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ABSTRACT

Tuberculosis therapeutic options are limited by
the high intrinsic antibiotic resistance of
Mycobacterium tuberculosis. The putative tran-
scriptional regulator WhiB7 is crucial for the activa-
tion of systems that provide resistance to diverse
antibiotic classes. Here, we used in vitro run-off,
two-hybrid assays, as well as mutagenic, comple-
mentation and protein pull-down experiments, to
characterize WhiB7 as an auto-regulatory, redox-
sensitive transcriptional activator in Mycobacterium
smegmatis. We provide the first direct biochemical
proof that a WhiB protein promotes transcription
and also demonstrate that this activity is sensitive
to oxidation (diamide). Its partner protein for tran-
scriptional activation was identified as SigA, the
primary sigma factor subunit of RNA polymerase.
Residues required for the interaction mapped to
region 4 of SigA (including R515H) or adjacent
domains of WhiB7 (including E63D). WhiB7’s ability
to provide a specific spectrum of antibiotic-resist-
ance was dependent on these residues as well as its
C-terminal AT-hook module that binds to an AT-rich
motif immediately upstream of the �35 hexamer
recognized by SigA. These experimentally estab-
lished constrains, combined with protein structure
predictions, were used to generate a working model
of the WhiB7–SigA-promoter complex. Inhibitors
preventing WhiB7 interactions could allow the use
of previously ineffective antibiotics for treatment of
mycobacterial diseases.

INTRODUCTION

Mycobacterium tuberculosis (Mtb), the causative agent of
tuberculosis (TB), is the leading cause of death due to
bacterial infection worldwide. One of the major obstacles
to controlling the TB pandemic is that Mtb is intrinsically
resistant to the majority of clinically available antibiotics
(1). We focus on the putative transcriptional regulator
WhiB7, a critical component for the activation of intrinsic
antibiotic resistance systems in Mtb, Mycobacterium bovis
BCG, Mycobacterium smegmatis and Streptomyces
lividans (2) as well as Rhodococcus jostii (Ramon-Garcia
et al., unpublished).

The whiB gene was first identified in studies of
Streptomyces coelicolor mutants whose white aerial
mycelium was unable to divide and differentiate into
grey spores (3). WhiB orthologs are found across actino-
mycetes and proposed to serve as transcriptional regula-
tors with a role in cell division (4,5). Many homologous
whiB-like (wbl) genes, found exclusively within the
Actinomycete taxon, form the WhiB family of putative
transcriptional regulators (6,7). In Mtb, seven wbl genes
have essential roles for growth (whiB1 and whiB2) (8,9) or
play critical roles in redox balance (whiB3, whiB4 and
whiB7), antibiotic resistance (whiB7), virulence (whiB3,
whiB4, whiB5 and whiB6), dormancy (whiB1) or reactiva-
tion (whiB1 and whiB5) (2,8–16). Transcription of whiB
genes is induced by a variety of physiological and stress
conditions (2,17–19). As their mutant phenotypes indicate
important roles in Mtb physiology, adaptation, and cell
division, the biochemical functions of WhiB proteins are
under active investigation.

Wbl proteins all share three sequence motifs including
an N-terminal domain with four conserved cysteines,
a unique G(V/I)WGG turn and a C-terminal block of
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basic amino acids. The cysteines coordinate an iron-
sulphur (FeS) cluster (20) (holo protein) or may form
intramolecular disulphide bonds (apo protein), whereas
the tryptophan region and the C-terminal basic amino
acids was predicted to form a helix turn helix like structure
that may allow DNA binding (4,21). In the case of WhiB7,
the C-terminus contains a distinct AT-hook, an amino
acid motif that binds the minor groove of AT-rich DNA
(Figure 1) (2,22). Apo forms of WhiB1, WhiB2, WhiB3
and WhiB4 bind DNA more tightly than their respective
holo proteins, with oxidized apo proteins having higher
affinity for specific recognition sequences than their
reduced forms (9,12,15,21). DNase footprinting has
demonstrated sequence-specific DNA binding for apo-
WhiB1, and in vitro transcription demonstrated that it
acts as a repressor (9,23). However, WhiB2 (8), WhiB3
(15,24), WhiB5 (11) and WhiB7 (2,10) are hypothesized
to be transcriptional activators based on microarrays,
mutant phenotypes and other indirect evidence. A
second thioredoxin-like function is suggested by observa-
tions that all Mtb WhiBs lacking an FeS cluster (with the
exception of WhiB2) are able to reduce insulin disulphide
in the presence of dithiothreitol (DTT) (20). Finally, a
third, chaperone-like, function has been inferred from ob-
servations that WhiB2 prevents aggregation of several
model protein substrates (25). Surprisingly, WhiB2’s cyst-
eines are dispensable for its chaperone activity but are
required to complement the whiB2 mutation (26). More
analysis is required to understand the complex molecular
functions of this interesting family of proteins.

WhiB7, the focus of our study, is required for resistance
to a diverse array of antibiotics with different structures
and targets. The whiB7 sensitivity spectrum includes
macrolides, tetracyclines, lincosamides, pleuromutilins,
phenicols and some aminoglycosides (2,10). Microarray
studies suggest that the known antibiotic resistance
genes erm, tap and eis are part of the WhiB7 regulon
(2). The fact that activation of whiB7 transcription does
not generate resistance to all antibiotics that induce its
expression suggests that it may have other functions
(10). whiB7 is upregulated not only by antibiotic treatment
but also by certain physiological stresses including iron
starvation, heat shock and entry intro stationary phase
(18). Importantly, whiB7 is globally upregulated after
Mtb infects macrophages in culture (either resting or
activated) (27), as well as in the lungs of infected mice
(19), suggesting a role in virulence. Interestingly, three
genes within the WhiB7 regulon, eis, erm and tap not
only contribute to antibiotic resistance (28–30) but also
modulate the host immune response (31–33). Temporal

analysis of the Mtb transcriptome during macrophage in-
fection shows that whiB7 is one of the first genes expressed
after entry into this new and hostile environment (34). The
interplay between physiological stress, antibiotic resist-
ance and whiB7 has recently been reviewed (35).
Microarray and promoter-reporter analyses led to the

hypothesis that WhiB7 is an autoregulatory transcrip-
tional activator (2,10). The whiB7 promoter contains a
conserved AT-rich sequence motif required for optimal
induction, implying that WhiB7 targets its own
promoter via its C-terminal AT-hook motif (10). Here,
we show that WhiB7 increases transcription from its
promoter in vitro in a redox-sensitive manner, the first
direct biochemical evidence that a WhiB protein
promotes transcription. We also use two-hybrid,
co-expression, mutagenesis and complementation assays
to investigate the mechanism of WhiB7-mediated tran-
scriptional activation.

MATERIALS AND METHODS

Bacterial strains and growth conditions

Unless otherwise specified Escherichia coli strains were
grown in LB (Sigma) at 37�C, shaking at 200 rpm.
M. smegmatis mc2155 and its derivatives were grown in
Middlebrook 7H9 (BD) supplemented with 10% (v/v)
ADC (BD), 0.2% (v/v) glycerol and 0.05% (v/v) tyloxapol
(Sigma) at 37�C either shaking in flasks at 200 rpm or
rolling in test tubes. If needed, appropriate antibiotics
were added to the media; hygromycin 50 mg/ml, kanamy-
cin 30 mg/ml, chloramphenicol 34 mg/ml, tetracycline
12.5mg/ml and ampicillin 200 mg/ml.

Cloning

Cloning of bait and target constructs was done in E. coli
MRF’ Kan as specified by Stratagene. E. coli TOP10 was
used for all other cloning. Unless otherwise specified, PCR
was performed using Easy-A Hi-Fi polymerase (Agilent)
according to manufacturer instructions. Reactions
included 3% (v/v) dimethyl sulphoxide. Restriction
enzymes were from New England Biolabs; digests were
performed according to manufacturer instructions.
Ligations were performed using T4 DNA ligase
(Invitrogen) at room temperature for 30min. Sequencing
of vector constructs was performed at the UBC
Vancouver campus NAPS unit (http://naps.msl.ubc.ca/).
When necessary, custom primers were used to sequence;
they are indicated by a ‘seq’ tag in the primer list. All
oligonucleotides used are listed in Supplementary Table

Figure 1. Conservation of WhiB7 sequence and regions. Sequence comparison of WhiB7 proteins from M. tuberculosis (TB), M. smegmatis (SM),
R. jostii (RH) and S. coelicolor (SC). Predicted conserved structural features are highlighted; four conserved cysteines in red, the WhiB specific
tryptophan-containing turn in pink, and the AT-hook motif in blue. Other fully conserved residues are in green and chemically similar residues are in
orange. Residues either mutated or deleted in this study are indicated and numbered according to the M. smegmatis sequence.
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S1. All constructed vectors used are described in Table 1,
with details of their construction provided in the
Supplementary Materials and Methods.

Purification of RNA polymerase

M. smegmatis was grown in 7H9 to an optical density at
600 nm of about 1. Cells were pelleted by centrifugation at
4000 g for 30min. This process was repeated enough times
to gain a combined pellet weighing >30 g. RNA polymer-
ase (RNAP) was isolated as previously described (38) with
the exceptions that the cells were sonicated 18 times and
active fractions from the DNA-cellulose column were not
concentrated. Active fractions were adjusted to a final
glycerol concentration of 50% (v/v) and then stored at
�80�C for direct use.

Purification of WhiB7

E. coli Rosetta2 (DE3) cells were used to express WhiB7
from pETB7sm. Culture at an OD 600 nm of about 0.4
were induced by the addition of 0.3mM isopropyl-beta-D-
thiogalactopyranoside (IPTG) and incubated for 17 h at
16�C. Cells were harvested by centrifugation and lysed in
lysis buffer [50 mM Na2PO4, 300mM NaCl, 10mM imid-
azole, 50 mg/ml phenylmethanesulphonylfluoride, 5mM 2-
mercaptoethanol (pH 8)] by sonication. Lysate super-
natant was isolated by ultra-centrifugation and filtered
through a 0.45mm filter. Supernatant was loaded onto
Ni-NTA resin (Qiagen) held at 4�C for His-tagged
protein isolation. The column was then washed with six
10 column volumes of wash buffer [50mM Na2PO4,
300mM NaCl (pH 8)] containing an increasing amount
of imidazole (50, 60, 70, 80, 90 and 100mM). Finally
elution buffer (wash buffer+250mM imidazole) was
applied to the column. This resulted in a clear, brown
eluate. Fractions that were visibly dark brown were
pooled, DTT was added to a final concentration of
2mM, and aliquots were immediately frozen in liquid
nitrogen and stored at �80�C until use. A more detailed
protocol is provided in the Supplementary Materials and
Methods.

In vitro run-off assay

DNA templates were pre-incubated for 2min at 37�C in
transcription buffer [10 mM HEPES (pH 8), 10mM mag-
nesium acetate, 80mM potassium acetate, 0.1mM DTT,
0.1mg/ml acetylated BSA]. WhiB7 (various concentra-
tions, as indicated) or elution buffer were added to the
DNA solution and incubated an additional 2 min at
37�C. In experiments designed to test the effect of oxida-
tion on WhiB7 activity, the protein was pre-incubated in
the presence or absence of 7mM diamide before adding it
to the run-off reaction mix. Owing to the staggered
running of the transcription reactions, the length of
diamide treatment ranged from 15 to 26min for the
lowest to highest concentration of WhiB7. Transcription
was initiated with RNAP and after 2min at 37�C, a
mixture of NTP and heparin was added to arrest add-
itional transcriptional initiation. All reactions had a final
volume of 10 ml and contained: transcription buffer, 16 nM
template, 80 nM RNAP, 50 mg heparin ml�1, 400mMCTP,

400 mM UTP, 400 mM ATP, 5 mM GTP and 111 kBq
[a-32P] GTP. Transcripts were elongated for 5min at
37�C and then terminated by the addition of 5 ml of
loading buffer [1.5X transcription buffer with 0.1% (w/
v) bromophenol blue, 0.1% (w/v) xylene cyanol and 7M
urea]. Transcripts were electrophoresed through 8%
denaturing acrylamide gels and imaged using a Storage
Phospor screen (Amersham Biosciences), scanned by a
Typhoon 9400 (Amersham Biosciences) and quantified
using ImageQuant 5.2 software (Amersham Biosciences).
Heparin was from Sigma, NTPs were obtained from
Amersham Biosciences and [a-32P]GTP (111 TBq
mmol�1) was from PerkinElmer Life Sciences.

Two-hybrid assay

The bait and target vectors were co-transformed into the
BacterioMatch II two-hybrid reporter strain. Cells re-
covered for 1 h at 37�C in 1 ml of LB broth. Cells were
then pelleted by centrifugation and washed twice with 1 ml
of M9+ His-dropout broth [866 ml of Salt Base (55mM
Na2HPO4, 25.5mM KH2PO4, 9.9mM NaCl, 21.6mM
NH4Cl), 130 ml of Solution I (3.08% glucose, 1.54mM
adenine, 5.92 g/l -His SO supplement (Clontech #630415)
and 4 ml of Solution II (0.25M MgSO4, 0.25M Thiamine,
2.5mM ZnSO4, 25mM CaCl2)]. Transformants were
incubated an additional hour in 1 ml of M9+ His-
dropout broth, plated on M9+ His-dropout agar, and
grown overnight at 37�C. Individual co-transformants
were inoculated into in 3 ml of Nonselective Screening
Medium (NSM) [M9+ His-dropout broth supplemented
to 50 mM IPTG] and grown overnight. Cultures were
diluted as indicated and 8 ml was spotted on both NSM
and selective screening medium (SSM) (5mM 3-amino-
1,2,4-triazole in NSM) agar plates and grown for 24 h at
37�C. Plates were then incubated for an additional 24 h at
room temperature and pictures taken.

WhiB7 and SigA co-expression and pull-down

pSigAB7 was transformed into E. coli Rosetta2 (DE3).
The expression and Ni-NTA purification were carried
out as described for the purification of WhiB7 with the
exception that the Ni-NTA was washed with 6 column
volumes of wash buffer containing 50mM imidazole.
The Ni-NTA eluate was subsequently applied to Strep-
Tactin sepharose resin (IBA) and purified according to
manufacturer’s instructions. Samples were taken through-
out the purification process and were mixed 1:1 with 4�
Sample buffer [0.25M Tris–HCl, 0.28M sodium dodecyl
sulphate, 40% (v/v) glycerol, 20% (v/v) 2-
mercaptoethanol (pH 6.8)] and heated at 100�C for
25min. The samples (7.5 ml) were then separated using a
10% Tricine-SDS–PAGE gel as described by
Schagger (39). Proteins were visualized using GelCode
(Thermo Scientific) according to manufacturer’s instruc-
tion. The Micro BCA protein assay kit (Thermo Scientific)
was used according to manufacturer instructions
to quantify the resulting WhiB7–SigA complex at
0.767±0.021 mg/ml.

pSigA transformed E. coli Rosetta2 (DE3) was used as a
negative control in a simple batch purification of a culture
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Table 1. Strains and plasmids used

Strains Description Reference

E. coli
TOP10 Cloning and plasmid maintenance Invitrogen
MRF’ Kan Cloning and plasmid maintenance for pBT, pTRG and their derivatives; KanR Stratagene
Rosetta2 (DE3) Protein expression strain containing rare tRNAs; CmR Novagen
BacterioMatch II reporter Reporter strain for the BacterioMatch II two-hybrid system; KanR Stratagene

M. smegmatis mc2155
parental Unmodified laboratory strain (36)
whiB7 KO whiB7 (genomic region 2031710–2032094) replaced by hygromycin resistance; HygR (10)
FB7 N-terminal 3xFLAG tag and whiB7 fusion This study
Sig515 sigA mutant expressing SigA R515H; HygR This study

Plasmids
pMS497GFP pMycVec1 derivative with the whiB7 promoter driving gfp expression. Used as the PCR

template for whiB7 promoter; KanR
(10)

pMS483GFP pMycVec1 derivative with the whiB7 promoter, lacking the AT-rich region, driving gfp
expression. Used as the PCR template for a truncated promoter whiB7 promoter lacking
the putative WhiB7 binding site; KanR

(10)

pMS689GFP pMycVec1 derivative with the whiB7 promoter driving gfp expression. Used as the PCR
template for alternate whiB7 promoter templates; KanR

(10)

pETB7sm pET19b derivative for the expression of 10xHis-WhiB7; AmpR This study
pETB7epy Mutant of pETB7sm expressing 10xHis-WhiB7 W65Y; AmpR This study
pETB7vey Mutant of pETB7sm expressing 10xHis-WhiB7 E63V P64E W65Y; AmpR This study
pETB7d Mutant of pETB7sm expressing 10xHis-WhiB7 E63D; AmpR This study
pETB748 Mutant of pETB7sm expressing 10xHis-WhiB7 C48A; AmpR This study
pETB74548 Mutant of pETB7sm expressing 10xHis-WhiB7 C45A C48A; AmpR This study
pET19b T7 RNAP promoter driven protein expression vector; AmpR Novagen
pSigA pColDuet-1 derivative for the expression of strepII-SigAC170 of SigA; KanR This study
pSigAB7 pColDuet-1 derivative for the co-expression of 10xHis-WhiB7 and strepII-SigAC170; KanR This study
pSigAB748 Mutant of pCDR43B7 co-expressing strepII-SigAC170 and 10xHis-WhiB7 C48A; KanR This study
pSigAB74548 Mutant of pCDR43B7 co-expressing strepII-SigAC170 and 10xHis-WhiB7 C45A C48A; KanR This study
pR4B7 pColDuet-1 derivative for the co-expression of 10xHis-WhiB7 and strepII-SigAC82; KanR This study
pColaDuet-1 T7 RNAP promoter driven protein co-expression vector; KanR Novagen
pBTW7 Bait WhiB7 fused to the C-terminus of �cI; CmR This study
pBTW7�C19 Bait WhiB7 lacking the AT-hook fused to the C-terminus of �cI; CmR This study
pBTW7mid Bait WhiB7 fragment, amino acids 50-80, fused to the C-terminus of �cI; CmR This study
pBTW7epy Mutant of pBTW7�C19 expressing an AT-hookless WhiB7 W65Y fused to the C-terminus of

�cI; CmR
This study

pBTW7vey Mutant of pBTW7�C19 expressing AT-hookless WhiB7 E63V P64E W65Y fused to the C-
terminus of �cI; CmR

This study

pBTW7d Mutant of pBTW7�C19 expressing AT-hookless WhiB7 E63D fused to the C-terminus of �cI;
CmR

This study

pBTW71d Mutant of pBTW7�C19 expressing AT-hookless WhiB7 E71D fused to the C-terminus of �cI;
CmR

This study

pBTW748 Mutant of pBTW7�C19 expressing AT-hookless WhiB7 C48A fused to the C-terminus of �cI;
CmR

This study

pBTW74548 Mutant of pBTW7�C19 expressing AT-hookless WhiB7 C45A C48A fused to the C-terminus
of �cI; CmR

This study

pLGF2 Positive control bait vector with LGF2 fused to the C-terminus of �cI; CmR Stratagene
pBT Empty bait vector expressing �cI; CmR Stratagene
pSigASM Target SigA fused to the C-terminus of the a-subunit of RNAP; TetR This study
pTRG170 Target region 4.2 of SigA fused to the C-terminus of the a-subunit of RNAP; TetR This study
pTRG170.515 Target region 4.2 of SigA with the R515H mutation fused to the C-terminus of the a-subunit

of RNAP; TetR
This study

pGAL11 Positive control target vector expressing Gal11 fused to the C-terminus of the a-subunit of
RNAP; TetR

Stratagene

pTRG Target vector expressing the a-subunit of RNAP; TetR Stratagene
pFB7 pMV261 derivative for constitutive expression of whiB7 with a N-terminal 3xFLAG epitope;

KanR
This study

pFB7AT pMV261 derivative for constitutive expression of whiB7 with a N-terminal 3xFLAG epitope
and lacking the C-terminal AT-hook; KanR

This study

pFB7d pMV261 derivative for constitutive expression of whiB7 with a N-terminal 3xFLAG epitope
and a WhiB7 E63D mutation; KanR

This study

pB7fun pMV261 derivative for constitutive expression of the WhiB7 functional region
(WhiB7�N19C6); KanR

This study

pMV261 A mycobacterial multi-copy vector containing the constitutively active HSP60 promoter
upstream of a multiple cloning site; KanR

(37)

HygR, hygromycin resistance; KanR, hygromycin resistance; AmpR, ampicillin resistance; CmR, chloramphenicol resistance; TetR, tetracycline
resistance.
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induced at �0.6 OD600 nm for 3 h at 37�C. Briefly, 200 ml
of Ni-NTA resin was incubated with expression lysate in
an Eppendorf tube for 1 h at 4�C. The resin was washed 3
times with 500ml of wash buffer containing 100mM imid-
azole. The eluate was separated by Tricine-SDS–PAGE.
WhiB7–SigAC82 complexes were similarly isolated using

the co-expression vector pR4B7. The absorbance at
280 nm was used to estimate the protein concentration
with an absorbance of 1 corresponding to 0.93mg/ml.

Ultraviolet spectroscopy

A Hitachi U-3010 spectrophotometer was used to monitor
absorbance with a scan rate of 300 nm/min. For the
diamide-treated samples, diamide was added to a final
concentration of 7mM. Diamide interfered with measure-
ments below roughly 380 nm.

Minimal inhibitory concentration (MIC) determination

MIC determinations were carried out as previously
described (10).

Disk assay

M. smegmatis strains were grown in 3 ml of 7H9 for 2 days
(i.e. to stationary phase). 7H9 agar (no tyloxapol) was
prepared with a 15 ml of 1.5% (w/v) agar base and 7 ml
of 0.5% (w/v) top agar. Once the base was solidified, the
strains were inoculated to a final OD 600 nm of 0.005 into
the 7 ml of top agar cooled to 50�C. The suspension was
mixed and immediately poured onto the agar base. When
the agar solidified, blank paper disks (BD 231039) were
placed on the top agar, and 7.25 ml of antibiotic solution
was spotted as indicated. The plates were then incubated
in a closed non-airtight humid container at 37�C for 48 h
and pictures taken.

RESULTS

WhiB7 binds the primary vegetative sigma factor SigA

Transcriptional activators that bind nucleotide sequences
overlapping or adjacent to the �35 promoter hexamers
generally increase the affinity or stabilize sigma factor
binding to the promoter, thereby stimulating transcription
(40). The �10 and �35 hexamers of the whiB7 promoter
and genes in its regulon are similar to the consensus
sequence of promoters recognized by the primary vegeta-
tive sigma factor in Mtb, SigA (10). A conserved AT-rich
motif, that may serve as the WhiB7-AT-hook binding site,
is located immediately upstream of the �35 hexamer. This
suggested a possible interaction between WhiB7 and SigA
proteins. Indeed, WhiB3, a WhiB7 paralog, binds a 160
amino acid C-terminal fragment (residues 369–528) of
SigA (referred to as SigAC160) (16). SigAC160 spans
several SigA structural domains including the terminus
of region 2, as well as region 3 and region 4 (the �35
hexamer binding domain) (41). Steyn et al. (16) showed
that WhiB3 and SigAC160 are not able to interact when an
amino acid located at the C-terminus of region 4.2 (residue
515) is mutated (R515H). We cloned a 170 amino acid
C-terminal fragment (residues 297–466) of M. smegmatis

SigA that was 99.6% identical to M. tuberculosis SigA
(amino acids 359–528; referred to as SigAC170). An
E. coli two-hybrid system (BacterioMatch II), as well as
co-expression/pull-down experiments, were used to test
the possible protein–protein interaction between
M. smegmatis WhiB7 and SigAC170.

Two-hybrid systems are designed to monitor inter-
actions between two proteins based on their abilities to
localize RNAP to a promoter upstream of a reporter
gene. In the BacterioMatch II system, this results in
higher expression of a histidine biosynthetic enzyme
(HIS3) that can be monitored in a histidine auxotrophic
reporter strain of E. coli grown on selective screening
media (SSM) in the presence of a HIS3 inhibitor (3-AT:
Figure 2A). The strength of the interaction determines
growth, measured as plating efficiency. To ensure that
WhiB7 DNA-binding activity did not interfere with
targeted localization to the reporter gene, the WhiB7
used as bait was truncated to remove the C-terminal
AT-hook (WhiB7�C19; pBTW7�C19; Figure 1).
Indeed, the use of WhiB7�C19 as bait and SigAC170

(pTRG170) as target allowed growth on SSM
(Figure 2B). This provided the first evidence of WhiB7–
SigA interaction. WhiB7�C19–SigAC170 interaction was
prevented by the R515H mutation (Figure 2B) corres-
ponding to the experiments done with WhiB3-SigAC160.
Importantly, expression of neither bait nor target
protein alone promoted growth on SSM (Supplementary
Figure S1), and all strains grew normally on non-selective
screening media lacking histidine without the HIS3 inhibi-
tor (NSM; Figure 2B).

To confirm WhiB7–SigA binding, in vitro pull-down
experiments were done using full length WhiB7 fused to
a 10xHis-tag (N-terminal) and SigAC170 fused to a strepII-
tag (N-terminal). Proteins were co-expressed in E. coli
(Figure 3A; lysate supernatant), and the soluble cytoplas-
mic fraction was passed through a Ni-NTA column that
bound 10xHis-WhiB7. Elution from the column with
imidazole co-purified SigAC170 along with WhiB7
(Figure 3A; NiNTA elution). The eluate was then passed
through a Strep-Tactin column that bound strepII-tagged
SigAC170. Elution from StrepTactin (using desthiobiotin)
once again co-purified SigAC170 along with WhiB7
(Figure 3A; StrepTactin elution), demonstrating that
WhiB7 and SigA formed stable and soluble complexes.
The fact that SigAC170 was not purified on the Ni-NTA
column in the absence of WhiB7 (Supplementary Figure
S2) demonstrated specificity. The ultraviolet spectrum of
the purified WhiB7–SigAC170 complex, which eluted as a
brown/yellow solution, contained broad shoulders
between 300–350 and 400–450 nm indicating the
presence of FeS bound holo-WhiB7 (Figure 3B). Based
on the extinction coefficient of iron within bound FeS
clusters at 400 nm [estimated to be 4000 M�1cm�1 (42)],
the spectroscopic data indicated an iron to WhiB7–SigA
complex ratio of 1.91 (±0.05) to 1.

The SigAC170 fragment used in these experiments
extended from the end of region 2 through regions 3 and
4. As the R515H mutation that prevents WhiB7–SigA
interaction was located at the end of region 4.2, we
investigated whether region 2 and 3 in SigAC170 were

10066 Nucleic Acids Research, 2013, Vol. 41, No. 22

about 
ours
 &deg;
L 
our
 &deg;
L 
-
-
mL
V
Assay
M.
mL 
two 
mL 
mL 
mL 
 &deg;
L 
,
 &deg;
ours
-
-
-
-
-
-
-
-
-
 polymerase
-
-
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt751/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt751/-/DC1
-
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt751/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt751/-/DC1
UV 
-
-
nm 
-
(
-
-
)
-
employed 
Since 
-


dispensable for interaction with WhiB7. To map the
WhiB7 binding site more precisely, we constructed a
vector expressing the C-terminal 82 amino acids of SigA
including only region 4 (SigAC82; pR4B7). As was found
with the SigAC170 fragment, WhiB7 co-purified with
SigAC82 (Figure 3C). We conclude that the WhiB7
binding site is localized in region 4 (most likely region
4.2) of SigA.

Regions and residues of WhiB7 that are essential for
SigA binding

WhiB7 is composed of three structural motifs predicted by
its amino acid sequence, including the FeS cluster binding
domain, middle domain and AT-hook domain (Figure 1).
The AT-hook motif located at its C-terminus likely inter-
acts with the conserved AT-rich region upstream of its
promoter (10) and was not required for SigA binding
(Figure 2B). This indicated that the residue(s) responsible
for SigA interaction were within the FeS cluster binding
domain and/or the middle domain.

Predictions of conserved Wbl structural features by
Soliveri et al. (7) suggest that a loop between the FeS

cluster domain and the G(V/I)WGG (glycine turn motif
located at the core of the middle domain) ‘is a prime can-
didate for an interaction with another conserved cellular
component (perhaps RNAP, bound adjacent to a Wbl
protein at a promoter)’. As WhiB3 interacts with SigA
(16), but WhiB5 does not (11), we compared WhiB7,
WhiB3 and WhiB5 loop sequences from several actinomy-
cetes genera, including Mycobacterium, Streptomyces and
Rhodococcus. Both WhiB7 and WhiB3 proteins contained
a similar triplet motif, EPW and EPY, in all species,
whereas WhiB5 had various dissimilar sequences (Figure
2C). Numerous transcriptional regulators are known to
bind region 4 of SigA, with interactions typically
occurring between basic SigA amino acids (i.e. arginine
or lysine) and acidic amino acids (i.e. glutamate or aspar-
tate) in the activator protein (43). Therefore, our align-
ment suggested that the conserved anionic glutamate in
WhiB7 (E63) and WhiB3 might interact with cationic
arginine (R515) of SigA. The WhiB7 bait for the
BacterioMatch system, WhiB7 (EPW), was therefore
mutated to contain sequences mimicking WhiB3 (EPY),
or WhiB5 (VEY). One other construct was made in which
the glutamate was mutated to a chemically similar residue
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Figure 2. WhiB7�C19 binds to the C-terminus of SigA but not its R515H mutant. (A) Schematic description of the BacterioMatch II two-hybrid
system. A bait protein fusion (M. smegmatis WhiB7+ �cI) is targeted to a weak promoter expressing HIS3 by �cI/�-operator interaction. 3-amino-
1,2,4-triazole (3-AT) inhibits HIS3 activity resulting in histidine auxotrophy. If the target protein fusion (M. smegmatis SigA+a) interacts with the
bait protein, a promotes the recruitment of RNAP increasing the expression of HIS3 and restoring the ability of the cell to grow on media lacking
histidine. (B) Spotted dilutions (10�1–10�4) of reporter co-transformants on non-selective and selective screening media (NSM and SSM, respectively)
to test protein interaction. Protein–protein interaction is indicated by growth on SSM. Bait and target vectors (pBT/pTRG) without inserts served as
a negative control. Positive control plasmids (pLGF2/pGAL11, top left) were from Strategene. Combinations of bait and target proteins tested are
illustrated. WhiB7 is represented in two parts: the cysteine iron binding box ‘FeS’ (aa 1–54) and the glycine rich tryptophan turn region (oval ‘mid’;
aa 55–80). The WhiB7 construct was partnered with a C-terminal fragment of SigA ‘SigAC170’, or its R515H mutant, ‘R515H’, as indicated. Results
are representative of at least three independent co-transformants. (C) Peptide sequences of WhiB7 (top), WhiB3 (middle) and WhiB5 (bottom)
spanning a region from the fourth cysteine to the first glycine of the G(V/I)WGG turn from M. tuberculosis (Mtb), M. smegmatis (Msm), R. jostii
(RH) and S. coelicolor (SCO). Conserved residues are highlighted gray and the chemically similar residues are boxed. (D and E) Similarly to (B),
SigAC170 was partnered with various WhiB7 bait mutants or a truncated construct. Mutations in the ‘mid’ region are bolded in the oval; (D)
EPY=W65Y, VEY=E63V P64E W65Y, DPW=E63D, (E) E71D=E71D.
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aspartate (DPW). Neither WhiB7 bait in which EPW was
mutated to the WhiB5 sequence (pBTW7epy) nor the con-
struct containing the glutamate to aspartate mutation

(pBTW7d) interacted with SigA strongly enough to
promote growth, whereas mutation to the WhiB3
sequence (pBTW7vey) retained activity (Figure 2D).
This suggested that the glutamate was essential for SigA
interaction and that WhiB7 and WhiB3 may bind SigA in
the same manner.

A fragment of WhiB7 containing the EPW motif,
spanning the region from the last cysteine to the border
of the AT-hook domain (the middle domain of
WhiB7 diagrammed in Figure 1), was then tested for
SigA binding (pBTW7mid) using the two-hybrid system.
This fragment was inactive (Figure 2D). As WhiB7
bound to SigA contained an FeS cluster (Figure 3B), the
result may indicate that tertiary structural features such as
FeS cluster binding may stabilize SigA binding.

Mutations of the conserved cysteines to alanines in
WhiB1 or WhiBTM4 eliminates FeS cluster binding
(21,44), and at least two cysteine to alanine mutants of
WhiB2 are inactive in vivo (26). Therefore, to investigate
whether the FeS cluster contributed to WhiB7 binding of
SigA, the third cysteine (pBTW748) and both the second
and third cysteines (pBTW74548; the CXXC motif), were
mutated to alanines (Figure 1) and tested using the
BacterioMatch system. Neither construct promoted
growth under selective conditions, indicating that the
complex between SigA and WhiB7 was absent
(Supplementary Figure S3A). To further investigate
these results using pull-down experiments, mutant genes
were cloned into the expression vector used to co-express
WhiB7 and SigA. Surprisingly, neither mutant protein was
stably expressed either alone (Supplementary Figure S3B)
or with SigA (Supplementary Figure S3C). These results
suggested that, unlike WhiB1, loading of the FeS cluster
was essential for WhiB7 stability in E. coli. To ensure that
the other mutants analyzed using the BacterioMatch
system (Figure 2D) were stable, each was expressed
alone and could be purified at comparable levels to
wild-type WhiB7 (Supplementary Figure S4). This
demonstrated that WhiB7 instability was a unique
function of the Cys to Ala mutations, presumably due to
loss of FeS cluster binding or perhaps improper folding of
its precursor apo protein.

WhiB7 is a redox sensitive transcriptional activator

The whiB7 promoter contains a conserved AT-rich region,
which may serve as a WhiB7 binding site (10). To test
whether WhiB7 directly catalyzed transcription of its
promoter, WhiB7 was purified for transcriptional run-off
assays. WhiB7 contains an FeS cluster that is sensitive to
air but can be significantly stabilized by a reductant (20).
The 10xHis-WhiB7 was purified at 4�C under aerobic
conditions using a Ni-NTA column. It eluted as a
brown solution, characteristic of proteins binding an
FeS cluster. The ultraviolet spectrum contained broad
shoulders between 300–350 and 400–450 nm with a
characteristic shape indicative of [2Fe2S] clusters (Figure
S5). Although anaerobic reconstitution allows other WhiB
holo proteins to co-ordinate a [4Fe-4S] cluster, aerobic
purification of those proteins also yields the more
oxygen stable [2Fe-2S] form (20). As the purification of
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Figure 3. WhiB7 forms a stable and soluble complex with region 4 of
SigA in E. coli. (A) A C-terminal fragment of SigA (SigAC170) was co-
expressed with WhiB7 (whole-cell lysate). Soluble proteins (lysate
supernatant) were passed through Ni-NTA resin allowing purification
of His tagged-WhiB7 and its binding partner, SigA (NiNTA elution).
The Ni-NTA eluate was then passed through StrepTactin resin to bind
strepII tagged SigA resulting in co-purification of WhiB7 (StrepTacin
elution). Protein molecular mass are estimated from standards with
indicated masses (kDa). WhiB7 purification is the WhiB7 preparation
used for in vitro run-off experiments. (B) Absorption of the StrepTactin
eluate over a range of wavelengths. There are broad shoulders (arrows)
between 300 and 350 nm and between 400 and 450 nm, which is
indicative of FeS clusters. (C) Region 4 of SigA (SigAC82) was co-ex-
pressed with WhiB7 (whole cell lysate). Soluble proteins (lysate super-
natant) were passed through Ni-NTA resin allowing purification of His
tagged-WhiB7 and its binding partner SigA(region4) (NiNTA elution).
The Ni-NTA eluate was then passed through StrepTactin resin to bind
strepII tagged region 4 of SigA resulting in co-purification of WhiB7
(StrepTacin elution). WhiB7 purification is the WhiB7 preparation used
for in vitro run-off experiments (nb, a degraded form of WhiB7 was
present in the preparation).
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WhiB7 was done aerobically, the eluate was expected to
contain both apo- and holo- WhiB7 in various redox
states. To stabilize FeS clusters, purified WhiB7 was
supplemented with DTT and flash frozen. Holo-RNAP,
loaded with a mixture of sigma factors, was isolated from
exponentially growing M. smegmatis. RNAP activity was
assayed using the whiB7 and HSP60 promoters (Figure
4A) in the presence of increasing concentrations of
WhiB7. Transcriptional run-off products were analyzed
after separation on denaturing polyacrylamide gels
(Figure 4B). WhiB7 catalyzed up to a 4-fold increase in
transcription of its own promoter in a concentration-
dependent manner and had no significant effect on
transcription from the HSP60 (Figure 4C). There was a
relatively small increase of HSP60 activity when lower
concentrations of WhiB7 were added. Although we
cannot rule out a minor direct effect, the fact that higher
concentrations did not promote larger transcription
increases from the HSP60 promoter indicates that it is
insignificant. Control experiments using truncations of
adjacent upstream and downstream regions of the whiB7
promoter confirmed our in vivo mapping (10) of the start
site and direction of transcription (Supplementary Figure
S6).

Studies of growing cultures had previously established
that reducing conditions generated by supplementing the
medium with DTT synergistically enhanced the activation

of the whiB7 promoter by erythromycin, whereas
oxidizing conditions (supplementing with diamide)
reduced activation (10). Transcriptional run-off
experiments were therefore carried out to determine
whether this was a direct effect of diamide on WhiB7. In
studies of other holo WhiB proteins, diamide is known to
release their FeS clusters generating oxidized apo proteins
with intramolecular disulphide bonds between the
conserved cysteines (9,15,20). Although the presence of
diamide interfered with absorbance readings below ca.
400 nm, a clear, time-dependent drop in the 450 nm
shoulder was observed indicating partial loss of the FeS
cluster (Supplementary Figure S5B) (42). Consistent with
our in vivo observations, incubation of WhiB7 with
diamide eliminated its ability to activate transcription
(Figure 4D). Furthermore, the observation that diamide
did not inhibit transcription from the WhiB7-independent
HSP60 promoter demonstrated specificity for WhiB7, i.e.
it was not due to oxidation of other components in the
run-off reaction mix.
The AT-rich region upstream of the whiB7 promoter is

required for WhiB7-mediated transcriptional activation
in vivo (10). When this AT-rich region was deleted,
in vitro transcription was no longer promoted by WhiB7,
confirming its requirement for WhiB7-dependent
transcription activation (Figure 4E).
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Figure 4. In vitro run-off analysis shows WhiB7 is an autoregulatory, redox-sensitive transcriptional activator targeting a conserved AT rich region
upstream of its promoter. (A) Sequence of the whiB7 (PwhiB7) and HSP60 (PHSP60) promoters. The potential WhiB7 binding site is highlighted in gray
with region deleted for experiments in ‘E’ boxed. The �10 and �35 hexamers are boxed within dashed lines and the transcriptional start site is
highlighted as white text on a black background. (B) Transcriptional products from the whiB7 (PwhiB7) and HSP60 (PHSP60) promoters with the
addition of an increasing amount of WhiB7 (0–4.5mM). (C) Quantification of transcriptional activity observed in ‘B’, as fold increase versus no
WhiB7 of the whiB7 (black) and HSP60 (white) promoters. Transcripts from three reactions were quantified and averaged. Error bars represent
standard deviation. (D) Transcriptional products from the whiB7 (PwhiB7) and HSP60 (PHSP60) promoters with the addition of an increasing amount
of oxidized WhiB7 (0–4.5mM). Owing to the staggered nature of preparing multiple run-off reactions in parallel, the diamide pre-treatment time of
WhiB7 ranged from 15 (lowest diamide concentration) to 26min (highest diamide concentration). (E) Transcriptional product (arrow) of the whiB7
promoter with (right) and without (left) the conserved at AT-rich region (see ‘A’). Reactions were carried out in the presence (+; 3.0 mM) or absence
(�) of WhiB7. The other prominent bands represent non-specific end-to-end transcripts.
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The role of WhiB7 in providing intrinsic drug resistance is
dependent on its interactions with a promoter sequence
motif and SigA

Having established the requirement of the AT-rich
sequence upstream of the �35 hexamer for WhiB7-
catalyzed transcription (Figure 4), experiments were
carried out to investigate the role of the WhiB7
C-terminal AT-hook motif in targeting this region
in vivo. A C-terminally truncated protein lacking the
AT-hook was tested for its ability to complement
the M. smegmatis whiB7 knock out (KO) strain.
Resistance to representative members of several structural
classes of antibiotics within the whiB7 sensitivity spectrum
were screened, including an aminoglycoside
(spectinomycin), a tetracycline (tetracycline) and
macrolides (clarithromycin and roxithromycin). The
whiB7 KO strain was more sensitive to spectinomycin
(8–16-fold), tetracycline (8-fold), clarithromycin (>32-
fold) and roxithromycin (>32-fold) (Table 2).
Constitutive expression of full-length WhiB7 (pFB7), but
not a C-terminally truncated WhiB7�C19 (pFB7AT),
restored antibiotic resistance in the M. smegmatis whiB7
KO, demonstrating that the AT-hook was required for
activation of resistance systems (Table 2). Interestingly,
expression of WhiB7�C19 in the parental background
consistently lowered its antibiotic resistance 2-fold
(relative to the vector control and pFB7), suggesting
that the WhiB7�C19 may compete with functional
WhiB7 protein for SigA binding (Table 2) to sequester it
in an inactive form. In addition, an N- and C-terminally
truncated WhiB7 (WhiB7�N19C6; pB7fun), which
corresponded to the conserved ‘functional’ region of
WhiB7 proteins (Figure 1) restored antibiotic resistance
(Table 2). This indicated that the N- and C-termini do
not contribute to WhiB7’s antibiotic resistance function.
In Mtb, the SigA R515H mutant is less virulent,

mimicking the phenotype of a mutation of its paralog,
WhiB3 (15,45). Binding of WhiB7 and SigA was similarly
prevented by the SigA R515H or WhiB7 E63D mutations
(Figure 2), predicting that these mutations might generate a
multi-drug sensitivity phenotype found in the whiB7 mutant.
We replaced wild-type sigA with an R515H mutant allele to
construct M. smegmatis Sig515 (Figure 5A). Although levels
of resistance to representative antibiotics not in the whiB7
sensitivity spectrum (including danofloxacin and isoniazid)
were not significantly changed (Table 3), the mutant was at

least 4-fold more sensitive to antibiotics within the whiB7
sensitivity spectrum (including tetracycline, spectinomycin
and clarithromycin) (Table 3). Interestingly, the decrease in
sensitivity to spectinomycin was affected less by the SigA
R515H mutation than by the whiB7 deletion. Disk assays
were done to further evaluate resistance levels (Figure 5B).
The Sig515 mutant was slightly more resistant to
clarithromycin and tetracycline than the whiB7 KO
mutant, but was much more resistant to spectinomycin
(Table 3). To ensure that whiB7 was not disrupted in the
Sig515 strain, the presence of the gene and its promoter
were confirmed by PCR (Figure 5C).

Finally, we tested the ability of WhiB7 E63D (pFB7d)
to complement the whiB7 KO mutation. Similar to the
SigA R515H mutation, the complemented strain showed
a whiB7 specific multi-drug susceptibility profile (Table 2)
confirming that WhiB7 E63D did not activate a drug
resistance response.

Modeling WhiB7 and its interaction with SigA and DNA

Although Wbl proteins have attracted the attention of
many laboratories, tertiary structural data are not
available for any of these proteins. This is generally
attributed to structure predictions that their peptide
sequences are primarily disordered and the fact that
FeS-containing regulatory proteins are notoriously
unstable (46). WhiB7 in Mtb is a 92 amino acid protein
(UniProt accession number: Q6MX01) that does not have
sufficient sequence similarity with any known structures
for homology modeling or structure-sequence threading.
Therefore, a 3D structural model of WhiB7 was built
using a de novo prediction method as implemented in the
Robetta server (47). The top 10 WhiB7 models were
examined for positioning of the four cysteine residues to
coordinate a [2Fe-2S] FeS cluster, and a C-terminal loop
resembling an AT-hook (48). Our experimental data
predicted an interaction between E61 of WhiB7 and
R515 of SigA. Using this information, a homology
model of SigA region 4 of M. tuberculosis (UniProt
accession number: P0A602) was built using
MODELLER (49) based on the E. coli SigA structure
[PDB: 4IGC_X; (50)]. Region 4 was 60% similar in
E. coli and Mtb sequences. The potential interacting
poses between WhiB7 and SigA were then evaluated by
using protein–protein docking predictions from the
ClusPro 2.0 server (51) and the E61–R515 interaction

Table 2. Minimum inhibitory concentrations of M. smegmatis and whiB7 mutant (KO) expressing WhiB7 and WhiB7�C19, as well as M.

smegmatis FB7

Strain: Minimum inhibitory concentration (mg/ml)a M. smegmatis mc2155

Parental whiB7 KO

Vector: pMV261 pFB7 pFB7AT pMV261 pFB7 pFB7AT pFB7d pB7fun

Spectinomycin 80–40 80 40 5 80 2.5 10 160–80
Tetracycline 1 1 0.5 0.13 1 0.063–0.03 0.25–0.13 1
Clarithromycin 3 3 1.5 �0.094 3 �0.094 0.094 6
Roxithromycin 24 24 12 �0.38 24 �0.38 �0.38 24

aMIC ranges represent three independent transformants.
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shown experimentally (Figure 2). To further define DNA-
binding residues, the most likely protein docking model
(best of 12 candidates) was superimposed with the RNAP
holoenzyme-DNA complex [PDB: 1L9Z; (52)]. Using the
positions of expected binding sequences for WhiB7 and
SigA (Figure 4A), the model of the complex was energy
minimized in the AMBER99 force field. Figure 6A
illustrates the overall structural model of WhiB7, SigA
and DNA. The predicted interface between WhiB7 and
SigA based on protein–protein docking was further
examined for interacting residues. Remarkably, the
electrostatic surfaces of WhiB7 (Figure 6B) and SigA

(Figure 6C) had complementary charges and shapes.
In addition to the E61 and R515 interaction, there were
numerous potential close (within 4.5 Å) interactions
(Supplementary Table S2) between WhiB7 and SigA that
were identified using the Molecular Operating
Environment suite. Interactive residues corresponding to
conserved WhiB7 amino acids are diagramed in
Figure 6D. Interestingly, a glutamate residue downstream
of the tryptophan turn, E69 (E71 in M. smegmatis)
(Figure 2C), was identified as a partner for a second
potential ionic interaction with SigA. To provide
evidence for the validity of the model, E71 in
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Figure 5. The SigA R515H mutant mimics the whiB7 mutant (KO) multi-drug susceptible phenotype. (A) Outline of the recombineering strategy
used to construct M. smegmatis Sig515. A double recombination event replaced a region of the SigA gene (top) with a mutated allele R515H
(bottom). Positive selection for insertion was provided by the hygromycin resistance gene (HygR). The primers SigAsmF and SigAsmR, used to
amplify sigA for sequencing to confirm insertion of the mutation, are indicated. (B) Disk assay for the resistance of M. smegmatis Parental (left),
Sig515 (middle) and whiB7 KO (right). Total micrograms spotted were spectinomycin 145, clarithromycin 2.9, isoniazid 145 and tetracycline 0.7. The
results are representative of three independent Sig515 recombinants or the other strains performed in triplicate. (C) PCR products of the
amplification of whiB7 and its promoter from M. smegmatis parental, the three Sig515 recombinants, and whiB7 KO. All strains, with the exception
of whiB7 KO, had the expected ca. 800 bp product. Sizes of the ladder (left) are indicated.

Table 3. Comparison of drug susceptibility of M. smegmatis parental, Sig515 and whiB7 mutant (KO) in liquid and on solid media

Antibiotic M. smegmatis mc2155

MIC (mg/ml)a Diameter of inhibition zone (mm)b

Parental Sig515 whiB7 KO Parental Sig515 whiB7 KO

Spectinomycin 80 20 10 0 18.1±2.6 34.3±1.3
Clarithromycin 1.5 0.19–0.09 0.094 15.3±0.3 27.5±1.2 30.3±0.6
Tetracycline 2 0.5–0.25 0.5 21 31.9±0.9 35.3±0.3
Isoniazid 16 8 16 48 49.8±0.4 46.7±1.2
Danofloxacin 0.35 0.35 0.35

aMICs represent the range of three biologically independent replicates for parental and whiB7 KO strains. They are the range of three independent
Sig515 mutants.
bDiameters are the average of triplicate experiments for parental and whiB7 KO strains. For Sig515, they are the average of three independent
recombinants performed in duplicate. If measurements showed variation the standard deviation is indicted as ‘±’. Total mg spotted: spectinomycin
145, clarithromycin 2.9, tetracycline 0.725, isoniazid 145.
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M. smegmatis was mutated to an aspartate (pBTW71d)
and tested by the two-hybrid assay. Unlike the E63D
mutant, the E71D mutant in combination with SigAC170

promoted growth under selective conditions, although not
as strongly as the wild-type or W65Y mutant (Figure 2E).
The decreased growth (corresponding to a 10-fold
dilution) suggested that WhiB7–SigA interaction was
weakened by the E71D mutation, but not as effectively
as the E63D mutation. Thus, the model correctly
identified R71 as a residue contributing to SigA
interaction.

DISCUSSION

In Mtb, seven whiB genes are implicated in a variety
of fundamental metabolic processes. Whether the
corresponding gene products act exclusively as
transcriptional regulators and/or have additional
functions as thioredoxins or chaperones continues to be
debated. Our in vitro run-off experiments provided the
first direct biochemical proof of transcriptional activation
by a WhiB protein. We also dissected WhiB7’s predicted
functional domain (Figure 1A), demonstrating three
sequence motifs that contribute to protein stability (FeS
cluster binding domain), binding of SigA (middle domain)

and targeting RNAP to a specific subset of vegetative
promoters (DNA-binding domain).

Our experiments showed that WhiB7 is a redox-
sensitive transcriptional activator in vitro, thereby
proving a direct role in transcriptional activation implied
by previous genetic studies (2,10). The in vitro data
support in vivo work showing promoter specificity
requires an AT-rich sequence upstream of the whiB7
promoter, and sensitivity of WhiB7 function to redox
conditions.

Isolation and sequencing of Wbl proteins predicted that
positively charged amino acids within their C-terminal
regions determine DNA-binding specificity (7).
Mutations in homologous residues impair DNA binding
activities of some mycobacterial WhiB proteins as well as
their functions in vivo (26,44). Our studies of WhiB7
showed that removal of its C-terminus, containing an
AT-hook motif, prevented activation of whiB7-specific
antibiotic resistance in vivo (Table 2). Evidence for
interaction between the AT-hook and the whiB7
promoter was provided by experiments showing that
deletion of a conserved AT-rich region immediately
upstream of the whiB7 promoter also prevented WhiB7-
mediated transcriptional activation in vivo (10) or in vitro
(Figure 4). There is little information about AT-hook
containing proteins in prokaryotes, but in eukaryotes the

D

A B C

MSVLTVPRQTPRQRLPVLPCHVGDPDLWFADTPAGLEVAKTLCVSCPIRRQCLAAALQRAEPWGVWGGEIFDQGSIVSHKRPRGRPRKDAVA

AVDAVSFTLLQDQLQSVLDTLSEREAGVVRLRFGLTDGQPRTLDEIGQVYGVTRERIRQIESKTMSKLRHPSRSQVLRDYLD*

region 4.1 region 4.2

460 470 480 490 500 510 520

10 20 30 40 50 60 70 80 90

E61 R515

AAAAT TTGTGC
-35WhiB7 binding

site

Figure 6. Structural prediction of WhiB7 and its interaction with SigA/DNA. (A) A structural model involving Mtb WhiB7, Mtb SigA and DNA.
WhiB7 is shown as a ribbon with the three functional regions highlighted; variable N-terminus (gray), iron sulphur cluster binding domain (red),
middle domain that interacts with SigA (pink) and DNA-binding domain (blue) positioned in the DNA minor groove. The homology model of Mtb
SigA region 4 [based on E. coli SigA E. coli (PDB: 4IGC_X)] is shown as an orange ribbon, interacting with the DNA at the �35 hexamer position.
Interaction surfaces of (B) WhiB7 as viewed by SigA (interactive SigA residues are superimposed) and (C) SigA as viewed by WhiB7 (interactive
WhiB7 residues are superimposed). The electrostatic surfaces of interacting residues are shown (blue: positively charged, red: negatively charged).
Hydrogen and ionic bonds are displayed as green lines. For clarity, hydrogen atoms not involved in interactions are hidden. Colors of amino acids
modeled correspond to those in (A). WhiB7 and SigA residues are indicated as pink and black font, respectively. Experimentally verified interactions
are labeled with larger font. (D) Potential conserved interactions between WhiB7 (below) and region 4 of SigA (top). The experimentally determined
point of interaction (R515) is starred. The Mtb WhiB7 maintains the colouring from Figure 1 to highlight conserved residues. Ionic bonds are
indicated by solid lines, hydrogen bonds as dashed lines, and hydrophobic interactions as dashed blue lines.
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motif is found in a variety of DNA-binding regulatory
proteins (53). The AT-hook binds the minor groove of
AT-rich DNA (22) rather than specific sequences
recognized by many other DNA binding domains. It is
often found on proteins containing additional DNA-
binding modules, suggesting that their AT hooks alter
their affinity or specificity (53). The whiB7 promoter
(Figure 4A) strongly resembles the consensus sequence
of SigA-targeted promoters, and the proximity of the
AT-hook binding motif to the �35 hexamer suggested
that WhiB7 might act by stabilizing sigma factor–DNA
binding (10,40,43). WhiB7 bound to SigA would add the
AT-hook to the repertoire of SigA DNA binding modules,
providing additional specificity for promoters containing
AT-rich regions upstream of their �35 hexamers. In
essence, the AT rich region recognized by WhiB7 would
act as a discriminator similar to cis-acting promoter
features that enhance sigma factor selectivity for distinct
promoters (54).

Our experiments proved that WhiB7 (with or without
the AT-hook) binds to the C-terminus (region 4) of SigA
(Figure 2; Figure 3). The interaction was eliminated by
specific mutations in region 4.2 of SigA (R515H)
(Figure 2B). Steyn and collaborators have reported that
the SigA R515H mutation prevented interaction between
SigA and WhiB3 (16) and had a decreased virulence
phenotype corresponding to that of a whiB3 mutant
(15,45). Our data demonstrated that the SigA R515H
mutation also prevented interaction with WhiB7 and
caused WhiB7-specific multi-drug susceptibility in vivo
(Figure 5; Table 3). The fact that the SigA R515H
mutant had a slightly different antibiotic sensitivity
profile may indicate that R515 interacts with other
proteins (including WhiB3) that have roles in intrinsic
resistance.

Region 4.2 of SigA binds a variety of transcriptional
activators, generally mediated by interactions between its
positively charged residues and negatively charged
residues of a regulatory partner protein (43). We found
that E63 of WhiB7 was an essential residue for WhiB7–
SigA binding (Figure 2) and is required for antibiotic
resistance in vivo (Table 2). Importantly, this glutamate,
along with adjacent amino acids (proline and tryptophan),
were conserved across WhiB7 orthologs and similar in
WhiB3 (Figure 2D). This implied that WhiB7 and
WhiB3 bind SigA in a similar manner. Although
conservation of this tripeptide motif was necessary for
SigA binding, the middle domain alone was unable to
bind (Figure 2D). This suggested additional sequence
requirements that must be located upstream since the C-
terminal DNA binding domain was dispensable. We
conclude that sequences within the N-terminal domain
encoding FeS cluster binding residues either interact
directly with SigA or are needed for proper folding of
regions within the middle domain that interact with SigA.

Wbl homologs contain four conserved cysteines at their
N-termini that typically co-ordinate an FeS cluster.
Alterations of FeS clusters, either conversion from [4Fe-
4S] to [2Fe-2S], change of their redox states, or ejection
of FeS clusters, are all mechanism of activation for
FeS-containing transcriptional regulators (55). The event

alters tertiary structure to either activate or restrict
transcriptional activity of the protein. This versatility
allows the evolution of FeS cluster-containing proteins
able to respond to redox signals of different strengths.
WhiB7–SigA complexes contained FeS clusters (Figure
3B) that may provide essential tertiary stability allowing
the middle domain of WhiB7 to interact with SigA,
thereby promoting transcription. Importantly, run-off
transcription catalyzed by WhiB7 was inactivated by
oxidation with diamide at concentrations that did not
affect transcription of PHSP60, a standard vegetative
promoter (Figure 4). This is consistent with in vivo
studies demonstrating that diamide inhibits activation of
the whiB7 promoter by antibiotic treatment. Diamide is a
thiol-specific reagent that oxidizes cysteines thereby
releasing FeS clusters, typically leading to intramolecular
disulphide bonds in the apo protein (9,15,20). WhiB7
cysteine mutants could not be stably expressed in E. coli,
suggesting the protein would be unable to establish a
stabilizing interaction with SigA (Supplementary
Figure S3). Importantly, erythromycin treatment of
M. smegmatis generates a highly reduced cytoplasm (10)
that might favour holo-WhiB7 and promote WhiB7-
mediated transcriptional activation. The fact that this
reductive shift is dependent on whiB7 (10) suggests that
WhiB7 action may be autocatalytic, activating resistance
systems and thereby generating a highly reducing
environment to increase its activity.
WhiB7’s link to reducing conditions and stable loading

of an FeS cluster is important for its role as a resistance
gene and highlights the emerging theme that antibiotic-
induced effects extend far beyond inhibition of single
targets and resonate through cell metabolism, often
involving redox perturbations. For example, production
of the reductant H2S provides resistance to many
structurally and functionally diverse antibiotics (56). In
mycobacteria, mycothiol, the major thiol protectant,
plays a role in resistance to oxidative stress and some
antibiotics (57). Therefore, generation of WhiB7-
mediated reducing potential may provide resistance to
antibiotics by promoting WhiB7 transcriptional activation
of discrete resistance genes and/or metabolic systems.
Previous microarray data (2) did not indicate whiB7-
dependent transcriptional changes of genes in the
mycothiol biosynthesis pathway, suggesting the reductive
shift may be due to an another WhiB7 activity, perhaps
acting as a thioredoxin or activating other thiol reductant
systems (20). Over-expression of WhiB7 in Mtb activates
its regulon in the absence of antibiotics (2). This implies
that WhiB7 only has to be expressed and loaded with an
FeS cluster to function, which correlates with our in vitro
run-off data. Once induced, expression of WhiB7
generates a resistance state that is not tailored to the
inducing antibiotic. Instead, it provides broad spectrum
resistance reflecting a generalized metabolic shift
(10,35,58). Transcriptional activation of different wbl
genes is induced by a variety of different conditions
in vivo, presumably corresponding to the different
metabolic functions of the Wbl proteins.
Underlying their wide variety of functions, each Wbl

protein has unique partnerships with sigma factors and
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regulatory functions, which may be modulated by multiple
redox states. Although comparisons of redox sensitive
Wbl proteins using different genetic and biochemical
assays is often challenging, conserved themes of their
transcriptional regulatory activities have emerged. Mtb
and M. smegmatis SigA R515H mutants are viable,
suggesting that essential WhiB proteins (WhiB1 and
WhiB2) do not interact with SigA in the same way as
WhiB7 and WhiB3, or that they partner with other
sigma factors. WhiB5 does not interact with SigA in a
two-hybrid assay (11). By analogy to our in vitro run-off
with WhiB7, WhiB3 probably activates promoters directly
via similar, redox-sensitive interactions with SigA.
However, both oxidized and reduced forms of holo-
WhiB3 and the oxidized form of apo-WhiB3 bind DNA
with different affinities (15). It is still unclear in which
state WhiB3 might promote transcription (15). apo-
WhiB1 represses transcription in vitro and therefore may
not depend on interactions with a sigma factor (9,44).
Overall, it is clear that SigA binding is not a universal
feature of Wbl proteins, and that individual Wbls may
have unique redox-sensitive interactions with different
sites within SigA or alternative sigma factors. This is
supported by the observation that four of the 12
S. coelicolor wbl genes are located proximal to genes
encoding sigma factors that may serve as their binding
partners (59); one plasmid-encoded Wbl protein is
translationally fused to a sigma factor (60). Many of the
questions raised by these data could be clarified by
analysis of tertiary structure.
We took advantage of our experimentally determined

constraints and the crystal structure of the E. coli SigA
ortholog in E. coli to generate a model of WhiB7 and its
interactions with SigA and DNA (Figure 6A). The model
of the protein complex predicted that WhiB7 (Figure 6B)
has a distinct negatively charged face that fits remarkably
well with the positively charged face of SigA region 4
(Figure 6B). In further support of the model, a predicted
glutamate (E71)—arginine (R502) interaction (Figure 6C)
was confirmed to play a role in WhiB7–SigA binding
(Figure 2E). Interestingly, the glutamate responsible for
this additional ionic interaction is not conserved in
WhiB3 (Figure 2C); evidence that other residues that are
not conserved in WhiB7 and WhiB3 may determine
unique interactions with SigA. This may lead to varied
SigA affinity, which could impact WhiB7 or WhiB3
biological activity. Overall, the model of WhiB7–SigA
interaction predicts that WhiB7’s AT-hook is in both the
proper orientation and distance for DNA binding,
allowing it to trigger transcriptional activation. Future
biochemical and genetic dissection of WhiB7–SigA
affinity will provide additional insight into how WhiB7
promotes transcription.
In summary, this work has defined three distinct WhiB7

domains that function interactively to form a redox-
sensitive transcriptional activator of intrinsic drug
resistance genes in Mtb (Figure 1). The FeS cluster-
binding domain likely stabilizes the tertiary structure of
the holo-protein, allowing the middle domain to bind
SigA. The AT-hook of WhiB7 allows the RNAP
complex to target and specifically increase the expression

of a family of promoters (the WhiB7 regulon) that contain
an AT-rich region shortly upstream of their �35
hexamers. By analogy to genetic studies, chemical
inhibition of WhiB7’s AT-hook- DNA or WhiB7–SigA
interaction would prevent WhiB7 function and lead to
multi-drug susceptibility. The fact that WhiB7 and
WhiB3 bind to the same region of SigA to target genes
in their respective regulons suggests that an inhibitor
could prevent binding of both WhiB7 and WhiB3,
thereby increasing susceptibility to diverse antibiotics as
well as decreasing virulence. The C-terminal 33 amino
acids of Mtb SigA are highly conserved across the
Actinomycetes taxon, indicating that the molecular
mechanism of WhiB7 and WhiB3 action may also be
conserved. Therefore, inhibitors of WhiB7 or WhiB3
interactions with SigA could likely be applied to
pathogens in related genera including Corynebacterium
and Nocardia. Future characterization of these important
proteins will not only provide strategies to understand
intrinsic drug resistance but also generate important
insights into how Actinomycetes integrate their
physiology, division and differentiation programs.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online,
including [61].

ACKNOWLEDGEMENTS

The authors thank Thomas Beatty for access to the
spectrophotometer, Rafael Saer for technical assistance,
and laboratory colleagues Santiago Ramon-Garcia,
Carol Ng and Gaye Sweet for their thoughts, advice and
comments on the manuscript. J.B. designed research,
performed experiments, analyzed data and wrote the
manuscript; C.J.T. designed research, analyzed data and
wrote the manuscript; G.Y. performed transcriptional run
off experiments, analyzed data; G.B.S. designed and
analyzed transcription run off experiments; M.H., P.A.
and A.C. modeled protein structures.

FUNDING

The Canadian Institute of Health Research [MOP-82855
to C.J.T.]; British Columbia Lung Association (to C.J.T.);
Natural Sciences and Engineering Research Council of
Canada (to G.B.S.). Funding for open access charge:
Canadian Institute of Health Research.

Conflict of interest statement. None declared.

REFERENCES

1. Nguyen,L. and Thompson,C.J. (2006) Foundations of antibiotic
resistance in bacterial physiology: the mycobacterial paradigm.
Trends Microbiol., 14, 304–312.

2. Morris,R.P., Nguyen,L., Gatfield,J., Visconti,K., Nguyen,K.,
Schnappinger,D., Ehrt,S., Liu,Y., Heifets,L., Pieters,J. et al.
(2005) Ancestral antibiotic resistance in Mycobacterium
tuberculosis. Proc. Natl Acad. Sci. USA, 102, 12200–12205.

10074 Nucleic Acids Research, 2013, Vol. 41, No. 22

While 
 - 
-
-
-
 polymerase
-
-
,
,
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt751/-/DC1
Supplementary Reference (61
)
This work was supported by grants from 
(
)
,
<AQ/><AQ/>


3. Chater,K.F. (1972) A morphological and genetic mapping study
of white colony mutants of Streptomyces coelicolor. J. Gen.
Microbiol., 72, 9–28.

4. Davis,N.K. and Chater,K.F. (1992) The Streptomyces coelicolor
whiB gene encodes a small transcription factor-like protein
dispensable for growth but essential for sporulation. Mol. Gen.
Genet., 232, 351–358.

5. Soliveri,J., Vijgenboom,E., Granozzi,C., Plaskitt,K.A. and
Chater,K.F. (1993) Functional and evolutionary implications of a
survey of various actinomycetes for homologues of two
Streptomyces coelicolor sporulation genes. J. Gen. Microbiol., 139,
2569–2578.

6. Gao,B., Paramanathan,R. and Gupta,R.S. (2006) Signature
proteins that are distinctive characteristics of Actinobacteria and
their subgroups. Antonie Van Leeuwenhoek, 90, 69–91.

7. Soliveri,J.A., Gomez,J., Bishai,W.R. and Chater,K.F. (2000)
Multiple paralogous genes related to the Streptomyces coelicolor
developmental regulatory gene whiB are present in
Streptomyces and other actinomycetes. Microbiology, 146(Pt 2),
333–343.

8. Raghunand,T.R. and Bishai,W.R. (2006) Mycobacterium
smegmatis whmD and its homologue Mycobacterium tuberculosis
whiB2 are functionally equivalent. Microbiology, 152, 2735–2747.

9. Smith,L.J., Stapleton,M.R., Fullstone,G.J., Crack,J.C.,
Thomson,A.J., Le Brun,N.E., Hunt,D.M., Harvey,E., Adinolfi,S.,
Buxton,R.S. et al. (2010) Mycobacterium tuberculosis WhiB1 is an
essential DNA-binding protein with a nitric oxide-sensitive iron-
sulfur cluster. Biochem. J., 432, 417–427.

10. Burian,J., Ramon-Garcia,S., Sweet,G., Gomez-Velasco,A., Av-
Gay,Y. and Thompson,C.J. (2012) The mycobacterial
transcriptional regulator whiB7 gene links redox homeostasis and
intrinsic antibiotic resistance. J. Biol. Chem., 287, 299–310.

11. Casonato,S., Cervantes Sanchez,A., Haruki,H., Rengifo
Gonzalez,M., Provvedi,R., Dainese,E., Jaouen,T., Gola,S., Bini,E.,
Vicente,M. et al. (2012) WhiB5: a transcriptional regulator
contributing to Mycobacterium tuberculosis virulence and
reactivation. Infect. Immun., 80, 3132–3144.

12. Chawla,M., Parikh,P., Saxena,A., Munshi,M., Mehta,M., Mai,D.,
Srivastava,A.K., Narasimhulu,K.V., Redding,K.E., Vashi,N. et al.
(2012) Mycobacterium tuberculosis WhiB4 regulates oxidative
stress response to modulate survival and dissemination in vivo.
Mol. Microbiol., 85, 1148–1165.

13. Das,C., Ghosh,T.S. and Mande,S.S. (2011) Computational
analysis of the ESX-1 region of Mycobacterium tuberculosis:
insights into the mechanism of type VII secretion system. PLoS
One, 6, e27980.

14. Gomez,J.E. and Bishai,W.R. (2000) whmD is an essential
mycobacterial gene required for proper septation and cell
division. Proc. Natl Acad. Sci. USA, 97, 8554–8559.

15. Singh,A., Crossman,D.K., Mai,D., Guidry,L., Voskuil,M.I.,
Renfrow,M.B. and Steyn,A.J. (2009) Mycobacterium tuberculosis
WhiB3 maintains redox homeostasis by regulating virulence lipid
anabolism to modulate macrophage response. PLoS Pathog., 5,
e1000545.

16. Steyn,A.J., Collins,D.M., Hondalus,M.K., Jacobs,W.R. Jr,
Kawakami,R.P. and Bloom,B.R. (2002) Mycobacterium
tuberculosis WhiB3 interacts with RpoV to affect host survival
but is dispensable for in vivo growth. Proc. Natl Acad. Sci. USA,
99, 3147–3152.

17. Boshoff,H.I., Myers,T.G., Copp,B.R., McNeil,M.R., Wilson,M.A.
and Barry,C.E. III (2004) The transcriptional responses of
Mycobacterium tuberculosis to inhibitors of metabolism: novel
insights into drug mechanisms of action. J. Biol. Chem., 279,
40174–40184.

18. Geiman,D.E., Raghunand,T.R., Agarwal,N. and Bishai,W.R.
(2006) Differential gene expression in response to exposure to
antimycobacterial agents and other stress conditions among seven
Mycobacterium tuberculosis whiB-like genes. Antimicrob. Agents
Chemother., 50, 2836–2841.

19. Larsson,C., Luna,B., Ammerman,N.C., Maiga,M., Agarwal,N.
and Bishai,W.R. (2012) Gene expression of Mycobacterium
tuberculosis putative transcription factors whiB1-7 in redox
environments. PLoS One, 7, e37516.

20. Alam,M.S., Garg,S.K. and Agrawal,P. (2009) Studies on
structural and functional divergence among seven WhiB proteins
of Mycobacterium tuberculosis H37Rv. FEBS J., 276, 76–93.

21. Rybniker,J., Nowag,A., van Gumpel,E., Nissen,N., Robinson,N.,
Plum,G. and Hartmann,P. (2010) Insights into the function of the
WhiB-like protein of mycobacteriophage TM4—a transcriptional
inhibitor of WhiB2. Mol. Microbiol., 77, 642–657.

22. Reeves,R. and Nissen,M.S. (1990) The A.T-DNA-binding domain
of mammalian high mobility group I chromosomal proteins. A
novel peptide motif for recognizing DNA structure. J. Biol.
Chem., 265, 8573–8582.

23. Stapleton,M.R., Smith,L.J., Hunt,D.M., Buxton,R.S. and Green,J.
(2012) Mycobacterium tuberculosis WhiB1 represses transcription
of the essential chaperonin GroEL2. Tuberculosis (Edinb), 92,
328–332.

24. Guo,M., Feng,H., Zhang,J., Wang,W., Wang,Y., Li,Y., Gao,C.,
Chen,H., Feng,Y. and He,Z.G. (2009) Dissecting transcription
regulatory pathways through a new bacterial one-hybrid reporter
system. Genome Res., 19, 1301–1308.

25. Konar,M., Alam,M., Arora,C. and Agrawal,P. (2012) WhiB2/
Rv3260c, a cell division-associated protein of Mycobacterium
tuberculosis H37Rv, has properties of a chaperone. FEBS J., 279,
2781–2792.

26. Raghunand,T.R. and Bishai,W.R. (2006) Mapping essential
domains of Mycobacterium smegmatis WhmD: insights into
WhiB structure and function. J. Bacteriol., 188, 6966–6976.

27. Homolka,S., Niemann,S., Russell,D.G. and Rohde,K.H. (2010)
Functional genetic diversity among Mycobacterium tuberculosis
complex clinical isolates: delineation of conserved core and
lineage-specific transcriptomes during intracellular survival. PLoS
Pathog., 6, e1000988.

28. Buriankova,K., Doucet-Populaire,F., Dorson,O., Gondran,A.,
Ghnassia,J.C., Weiser,J. and Pernodet,J.L. (2004) Molecular basis
of intrinsic macrolide resistance in the Mycobacterium tuberculosis
complex. Antimicrob. Agents Chemother., 48, 143–150.

29. Ramon-Garcia,S., Mick,V., Dainese,E., Martin,C.,
Thompson,C.J., De Rossi,E., Manganelli,R. and Ainsa,J.A. (2012)
Functional and genetic characterization of the tap efflux pump in
Mycobacterium bovis BCG. Antimicrob. Agents Chemother., 56,
2074–2083.

30. Zaunbrecher,M.A., Sikes,R.D. Jr, Metchock,B., Shinnick,T.M.
and Posey,J.E. (2009) Overexpression of the chromosomally
encoded aminoglycoside acetyltransferase eis confers kanamycin
resistance in Mycobacterium tuberculosis. Proc. Natl Acad. Sci.
USA, 106, 20004–20009.

31. Adams,K.N., Takaki,K., Connolly,L.E., Wiedenhoft,H.,
Winglee,K., Humbert,O., Edelstein,P.H., Cosma,C.L. and
Ramakrishnan,L. (2011) Drug tolerance in replicating
mycobacteria mediated by a macrophage-induced efflux
mechanism. Cell, 145, 39–53.

32. Kim,K.H., An,D.R., Song,J., Yoon,J.Y., Kim,H.S., Yoon,H.J.,
Im,H.N., Kim,J., Kim,D.J., Lee,S.J. et al. (2012) Mycobacterium
tuberculosis Eis protein initiates suppression of host immune
responses by acetylation of DUSP16/MKP-7. Proc. Natl Acad.
Sci. USA, 109, 7729–7734.

33. Oldenburg,M., Kruger,A., Ferstl,R., Kaufmann,A., Nees,G.,
Sigmund,A., Bathke,B., Lauterbach,H., Suter,M., Dreher,S. et al.
(2012) TLR13 recognizes bacterial 23S rRNA devoid of
erythromycin resistance-forming modification. Science, 337,
1111–1115.

34. Rohde,K.H., Veiga,D.F., Caldwell,S., Balazsi,G. and Russell,D.G.
(2012) Linking the transcriptional profiles and the physiological
states of Mycobacterium tuberculosis during an extended
intracellular infection. PLoS Pathog., 8, e1002769.

35. Burian,J., Ramon-Garcia,S., Howes,C.G. and Thompson,C.J.
(2012) WhiB7, a transcriptional activator that coordinates
physiology with intrinsic drug resistance in Mycobacterium
tuberculosis. Expert Rev. Anti Infect. Ther., 10, 1037–1047.

36. Snapper,S.B., Melton,R.E., Mustafa,S., Kieser,T. and
Jacobs,W.R. Jr (1990) Isolation and characterization of efficient
plasmid transformation mutants of Mycobacterium smegmatis.
Mol. Microbiol., 4, 1911–1919.

37. Stover,C.K., de la Cruz,V.F., Fuerst,T.R., Burlein,J.E.,
Benson,L.A., Bennett,L.T., Bansal,G.P., Young,J.F., Lee,M.H.,

Nucleic Acids Research, 2013, Vol. 41, No. 22 10075



Hatfull,G.F. et al. (1991) New use of BCG for recombinant
vaccines. Nature, 351, 456–460.

38. Seredick,S.D. and Spiegelman,G.B. (2007) Bacillus subtilis RNA
polymerase recruits the transcription factor Spo0A approximately
P to stabilize a closed complex during transcription initiation. J.
Mol. Biol., 366, 19–35.

39. Schagger,H. (2006) Tricine-SDS-PAGE. Nat. Protocols, 1, 16–22.
40. van Hijum,S.A., Medema,M.H. and Kuipers,O.P. (2009)

Mechanisms and evolution of control logic in prokaryotic
transcriptional regulation. Microbiol. Mol. Biol. Rev., 73, 481–509.

41. Vassylyev,D.G., Sekine,S., Laptenko,O., Lee,J., Vassylyeva,M.N.,
Borukhov,S. and Yokoyama,S. (2002) Crystal structure of a
bacterial RNA polymerase holoenzyme at 2.6 A resolution.
Nature, 417, 712–719.

42. Jakimowicz,P., Cheesman,M.R., Bishai,W.R., Chater,K.F.,
Thomson,A.J. and Buttner,M.J. (2005) Evidence that the
Streptomyces developmental protein WhiD, a member of the
WhiB family, binds a [4Fe-4S] cluster. J. Biol. Chem., 280,
8309–8315.

43. Dove,S.L., Darst,S.A. and Hochschild,A. (2003) Region 4 of
sigma as a target for transcription regulation. Mol. Microbiol., 48,
863–874.

44. Smith,L.J., Stapleton,M.R., Buxton,R.S. and Green,J. (2012)
Structure-function relationships of the mycobacterium tuberculosis
transcription factor WhiB1. PLoS One, 7, e40407.

45. Collins,D.M., Kawakami,R.P., de Lisle,G.W., Pascopella,L.,
Bloom,B.R. and Jacobs,W.R. Jr (1995) Mutation of the principal
sigma factor causes loss of virulence in a strain of the
Mycobacterium tuberculosis complex. Proc. Natl Acad. Sci. USA,
92, 8036–8040.

46. Crack,J.C., Green,J., Thomson,A.J. and Le Brun,N.E. (2012)
Iron-sulfur cluster sensor-regulators. Curr. Opin. Chem. Biol., 16,
35–44.

47. Kim,D.E., Chivian,D. and Baker,D. (2004) Protein structure
prediction and analysis using the Robetta server. Nucleic Acids
Res., 32, W526–W531.

48. Punta,M., Coggill,P.C., Eberhardt,R.Y., Mistry,J., Tate,J.,
Boursnell,C., Pang,N., Forslund,K., Ceric,G., Clements,J. et al.
(2012) The Pfam protein families database. Nucleic Acids Res.,
40, D290–D301.

49. Eswar,N., Webb,B., Marti-Renom,M.A., Madhusudhan,M.S.,
Eramian,D., Shen,M.Y., Pieper,U. and Sali,A. (2007)
Comparative protein structure modeling using MODELLER.
Curr. Protoc. Protein Sci., Chapter 2, Unit 2 9.

50. Murakami,K.S. (2013) X-ray Crystal Structure of Escherichia coli
RNA Polymerase sigma70 Holoenzyme. J. Biol. Chem., 288,
9126–9134.

51. Kozakov,D., Hall,D.R., Beglov,D., Brenke,R., Comeau,S.R.,
Shen,Y., Li,K., Zheng,J., Vakili,P., Paschalidis,I. et al. (2010)
Achieving reliability and high accuracy in automated protein
docking: ClusPro, PIPER, SDU, and stability analysis in CAPRI
rounds 13-19. Proteins, 78, 3124–3130.

52. Murakami,K.S., Masuda,S., Campbell,E.A., Muzzin,O. and
Darst,S.A. (2002) Structural basis of transcription initiation: an
RNA polymerase holoenzyme-DNA complex. Science, 296,
1285–1290.

53. Aravind,L. and Landsman,D. (1998) AT-hook motifs identified in
a wide variety of DNA-binding proteins. Nucleic Acids Res., 26,
4413–4421.

54. Typas,A., Becker,G. and Hengge,R. (2007) The molecular basis of
selective promoter activation by the sigmaS subunit of RNA
polymerase. Mol. Microbiol., 63, 1296–1306.

55. Saini,V., Farhana,A., Glasgow,J.N. and Steyn,A.J. (2012) Iron
sulfur cluster proteins and microbial regulation: implications for
understanding tuberculosis. Curr. Opin. Chem. Biol., 16, 45–53.

56. Shatalin,K., Shatalina,E., Mironov,A. and Nudler,E. (2011) H2S:
a universal defense against antibiotics in bacteria. Science, 334,
986–990.

57. Rawat,M., Newton,G.L., Ko,M., Martinez,G.J., Fahey,R.C. and
Av-Gay,Y. (2002) Mycothiol-deficient Mycobacterium smegmatis
mutants are hypersensitive to alkylating agents, free radicals, and
antibiotics. Antimicrob. Agents Chemother., 46, 3348–3355.

58. Reeves,A.Z., Campbell,P.J., Sultana,R., Malik,S., Murray,M.,
Plikaytis,B.B., Shinnick,T.M. and Posey,J.E. (2013)
Aminoglycoside cross-resistance in Mycobacterium tuberculosis due
to mutations in the 50 Untranslated Region of whiB7. Antimicrob.
Agents Chemother., 57, 1857–1865.

59. Chater,K.F. and Chandra,G. (2006) The evolution of
development in Streptomyces analysed by genome comparisons.
FEMS Microbiol. Rev., 30, 651–672.

60. Bentley,S.D., Brown,S., Murphy,L.D., Harris,D.E., Quail,M.A.,
Parkhill,J., Barrell,B.G., McCormick,J.R., Santamaria,R.I.,
Losick,R. et al. (2004) SCP1, a 356,023 bp linear plasmid
adapted to the ecology and developmental biology of its host,
Streptomyces coelicolor A3(2). Mol. Microbiol., 51, 1615–1628.

61. van Kessel,J.C. and Hatfull,G.F. (2008) Mycobacterial
recombineering. Methods Mol. Biol., 435, 203–215.

10076 Nucleic Acids Research, 2013, Vol. 41, No. 22


