












proach of utilizing auxotrophic complementation of branched-
chain amino acids (BCAA) as a selectable marker in M. smegmatis.
Acetohydroxyacid synthase (AHAS; also known as acetolactate
synthase) catalyzes the first universal step of BCAA biosynthesis.
The reaction involves the irreversible decarboxylation of pyruvate
and condensation of the acetaldehyde moiety with either a second
pyruvate molecule or a 2-ketobutyrate molecule to form 2-aceto-
lactate or 2-aceto-2-hydroxybutyrate, respectively (53). Eventu-
ally, isoleucine (Ile), valine (Val), and leucine (Leu) are formed in
parallel reactions (Fig. 4B). AHAS is composed of the IlvB (large)
and IlvH (small) subunits encoded by the ilvB and ilvH genes,
respectively (54, 55). The genomic organization of ilvH and its
flanking regions is illustrated in Fig. 4C. As the ilvH gene codes for
the regulatory subunit of acetohydroxyacid synthase, ilvH dele-
tion is expected to completely stall BCAA synthesis (Fig. 4B). The
delivery construct pST-KO-�ilvH, which contains the 5= and 3=
flanks of the ilvH gene (along with the first and last 100 bp of the

gene, respectively) with the apramycin selection marker between
the flanks, was made. Figure 4C depicts how the recombination-
mediated targeted gene replacement was expected to occur. The
hygromycin-resistant colonies obtained after transformation of
M. smegmatis with the linearized pST-KO-�ilvH construct were
further screened for sucrose resistance. Among the 60 sucrose-
resistant colonies that were selected for analysis, only 20 were
probable double crossovers (DCOs), as only these colonies were
hygromycin sensitive (Fig. 4D; indicated by white arrowheads).
The 20 probable DCOs were spotted in replicates on 7H10 agar
plates containing (i) only apramycin, (ii) apramycin with BCAA,
and (iii) apramycin with BCAA and hygromycin. None of the
probable M. smegmatis �ilvH mutants (DCOs) grew in the ab-
sence of BCAA or in the presence of hygromycin (see Fig. S1 in the
supplemental material). The authenticity of two of the probable
mutants was verified by PCR using ilvH gene-specific primers.
While we could not detect the ilvH amplicon (�500 bp) when we

FIG 4 Gene replacement studies in mycobacteria. (A) Pictorial representation of pST-KO vector and its MCS. (B) Illustration of the biosynthetic pathways of
branched-chain amino acids (BCAAs). The white crosses show the impact of ilvH deletion on the BCAA pathway. (C) An overview of the genomic organization
of the ilvBHC locus in M. smegmatis before (upper panel) and after (lower panel) ilvH deletion. Homologous recombination of pST-KO-5=-apr-3=-ilvH with the
corresponding chromosomal region is depicted. (D) Replica plating for the selection of DCOs. Sixty sucrose-resistant colonies were inoculated in LBCT broth
containing apramycin (� Apra) and incubated at 37°C for 24 h. Four microliters of cultures was replica spotted onto LBC agar plates containing only apramycin
or apramycin with hygromycin (Apra � Hygro). Colonies that grew only on apramycin (left panel) but failed to do so in plates containing apramycin plus
hygromycin (right panel) are indicated by white arrowheads. (E) Confirmation of mc2�ilvH knockout strains using PCR. Deletion of the targeted region was
confirmed by PCR across the deletion junctions using ilvH gene-specific primers. The templates used for the PCR were as follows: lane 1, E. coli DH10B genomic
DNA; lane 2, M. smegmatis mc2155 genomic DNA; and lanes 4 and 5, genomic DNA from probable M. smegmatis mc2�ilvH mutants 2 and 8, respectively.
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used E. coli DH10B genomic DNA as the template, the amplicon
was observed when M. smegmatis mc2155 genomic DNA was used
as the template (Fig. 4E, lanes 1 and 2). When genomic DNA from
probable mutants was used as the template, an amplicon of size
�1.3 kb was detected, in keeping with the increase in size due to
the insertion of the apramycin gene marker (Fig. 4E, lanes 4 and
5). This confirmed that the selected clones were mc2�ilvH mu-
tants. The inactivation of the large subunit of acetohydroxyacid
synthase, ilvB1 has been shown to be auxotrophic (54). Our results
suggest that the small subunit of acetohydroxyacid synthase ilvH is
also essential in the absence of BCAA complementation. Thus, our
data clearly demonstrate the successful use of pST-KO as a one-
step tool for the creation of gene replacement mutants.

Protein expression can be induced under hypoxic conditions
using vector pST-KnarK2. Mycobacteria reside in phagosomes of
host macrophages, wherein they face hypoxic conditions along

with other stresses (56). Numerous virulence-associated genes,
which are essential for the survival of mycobacteria in this hostile
environment, are activated under these conditions. Due to the
complications involved in analyses under in vivo infection condi-
tions, in vitro conditions mimicking the in vivo environment are
often used to demarcate specific roles of genes in bacterial patho-
genesis. Studies involving the expression of genes in mycobacteria
under hypoxic conditions so as to simulate the in vivo infection
environment involve the use of vectors carrying promoters that
are active under hypoxic conditions. We modified the pST-K
shuttle vector by replacing the Pmyc1tetO promoter with the hy-
poxia-inducible PnarK2 promoter (31, 57), thus creating the plas-
mid pST-KnarK2 (Fig. 5A). To ensure that expression from the
PnarK2 promoter in the vector is indeed hypoxia inducible, we
cloned gfpaav (coding for a GFP variant having a shorter half-life
[32], which would allow us to monitor gene expression changes)

FIG 5 Generation of hypoxia-inducible shuttle vector. (A) Map of hypoxia-inducible pST-Knark2 shuttle vector. (B) Flow cytometry analysis to check the
expression of GFPaav. The samples were analyzed using the BD FACSCalibur flow cytometer (BD Biosciences) using the excitation wavelength (488 nm), and the
FL1 readout corresponding to GFP fluorescence intensity was plotted on a log scale using WinMDI (version 2.9) software. (C) Fixed bacterial cells were observed
microscopically using a Carl Zeiss image analyzer system equipped with the Axioplan MPM-400 microscope (Carl Zeiss, Inc., Germany) and KS 300 software,
under a magnification of �1,282. Fluorescence was observed with Wayne’s model of hypoxia induction as well as upon providing vitamin C as an inducer of
hypoxia.
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into the EcoRI-HindIII sites of the vector. M. smegmatis trans-
formed with pST-KnarK2-gfpaav plasmid was cultured aerobically
without ascorbic acid (vitamin C), subjected to hypoxic growth
(56), or grown in the presence of vitamin C (58). Expression of
GFP was analyzed by flow cytometry and immunofluorescence
microscopy using Wayne’s model of hypoxia (59) or in the pres-
ence of vitamin C (an inducer of hypoxia) (Fig. 5B and C). The
results of flow cytometry analysis and microscopy indicate that
GFP expression could not be detected under aerobic conditions of
growth (Fig. 5B and C). However, when we mimicked Wayne’s
model of hypoxic growth or used vitamin C to induce hypoxia, the
expression of GFPaav could be detected (Fig. 5B and C). These
results confirm that protein expression using this vector is indeed
hypoxia inducible.

The dual-expression vector pST-2K allows robust coexpres-
sion of two proteins. Various methods such as yeast two-hybrid
assays, bacterial two-hybrid assays, coimmunoprecipitation, and
pulldown studies, are routinely used to investigate protein-pro-
tein interactions. Dual-expression vectors, such as pET-Duet1
(Novagen), are available for tandem expression of proteins with
different epitope tags in E. coli. We have previously used the pDuet
expression system to determine the phosphorylation of enoyl-acyl
carrier protein reductase (InhA) by multiple kinases (60). How-
ever, options for investigating interactions between mycobacterial
proteins in their native environment are limited. A shuttle vector

for the constitutive expression of two proteins controlled by inde-
pendent promoters has been made as part of the present study.
This was achieved by the successive cloning of various compo-
nents of the vector, as described in Materials and Methods, creat-
ing a vector, pST-2K, that expresses proteins using the Pmyc1tetO
and Psmyc promoters, in which each MCS carries five unique re-
striction sites (Fig. 6A). Ribosome binding sites and transcription
terminator sequences have been coupled to both promoters or
MCSs. Proteins expressed from Pmyc1tetO carry an N-terminal His
tag, and those expressed from Psmyc carry a C-terminal FLAG tag
(Fig. 6A).

The essential pknA and pknB genes, encoding protein kinases A
and B, respectively, are part of the same operon (36, 61). PknA and
PknB have been shown to be involved in modulating cell shape,
and possibly cell division, of M. tuberculosis (61). GarA has been
identified as a substrate of PknA and PknB by resolving in vitro
kinase reactions performed with mycobacterial lysates and puri-
fied kinase on two-dimensional (2D) gel electrophoresis followed
by mass spectrometry (62). In an effort to analyze the usefulness of
pST-2K, we cloned the pknB gene to express it under the control of
the Pmyc1tetO promoter and cloned its cognate substrate garA gene
to express it using the Psmyc promoter. Plasmids carrying one or
both genes were electroporated into M. smegmatis, and Ni-nitri-
lotriacetic acid (NTA) affinity pulldowns and FLAG immunopre-
cipitation were performed on whole-cell lysates. Western blot

FIG 6 Coexpression of proteins in mycobacteria. (A) Map of the shuttle vector pST-2K. Sequences of multiple cloning sites 1 and 2 (MCS1 and -2) of pST-2K
vector are also shown. Peptide tags and restriction enzyme sites are as indicated. (B) Western blot showing the coexpression of PknB-KD (330 amino acids) and
GarA. Cultures of M. smegmatis transformed with various constructs grown for 24 h were used for preparation of whole-cell extracts. Extracts were mixed with
equilibrated anti-FLAG (Sigma) and Ni Sepharose (GE Healthcare) affinity beads for 2 and 4 h at 4°C, respectively, using a Nutator mixer. The beads were washed
with lysis buffer (composition) and resuspended in SDS sample buffer, resolved, transferred to PVDF membrane, and probed with rabbit anti-PknB (�-PknB)
and anti-GarA (�-GarA) antibodies. (C) Western blots showing coexpression of PknK or PknK-K55M with VirS. Whole-cell extracts prepared from cultures of
M. smegmatis transformed with various constructs were processed as described above. IP, immunoprecipitate.
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analysis of these pulldowns and immunoprecipitates revealed that
PknB and GarA are expressed independently as well as concur-
rently from pST-2K, indicating that both promoters are active
(Fig. 6B). We also coexpressed protein kinase K (PknK) and its
substrate, VirS, using pST-2K. VirS was coexpressed with both
wild-type and kinase-dead (inactive) PknK. Robust coexpression
of PknK and VirS was observed in cells transformed with a plas-
mid carrying both genes (Fig. 6C). It was also apparent from West-
ern blot analysis using antiphosphothreonine antibodies that
while we could not detect autophosphorylation of PknK-K55M
(inactive kinase) (29), the wild-type PknK was autophosphory-
lated efficiently (Fig. 6C, upper panel). Our results thus conclu-
sively demonstrate the constitutive and concomitant expression
of two proteins from pST-2K. As the first MCS is under the
Pmyc1tetO promoter, the cloning of tetRmod into the unique SnaBI
site in pST-2K will generate a vector where one protein may be
expressed constitutively and the other only upon induction with
anhydrotetracycline inducer.

This study was undertaken with the aim of expanding the col-
lection of E. coli-mycobacterium shuttle vector systems presently
available. Vectors with expanded multiple cloning sites have been
constructed. These vectors allow proteins to be expressed in fu-
sion with short epitopes. The shuttle vectors reported in this study
use kanamycin as the antibiotic selection marker. However, vec-
tors with Hygr as the antibiotic selection marker have also been
made in the laboratory, so that one can use either plasmid based
on the need of the experiment. As plasmid size largely influences
transformation efficiency, we have attempted to keep the size of
the vectors to a minimum by using only the essential features of
shuttle vectors.

To generate gene replacement mutants of essential genes or to
overexpress a gene whose product is toxic, it is necessary to express
the target gene under the regulation of inducible promoters.
Though the ectopic and inducible vectors created in the study are
inducible by ATc, they can easily be converted from a tet-on to
tet-off system using the recently engineered reverse tetR repressor
(tetRrev) (25). A simple replacement of tetRmod with reverse tetR
(tetRrev) will convert Tet-responsive inducible pST-KT and pST-
KiT plasmids into Tet-responsive silencing plasmids. In addition
to ATc-regulated expression systems, four other systems (acet-
amide inducible, IPTG inducible, nitrile inducible, and pristina-
mycin inducible) have been reported for the controlled expression
of proteins in mycobacteria (16, 18, 19, 63). The pST series of
vectors reported here have been constructed by stitching together
essential features. Features of other such inducible systems can be
integrated into pST-KT and/or pST-HT using molecular manip-
ulations to generate a gamut of vectors with expanded MCS and
flexible epitope tags. The range of the vectors generated in the
present study can be extended by replacing the N-terminal 6�His
tag with other epitope tags, such as glutathione S-transferase
(GST), maltose binding protein (MBP), or GFP. The plasmids
made as part of this study have thus appreciably increased the
options to investigators and are an important addition to the ex-
pression vectors presently available.
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