation conditions. The ODy, of
the cultures were monitored over a 72-h period and, at 2-h intervals, 2-ml
portions of the cultures were harvested by centrifugation, washed once, and
resuspended in PBST to a final ODgy, of 1.0. The green fluorescence was
measured with a spectrofluorimeter (Shimadzu model RF-5301PC) set at an
excitation wavelength of 480 nm and an emission detection wavelength of 510
nm. A negative control consisted of wild-type M. smegmatis containing pOT71
(promoterless gfpmut2). The background fluorescence readings for the negative
control were between 2.0 and 3.0, and the results shown (Fig. 4) are the remain-
der of the fluorescence after subtraction of the background.

RESULTS

Identification of a GerE-domain containing response regu-
lator in the genome sequence of M. smegmatis. To identify a
GerE-domain containing response regulator in M. smegmatis,
the amino acid sequence of P. aeruginosa GacA was used in a
BLAST search of the M. smegmatis genome at TIGR (http:
/fwww tigr.org/tdb/mdb/mdbinprogress.html). One open read-
ing frame (ORF) in particular encodes a potential 211-amino-
acid protein which has the same domain organization as GacA
in that it consists of an N-terminal CheY-domain (residues 2 to
123) and a C-terminal GerE DNA-binding domain (residues
147 to 211). Upon comparison with the M. tuberculosis
H37Rv genome sequence (http://www.sanger.ac.uk/Projects
/M_tuberculosis/blast_server.shtml), this potential protein ex-
hibits strong similarity (85% identity over 209 residues) to the
Rv3133¢/DevR protein (9). The region surrounding this ORF
was analyzed further and found to be flanked by several closely
spaced ORFs (Fig. 1A). Three genes downstream of the re-
sponse regulator gene an ORF, which potentially encodes a
571-amino-acid histidine kinase consisting of two N-terminal
GAF-type domains (residues 64 to 201 and residues 232 to
363) and a C-terminal histidine kinase domain (residues 482 to
570), is located. The proximity of the response regulator and
the downstream sensor kinase genes suggests that they may
constitute a two-component system. Immediately upstream of
the response regulator gene lies an ORF encoding a potential
280-amino-acid protein that contains a single N-terminal uni-
versal stress protein (USP) domain (residues 4 to 137). Upon
comparing the layout of this locus with that of the devR locus
in M. tuberculosis, it is apparent that a similar single USP
domain-containing protein, Rv3134c (48), also lies directly up-
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stream of the corresponding response regulator in M. tubercu-
losis (Fig. 1B). In addition, the histidine kinase encoded di-
rectly downstream of devR in M. tuberculosis, Rv3132c/DevS
(9), also possesses two N-terminal GAF domains and exhibits
66% identity over 560 amino acids to the above-mentioned
putative histidine kinase of M. smegmatis. Thus, it is apparent
that the response regulator identified in M. smegmatis resem-
bles DevR of M. tuberculosis both in terms of sequence con-
servation and gene linkage. Due to this similarity between the
two systems, we will use the same nomenclature, i.e., DevS/
DevR, in M. smegmatis. However, it is imperative to point out
that it has still to be shown experimentally that DevS is the
cognate sensor kinase of DevR in M. tuberculosis. Thus, we use
the term DevS for the sense kinase encoded downstream of
devR of M. smegmatis provisionally in this work. Directly down-
stream of the devR gene of M. smegmatis regulator lies an
OREF, which encodes a 99-amino-acid protein which exhibits
63% identity to Rv3129 (110 residues) of M. tuberculosis (Fig.
1A). The stop codon of this ORF overlaps the start codon of
another ORF which encodes a potential 468-amino-acid pro-
tein exhibiting 53% identity to Rv3130c of M. tuberculosis.
Both Rv3129 and Rv3130c of M. tuberculosis encode conserved
hypothetical proteins of an as-yet-unknown function. The devS
coding region starts 68 bases downstream of the stop codon of
the Rv3130c orthologue, whereas the gene located down-
stream of devS is transcribed in the opposite direction. This
indicates that devS is the last gene in this gene cluster (Fig.
1A). Ending just two bases upstream of the start codon of the
USP gene is an orthologue of the Rv2032 gene of M. tubercu-
losis. This gene has been proposed to encode a member of a
classical family of nitroreductases (42).

Adaptation of the M. smegmatis devR mutant to growth-
limiting conditions. A 597-bp segment was deleted from the
coding sequence of the devR gene. This corresponds to a re-
moval of 199 of the potential 211 amino acid codons, whereas
leaving behind the proximal 6 codons and the distal 7 codons,
including the stop codon. The deleted region was replaced with
a hygromycin resistance cassette by allelic exchange, which was
confirmed by PCR and Southern hybridization analyses. The
devR mutant was characterized for growth in both rich and
minimal media and for survival in stationary phase in rich
medium and under carbon-, nitrogen-, and oxygen-starved
conditions. The exponential-phase growth rate and population
density at entry into stationary phase in the mutant were found
to be indistinguishable from that of the wild-type strain in all of
the media tested (Fig. 2 and 4). The viable counts of the
wild-type and mutant strains in stationary phase were then
monitored for up to 55 days. In rich medium, the culturability
of both strains remained constant (Fig. 2A). Under carbon and
nitrogen starvation, the viable counts of both the wild-type and
the mutant cultures diminished at similar rates (Fig. 2B and C).
Under oxygen-starved conditions, the wild-type strain main-
tained its culturability for up to 4 days in stationary phase and
then began to decrease gradually. In contrast, the viable counts
of the mutant culture decreased at a considerably higher rate
24 h after entry into stationary phase (Fig. 2D). The mutant
culture continued to lose culturability up to 18 days after entry
into stationary phase at which point its viable counts were of
the order of 10*-fold lower than that of wild type (Fig. 2D). At
later time points, the viable counts of the devR mutant began
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FIG. 1. (A) Schematic organization of the M. smegmatis multigene locus encoding the DevR response regulator. The positions of the genes
encoding the proteins identified from the two-dimensional gel analysis, UspL (spot 1) and the putative nitroreductase (spot 4), are illustrated. The
positions of the GAF domain-containing histidine kinase sensor gene, devS, and other neighboring genes are illustrated. (B) For comparison
purposes, the devR locus in M. tuberculosis is also illustrated. (C) Schematic organization of the locus encoding the UspM protein (spot 2) identified
from the two-dimensional analysis. (D) Schematic organization of the locus encoding the UspN protein (spot 3) identified from the two-
dimensional analysis. (E) Schematic organization of the locus encoding the HspX protein (spot 5) identified from the two-dimensional analysis.
The positions of the homologues of the «, B, x, and & subunits of the hydrogenase-sulfur reductase of C. tepidum and the hydrogenase maturation
protease, HybD, of E. coli are shown. The identity of each protein spot was determined from its N-terminal sequence that was used in BLAST
search analysis of the incomplete M. smegmatis genome sequence. The layout and gene spacing of each locus was established by analysis of the
region for neighboring ORFs which encoded proteins showing significant similarity to known or hypothetical proteins. The annotation of the closest
orthologue, where present, in M. tuberculosis is given. The spacing (number of nucleotides) between each coding sequence is shown in brackets.
All figures are drawn to scale. CHP, conserved hypothetical protein.
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FIG. 2. Culturability of wild-type and devR mutant strains of M. smegmatis following entry into stationary phase. Strains were grown to
stationary phase under the following conditions: rich medium (A), carbon starvation (B), nitrogen starvation (C), and oxygen starvation (D), after
which their viability on plates was monitored for up to 55 days. Symbols: [, wild-type strain mc?155; ¥, devR mutant OTL1. Cells were isolated
from the devR mutant at day 30 when culturability of this strain had recovered (panel D). This isolate was grown under oxygen starvation
conditions, and its culturability on plates is represented by a dashed line and the symbol “O.” All experiments were performed by using three

independent cultures, and error bars represent the standard deviation.

to increase and at 30 days after entry into stationary phase
were restored to wild-type levels (Fig. 2D). This phenotype was
highly reproducible. To examine whether the apparent recov-
ery was due to isolation of a suppressor mutant that had re-

gained culturability under oxygen starvation, cells were iso-
lated from a devR mutant culture when its viable counts were
returned to wild-type levels. When this isolate was grown to
oxygen-starved stationary phase, its behavior was indistinguish-
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able from that of the mutant in that it exhibited a similar drop
in viable counts, followed by a return to wild-type levels (Fig.
2D). Therefore, the recovery in culturability of the devR mu-
tant is not due to the accumulation of suppressor mutations.

Protein expression in the devR mutant. Given the devR mu-
tant’s deficiency at maintaining culturability under oxygen star-
vation conditions, we sought to determine whether the DevR
response regulator controlled the expression of proteins under
these conditions. Proteins were prepared from both the wild-
type and mutant strains grown to oxygen-starved stationary
phase and were analyzed by two-dimensional gel electrophore-
sis. We observed the absence of a number of protein spots in
stationary-phase cultures of the mutant strain compared to
wild type (Fig. 3A and B). Focusing on five of these protein
spots, it was apparent that four were not detectable, whereas a
fifth protein was present at considerably lower levels in sta-
tionary-phase cultures of the wild-type strain grown under car-
bon starvation conditions (Fig. 3C). This demonstrated that
expression of the five proteins occurs in a DevR-dependent
manner and is more pronounced under oxygen as opposed to
carbon starvation. Subsequently, we determined the identity of
these five DevR-dependent proteins by N-terminal sequencing
of the protein spots and subsequent comparison of the se-
quences obtained with the M. smegmatis genome. The results
of this analysis are shown in Table 1. Three of the proteins,
spots 1, 2, and 3, are USPs which for ease of reference we have
named UspL, UspM, and UspN, respectively. UspL, which
contains a single USP domain, is encoded directly upstream of
the devR gene (Fig. 1A). UspM consists of two USP domains
and appears to be encoded at the start of an operon (Fig. 1C).
Encoded 42 bases downstream is a protein that exhibits strong
similarity to Rv3127 of M. tuberculosis, which is a proposed
nitroreductase (42). The uspN gene appears to be the second
gene in a three gene cluster (Fig. 1D). Located 60 bases down-
stream is an orthologue of Rv0132c¢ of M. tuberculosis which
encodes a putative oxidoreductase, while 73 bases upstream is
an ORF with similarity to Rv0855, or far, which is predicted to
encode a fatty acyl-coenzyme A racemase. The N-terminal
sequence obtained from spot 4 corresponds to the protein
encoded directly upstream of the uspL gene (Fig. 1A). This
protein exhibits highest similarity to another proposed nitrore-
ductase, Rv2032, of M. tuberculosis (42). Protein spot 5 corre-
sponds to the HspX, or a-crystallin, orthologue of M. smegma-
tis. Like the hspX gene of M. tuberculosis, hspX of M. smegmatis
is the first gene in a series of ORFs (Fig. 1E). However, the
nature of its neighboring genes differs considerably. Down-
stream of the hspX gene of M. smegmatis are located four genes
which encode proteins with similarity to the «, B, x, and &
subunits of the hydrogenase/sulfur reductase of Chlorobium
tepidum and a fifth gene which encodes an orthologue of the
hydrogenase maturation protease, HybD, from E. coli (Fig.
1E). In contrast, the hspX gene of M. tuberculosis is present in
a locus which includes two USPs, the carbohydrate kinase PfkB
and a DevS-like sensor kinase, Rv2027c.

Measurement of the dependence of hspX expression upon
DevR. The two-dimensional gel analysis showed that the ex-
pression of the UspL, UspM, UspN, HspX and nitroreductase
proteins occurs in M. smegmatis grown under oxygen starvation
conditions and that this induction is dependent upon the DevR
regulator. To investigate the kinetics of this DevR-dependent
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expression further, the promoter region of one of the genes,
hspX, was amplified by PCR and cloned in frame with the
promoterless gfpmut2 gene in plasmid pOT71 generating a
translational fusion. This construct, pOT73, was then intro-
duced into both the wild-type and the mutant backgrounds; the
resulting strains were grown under carbon and oxygen starva-
tion conditions; and their growth and GFP fluorescence were
monitored (Fig. 4). Under carbon starvation there was no
significant AspX expression in logarithmic-phase cultures of
either the wild-type or the mutant strains (Fig. 4C). At the
point of entry into stationary phase (at 24 h of incubation)
hspX expression became detectable in wild-type cultures,
whereas in the mutant its expression remained low (Fig. 4C).
Under oxygen limitation, expression of sspX was low in loga-
rithmic-phase cultures of the wild-type and mutant strains (Fig.
4D). However, at the point of entry of the culture into station-
ary phase (at 24 h of incubation) there was a sudden induction
of hspX expression in the wild-type cells (Fig. 4D). The mag-
nitude of this AspX expression was considerably higher in ox-
ygen-starved cultures compared to carbon-starved cultures. In
contrast, low levels of AspX expression were detected in sta-
tionary-phase cells of the mutant strain (Fig. 4D). This con-
firms the dependence of expression of one of the proteins
identified on the two-dimensional gels, namely, HspX, upon
DevR and indicates that DevR activates gene expression after
growth arrest due to oxygen starvation in particular.

Sensitivity of the devR mutant to stress challenge. The de-
pendence of USP proteins upon DevR suggested that this
regulator might be required for the optimal survival of M.
smegmatis under stress conditions in addition to oxygen star-
vation. To investigate this possibility, the wild type and devR
mutant were exposed to a stress condition under which UspA
of E. coli has been shown to be required for survival, i.e., UV
light exposure (11, 22). The strains were also tested for their
ability to resist heat stress, a condition which induces the ex-
pression of UspA in E. coli (39). Exposure of carbon-starved
stationary-phase cultures to both UV light and heat shock
revealed no difference in survival between the wild type and
the devR mutant (Table 2 and Fig. 5A). We also tested the
stress survival of the two strains when grown under oxygen
starvation stationary-phase conditions. We observed no signif-
icant difference between the two strains with respect to resis-
tance to UV light stress (Table 2). On the other hand, after
exposure to heat stress, the viability of the mutant decreased
more rapidly than that of wild type (Fig. 5B). At 3 h after the
temperature shift to 55°C, there was 10°-fold difference in
survival between the two strains that increased to a 10°-fold
difference at 7.5 h (Fig. 5B). Control cultures kept at 37°C
maintained their viability for the entire duration of the exper-
iment (data not shown). This indicates that under oxygen lim-
itation M. smegmatis DevR directs protein expression which is
required for the resistance of stationary-phase cells to heat
stress.

DISCUSSION

We have identified a response regulator in M. smegmatis,
DevR, with an important role in adaptation to growth arrest
and survival under adverse environmental conditions. Encoded
downstream of the response regulator is a histidine kinase
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pH 4 pH 7

FIG. 3. Two-dimensional gel analysis of total proteins isolated from stationary-phase M. smegmatis. (A) Wild-type strain mc?155 grown under
oxygen-starvation conditions. (B) devR mutant OTL1 grown under oxygen starvation conditions. (C) Wild-type strain mc*155 grown under carbon
starvation conditions. The positions of five DevR-dependent proteins are illustrated in each gel, and their identities were determined by N-terminal
sequencing. Spot 1, UspL; spot 2, UspM, spot 3, UspN; spot 4, putative nitroreductase; spot 5, HspX. UspL, UspM, and UspN are members of
the USP family. The nitroreductase shows strong similarity to Rv2032, a proposed nitroreductase in M. tuberculosis. HspX is the M. smegmatis
homologue of the a-crystallin (HspX) protein of M. tuberculosis. Gels shown are representative of 3 independent experiments.
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TABLE 1. DevR-dependent oxygen starvation-inducible proteins of M. smegmatis identified by two-dimensional gel analysis®

Two-dimensional N-terminal sequence

Protein description [aa range(s)]

Closest M. tuberculosis homologue

gel spot no. (aa range) (% identity)
1 SIARPVIVGI (2-11) UspL; 280 aa; single USP domain (4-137) Rv2028¢ (40% identity over 271 aa)
2 QSATEYGILV (3-12) UspM; 294 aa; two USP domains (7-148; 157-292) Rv2026¢ (60% identity over 293 aa)
3 STSTAPVVVGI (2-12) UspN; 292 aa; two USP domains (4-145; 154-292) Rv2026¢ (32% identity over 292 aa)
4 DTRLDVATLA (3-12) Nitroreductase (329 aa) Rv2032 (55% identity over 328 aa)
5 TKLPERSRAR (2-11) HspX (145 aa) Rv2031c (60% identity over 143 aa)

“ N-terminal sequences were exact matches to the numbered amino acids from the N termini of the putative proteins identified from the M. smegmatis genome

sequence. aa, amino acid.

sensor, DevS, whereas upstream a convergently transcribed
gene, uspL, that encodes a protein with the signature domain
of USPs is located (Fig. 1A). A very similar locus exists in M.
tuberculosis in the form of the ORFs Rv3134c, Rv3133c, and
Rv3132c¢ (Fig. 1B), which are predicted to encode a USP,
response regulator, and a histidine sensor kinase, respectively
(9, 48). Mutation of M. smegmatis devR had no effect on cul-
turability in stationary phase under carbon or nitrogen starva-
tion or in rich medium but resulted in a clear effect under
oxygen-starved conditions (Fig. 2). The mutant showed a se-
vere loss of culturability after entry into stationary phase,
which at its maximum was 10*-fold less than that of the wild-
type culture. This was followed by recovery of the viable counts
to wild-type levels which was not due to the accumulation of
suppressor mutations (Fig. 2D). This survival phenotype is
similar to that of a M. smegmatis purF mutant, which we have
previously shown to be defective for survival under oxygen- but
not carbon-starved stationary phase (33). There are two pos-
sible explanations for the recovery in viable counts of the devR
mutant. First, that loss of culturability results from a significant
fraction of the population becoming dormant or active but
nonculturable (2, 33) and that this is followed by resuscitation
of the nonculturable cells. Recently, it has been shown that
under certain conditions M. tuberculosis can enter and be re-
suscitated from a dormant state (49). A second possibility is
that upon oxygen starvation, death of a large portion of the
bacterial population occurs, followed by regrowth of surviving
cells that are able to use the nutrients released by dead cells.
This latter scenario would require that M. smegmatis can utilize
an as-yet-unknown alternative terminal electron acceptor or
fermentation mechanism. We are currently investigating the
basis of the loss and subsequent recovery in the culturability of
the oxygen-starved mycobacterial culture.

The devR locus was first described in M. tuberculosis by
Dasgupta et al. (9) after a comparison of a virulent and an
avirulent strain of M. tuberculosis for differentially expressed
genes. Sherman et al. (48) found from microarray analysis that
the devR gene is upregulated in response to hypoxia. They
constructed a mutant in which expression of the Rv3133c/devR
orthologue of M. bovis BCG was abolished due to a polar
mutation in the upstream BCG Rv3134c gene. Importantly,
they established that expression of the hypoxia-induced a-crys-
tallin gene, AspX, was dependent upon DevR (48). They also
found that 3 weeks into stationary phase a fivefold difference in
CFU was observed between the polar Rv3134c mutant and
wild type (48). These experiments were performed on roller
cultures grown in a rich complex medium, and it is difficult to
determine whether the bacteria entered stationary phase due

to oxygen starvation or nutrient depletion. In our experiments
on M. smegmatis, under defined carbon-starvation conditions,
we observed an approximate fourfold difference in CFU per
milliliter between the devR mutant and wild type after 52 days
in stationary phase (Fig. 2B). Against the background of a
10*-fold difference between wild type and devR mutant under
oxygen starvation conditions, we do not regard the fourfold
difference as being particularly significant. Notably, the rate of
decrease in CFU per milliliter was the same for both strains
under carbon starvation (Fig. 2B) in sharp contrast to oxygen
starvation (Fig. 2D). Our data are the first direct demonstra-
tion of the role of a response regulator in preserving mycobac-
terial culturability under oxygen-starved conditions. Additional
work would help establish the importance of DevR to the
culturability of M. tuberculosis or M. bovis BCG under oxygen
starvation conditions.

The phenotype of the M. smegmatis devR mutant under
oxygen starvation conditions is significant given the proposed
importance of oxygen deprivation during the transition of M.
tuberculosis from active growth to the so-called nonreplicative
persistent state found in latent tuberculosis (55, 56). This
DevR-mediated response is likely to be assisted by its cognate
histidine kinase sensor. The putative sensory region of the
histidine kinase encoded downstream of the devR gene, DevS,
consists of two N-terminal GAF domains. This type of domain
is found in cGMP-specific phosphodiesterases, phytochromes,
and the transcriptional activators NifA and FhlA (1, 18). The
GAF domains of DevS lack the conserved cysteines of phyto-
chromes and, thus, DevS is unlikely to be light stimulated. The
cyclic nucleotides, cGMP and cAMP, which are known to af-
fect a variety of fundamental physiological processes, have
both been shown to be ligands of various GAF domains (26,
31) and, thus, either nucleotide could potentially represent a
signal for DevS. Interestingly, the GAF domain is very similar
in both structure and binding site location to the PAS domain
(1) of sensors such as Aer, ArcB, FixL, and NifL which respond
to changes in oxygen concentration (53, 60). In the case of
ArcB, the PAS domain has been shown to mediate this re-
sponse by sensing the changes in the electron transport system,
in particular, changes in the redox state of quinones (19).
Should DevS prove to be the cognate sensor kinase of DevR,
it is likely that this signal transduction system responds to
alterations in available oxygen by an indirect process involving
its GAF domains. However, other possibilities exist. In the
work by Sherman et al. (48), they showed that unlike in a
DevR-deficient mutant, mutation of devS had no effect on the
induction of the AspX gene under defined hypoxic conditions.
They, as have other researchers (9), noted the presence of a
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FIG. 4. Effect of devR mutation on hspX expression. M. smegmatis wild type and devR mutant harboring a hspX-gfpmut2 fusion on the plasmid
pOT73 were grown in HdeB medium to carbon-starved (A and C) or oxygen-starved (B and D) stationary phase. Growth rate (A and B) and
hspX-gfpmut2 expression (C and D) were monitored. Symbols: (1, wild-type strain mc?155; V, devR mutant OTL1. All experiments were performed
by using three independent cultures and error bars represent standard deviation. Fluorescence is expressed as a function of OD. Under
oxygen-starved conditions, the ODy, of the devR mutant culture began to decrease from 42 h onward. This feature was unique to this culture and
was at least partially responsible for the observed increase in the relative fluorescence and OD values obtained for this strain at later time points.

second sensor encoded by Rv2027c which exhibits strong ho-
mology to DevS (>60% identity over its entire length) and
raised the prospect that the presence of Rv2027c could be
sufficient to activate DevR in a devS mutant. This is strength-

ened by our observations that Rv2027c, like DevS, possesses
tandem N-terminal GAF domains. They also made the valid
suggestion that DevS may activate DevR in response to signals
other than hypoxia (48) from which one could postulate that a
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TABLE 2. Survival of stationary-phase M. smegmatis
after UV exposure®

UV dose % Carbon starvation % Oxygen starvation

(mJ of UV

exposure) Wild type devR Wild type devR
25 54x22 29=*20 219+ 6.9 28.6 = 4.7
50 <0.1 <0.1 <0.1 <0.1

¢ The strains were grown under either carbon- or oxygen-starvation conditions
and at 24 hours after entry into stationary phase were spread on agar medium
and exposed to UV light. Survival is expressed as a percentage of the viable
counts obtained for untreated cells. Three independent experiments were per-
fromed, and the errors represent the standard error.

different type of sensor may be responsible for triggering DevR
under hypoxic conditions.

We identified 5 proteins that are induced in response to
oxygen starvation in a devR-dependent manner (Fig. 3). Three
of these are USPs, which we have named UspL, UspM, and
UspN. The UspA protein of E. coli is the primary USP to have
its physiological role studied in detail (11, 38, 39, 40). It is a
small cytoplasmic protein whose expression is enhanced sev-
eral times when cell viability is challenged by a range of con-
ditions that hinder growth such as nutrient starvation, heat
shock, DNA damage, and oxidative and osmotic stress. UspA
is an autophosphorylating serine/threonine phosphoprotein
that becomes phosphorylated specifically in response to growth
arrest (16, 17). uspA mutants are impaired in their ability to
survive growth arrest, and both inactivation and overexpres-
sion of uspA result in global changes in the timing of gene
expression. M. smegmatis UspL, which is encoded directly up-
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stream of devR (Fig. 1), has a single USP domain, whereas both
UspM and UspN contain two conserved USP domains. To our
knowledge, this is the first time that the participation of a
two-component response regulator in the expression of USPs
has been described. Other researchers have also reported the
upregulation of a USP (Rv2623) in M. bovis BCG and M.
tuberculosis when grown under poorly aerated conditions (5,
14, 48) and it remains to be seen whether USPs are also subject
to DevR-dependent regulation in these latter mycobacterial
species. Given the recent demonstration that USPs of E. coli
have a role in protection against DNA-damaging agents (11,
22), we looked at the sensitivity of the devR mutant to UV
stress under stationary-phase conditions. We found no signif-
icant difference in the UV sensitivity of the devR mutant (Table
1), which indicates that neither DevR nor DevR-dependent
USPs are required for providing resistance to UV-induced
DNA damage in M. smegmatis. However, DevR clearly has an
important role in protecting oxygen-starved cells against heat
stress (Fig. 5), and we are currently examining whether this
role extends to other stress protection mechanisms.

The fourth protein identified is encoded by the gene imme-
diately upstream of uspL (Fig. 1A) and corresponds to an
orthologue of the proposed nitroreductase encoded by Rv2032
in M. tuberculosis, which has been shown to be upregulated
under oxygen starvation (42). These results demonstrate that
DevR controls the expression of two genes, i.e., the putative
nitroreductase gene and uspL, which are located directly up-
stream of its own structural gene. Given the close spacing of
the nitroreductase, UspL, and DevR genes (Fig. 1) and the
finding in M. tuberculosis that the uspL orthologue, Rv3134c,
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FIG. 5. Heat stress resistance of the wild-type and devR mutant strains of M. smegmatis. The strains were grown under either carbon (A) or
oxygen (B) starvation conditions and at 24 h after entry into stationary phase were shifted to 55°C at time zero. Samples were taken at 90-min
intervals up to 7.5 h and plated on rich media. Symbols: [J, wild-type strain mc*155; V, devR mutant OTL1. All experiments were performed by
using three independent cultures, and the error bars represent the standard deviation.
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and devR are cotranscribed (9, 48), it is most likely that these
genes form an operon and that devR is subject to autoregula-
tion.

The N-terminal sequence of the fifth spot analyzed was
derived from the alpha-crystallin or HspX orthologue of M.
smegmatis. HspX is upregulated in M. tuberculosis in response
to oxygen limitation (8, 10). A related member of the a-crys-
tallin family in B. subtilis, CotM, is induced during spore de-
velopment and has been shown to be essential for normal
spore coat assembly (25). Thus, given the association of HspX
with cell wall thickening (8) and its importance to the survival
of the pathogen in macrophages (58), it is possible that HspX
facilitates the rearrangement of the mycobacterial cell wall
providing protection during adverse conditions. As noted
above, HspX expression is dependent upon DevR in M. tuber-
culosis (48). That it should be regulated in a similar fashion in
M. smegmatis indicates that aspects of the response to oxygen
deprivation are common to both species. Our two-dimensional
gel analysis and measurements of the activity of the hspX
promoter indicate that some HspX expression also occurs in a
DevR-dependent manner under carbon starvation conditions
(Fig. 3C and 4C). Thus, a role for DevR under other condi-
tions, in addition to oxygen starvation, cannot be ruled out at
this stage.

In summary, we have determined that the response regula-
tor DevR plays an important role in stationary-phase gene
expression, adaptation to oxygen stavation-induced growth ar-
rest, and resistance to environmental stress in M. smegmatis.
We are currently investigating the importance and function of
USPs in mycobacterial persistence and virulence.
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