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Abstract Mycobacterium tuberculosis harbors four mce oper-
ons. Among them, mce2 operon is preceded by a FadR-like reg-
ulator mce2R (Rv0586). Here, we report the operator sites of the
mce2R and its orthologs in other sequenced mycobacteria and
non-mycobacterial species Nocardia farciana. All the identified
DNA motifs illustrate the FadR subfamily specific nucleotide
preference. Moreover, these motifs from the upstream region
share sequence conservation, which is in agreement with the sim-
ilarity of their DNA binding domain. Using electrophoretic
mobility shift assay, we demonstrate that the predicted DNA
motifs specifically interact with the recombinant Mce2R–
Rv0586. Our present study has implications in the understanding
of cis-regulatory elements and the auto-regulatory nature of the
FadR subfamily of regulators.
� 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

The biological activity of most of the genes in adaptive re-

sponses is regulated by a set of transcriptional regulators.

These molecular players modulate cellular physiology at the le-

vel of transcription [1]. Apart from regulating other genes or

operons, many transcriptional regulators interact with an up-

stream region to regulate their own expression. To decipher

such cis-elements, comparative genomics has emerged as a ma-

jor approach to explore the upstream sequences of Open Read-

ing Frames (ORFs) from multiple genome sequences [2]. In the

last 10 years, genomes of many mycobacterial species, includ-

ing Mycobacterium tuberculosis, have been sequenced. The

complete genome sequence of this bacillus is annotated with

a large number of putative transcriptional regulators indicat-

ing that much of the gene regulation at the level of transcrip-

tion is yet to be understood [3].

The M. tuberculosis genome is reported to contain four cop-

ies of mce operons (mce1, mce2, mce3 and mce4) [3,4]. In vivo

mutational studies of these operons have shown their impor-

tance in the virulence [5]. These operons share similarity in
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sequence and organization. Orthologs of these operons are re-

ported in many mycobacterial species [6]. Out of five FadR-

like transcriptional regulators from M. tuberculosis, the regula-

tors Rv0165c and Rv0586 are associated with mce1 and mce2

operon, respectively [7,8]. Typically, members of this subfamily

of transcriptional regulators are known to be auto-regulatory

[9]. Hence in addition to regulating expression of a number

of genes and operons these regulators also regulate their own

expression. Identification of the operator sites is the primary

step to understand the cis–trans relationship of transcriptional

regulators. Conventionally, these DNA binding sites were

determined by labor-intensive DNAase1 footprinting. How-

ever, many computational approaches have been developed

to address these issues [10–12]. Understanding the regulatory

elements from the same family of transcriptional regulators

is one of the effective strategies [13,14]. Our earlier study clas-

sifies ORF Rv0586 to the FadR subfamily of transcriptional

regulators [7]. Operator sites for many transcriptional regula-

tors of this subfamily are characterized [15]. Based on known

operator sites, members of this family of regulators were sug-

gested to exhibit nucleotide preferences in their operator sites

recognition. This study envisaged the nucleotide preferences

in the upstream sequence of the putative mce2R gene along

with the sequence conservation among the mycobacterial spe-

cies [9,15]. Further, using recombinant Rv0586 protein, pre-

dicted DNA motifs were experimentally investigated. This

computational analysis, coupled with the in vitro information

of potential operator site in mycobacterial species, provides

important leads to further analyze Rv0586 and its putative

ortholog, Mce2R, in mycobacteria.
2. Materials and methods

2.1. Ortholog prediction and multiple sequence alignment
We used the reciprocal best BLAST hit method to predict ortholo-

gous proteins between each of the two proteomes by the BLASTP pro-
gram with an E-value cutoff 10�6 for both directions [16,17]. Protein
sequences of Rv0586 and its identified orthologs across the mycobac-
teria and Nocardia farciana were aligned using ClustalX [18]. Second-
ary structures of all protein sequences were studied using 3DPSSM,
Jpred and SsPro [19–21]. All the published and annotated bacterial
genome sequences for the study were downloaded from NCBI ftp site
(ftp://ftp.ncbi.nih.gov/genomes/Bacteria/).

2.2. Upstream sequence analysis
Upstream DNA sequences 400 bases upstream and 50 bases down-

stream of the translation start site of ORF Rv0586 and its putative
orthologs were aligned to locate the palindromic conserved DNA
block satisfying this preference. A further consensus sequence logo
blished by Elsevier B.V. All rights reserved.
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was drawn, using web logo, to show the relative frequency of each base
at each position of the motif [22].

2.3. Cloning, expression and purification of M. tuberculosis Rv0586
ORF Rv0586 was amplified by PCR using a forward primer (CGC-

GGATCCATGGCGCTGCAGCCGGTGACTCG) with a BamH1
site and reverse primer (CCCAAGCTTTCATTGCCGACTCGCC-
TGGCTAAC) with a HindIII site. This PCR fragment (723 bp) cloned
into pQE30 expression vector (Qiagen) with an N-terminal 6· His tag.
Recombinant clones were identified and checked with restriction diges-
tion and DNA sequencing. The recombinant vector was transformed
into Escherichia coli M15 cells and a transformed single colony was
inoculated in 5 ml of LB media containing 100 lg/ml of ampicillin
and 25 lg/ml of kanamycin (starter culture). This starter culture was
grown overnight at 37 �C with vigorous shaking and 2 ml of the above
culture was inoculated into 200 ml LB medium containing appropriate
antibiotics. The culture was grown at 37 �C until the OD reached 0.6 at
A600 nm. A control culture was maintained in parallel. The cells were
kept in an incubator shaker for another 8 h at 27 �C and 200 rpm, to
allow protein expression at 0.5 mM IPTG concentration. Then, cells
were harvested by centrifugation and resuspended in 10 ml of lysis buf-
fer (50 mM NaH2PO4, 300 mM NaCl and 10 mM imidazole, pH 8.0)
with 1 mM PMSF and disrupted using a sonicator. After a second
round of centrifugation for 20 min at 12000 rpm, the supernatant
was collected and applied to an Ni–NTA affinity column (Qiagen,
USA). The recombinant protein was eluted with 200 mM imidazole
and analyzed by SDS–PAGE, after washing the column with five
bed-volumes of wash buffer containing 20 mM imidazole.

2.4. Electrophoretic mobility shift assay
Electrophoretic mobility shift assays were carried out using recombi-

nant Rv0586 protein to show binding with the predicted operator site.
An increasing amount of Rv0586 was incubated with 10 fmol of 32P-la-
beled DNA motif at room temperature for 40 min (10 mM Tris–HCl
[pH 8.0], 1 mM DTT, 10 mM NaCl, 1 mM EDTA, 10% glycerol,
10 lg of poly(dI–dC)/ml and 5 lg of bovine serum albumin per ml);
and loaded onto 5% non-denaturing polyacrylamide gels containing
0.5· Tris–borate–EDTA buffer. Samples were separated by electropho-
resis at 200 V for 2 h. Subsequently, the gel was dried and exposed to a
storage phosphor image plate. The image plate was scanned in a stor-
age phosphor imaging workstation.
3. Results and discussion

3.1. Conservation of Rv0586–Mce2R across the mycobacteria

Since ortholog prediction is an important application of

comparative genomics, to help in functional annotation of a

sequenced genome, we began our study by identifying putative

orthologs of Rv0586 in the genome of other sequenced myco-

bacteria and closely related non-mycobacterial species like N.

farciana. We observed that most of the mycobacterial genomes

have an ortholog of this transcriptional regulator except

Mycobacterium leprae, Mycobacterium gilvum PYR-GCK and

Mycobacterium ulcerans Agy99 (Table 1). The presence of this

gene in genomes of multiple mycobacterial species highlights

the importance of this regulator in mycobacterial physiology.
Table 1
List of identified operator sites in the upstream region of putative orthologs

ORF Organism

Rv0586 M. tuberculosis
Mb0601 M. bovis
MAP4081 M. avium
Mkms_2771 M. KMS
Mjls_2757 M. JLS
MSMEG_3527 M. smegmatis
Mvan_2942 M. vanbaalenii PYR
Nfa1630 N. farciana
3.2. Rv0586-orthologs show a similar DNA binding domain

In order to assess conservation in the DNA binding domain

of Mce2R, multiple sequence alignment of protein sequences

were carried out. The N-terminal region, known as the DNA

binding domain, was found conserved in comparison to the

C-terminal ligand-binding domain across all the mce2R genes

(Fig. 1). In general, conservation of the DNA binding domain

in these closely related species constrains the evolution of the

regulatory DNA motifs, relative to the neighboring DNA se-

quences [2]. This suggests that Rv0586 could recognize target

DNA motifs specific to the putative Mce2R in closely related

species [23,24]. Additionally, these orthologs showed conserva-

tion in the pattern of secondary structural elements known for

FadR-like transcriptional regulators (Fig. 1) [9].

3.3. Upstream region of mce2R possess novel conserved operator

site

Many FadR-like transcriptional regulators are reported to

recognize DNA palindromes showing nucleotide preferences

exhibited by members of FadR subfamily [9]. We analyzed

DNA sequences for these preferences, in addition to conserva-

tion among the orthologous upstream region. DNA motifs sat-

isfying the condition set for identification at maximum were

listed (Table 1). Additionally, all upstream mce2R regions were

aligned to find conservation in their operator sites in case they

are recognized by a similar DNA binding domain. This oper-

ator site conservation was revealed from alignment of all the

upstream DNA sequence from the translational start site

(Fig. 2A and Table 1) [25]. Amongst all the identified operator

sites DNA motifs for Rv0586 and Mb0601; Mkms_2771 and

Mjls_2751 were found to be identical in sequence (Table 1).

This sequence comparison was quite convincing as we expected

to find conservation in the operator sites. A consensus se-

quence logo was produced, using web logo, to show the rela-

tive frequency of each base at each position of the motif

(Fig. 2B). The figure shows that positions 4–9 in the consensus

are nearly an inverted palindrome of positions 13–18 (Fig. 2B).

3.4. Mce2R binds to the identified operator site across the

mycobacteria

To examine binding of Rv0586 to the predicted operator

site, the protein was expressed as His-tagged recombinant pro-

tein in E. coli (Fig. 3A). This protein was subjected to electro-

phoretic mobility shift assays (EMSA), to validate the

identified operator site in the upstream region of ORF

Rv0586. Purified protein showed clear binding with increasing

concentration to the synthesized double stranded DNA motif

(Table 1). This binding was abolished with increasing concen-

tration of unlabeled DNA as a specific competitor (10·, 25·
and 50· molar excess), whereas similar excess of non-specific
of Rv0586

Potential operator site

GGTGTCGGTCTGACCACTTGA
GGTGTCGGTCTGACCACTTGA
GCCGGTGGTCTGACCACCTGA
GCTAACTGGTCAGACCACTTGAC
GCTAACTGGTCAGACCACTTGAC
ACCACTGGTAAGACCACTTGA
CACACTGGTCTGACCACTTGA
ACGATTGGTCTTACCACTTGA



Fig. 1. Multiple sequence alignment of putative Mce2R from mycbacteria and N. farciana. In graphical representation a-helix region and b-sheet
regions are highlighted with light and dark gray background, respectively. Helix-turn-helix region (a-2 and a-3) in the alignment is shown with an
arrow mark (abbreviations: mtu – M. tuberculosis; mbv – M. bovis; map – M. avium subsp. paratuberculosis; van – M. vanbaalenii PYR; msm – M.
smegmatis; kms – M. sp KMS; jls – M. JLS; far – N. farciana).
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competitor DNA did not affect the DNA–protein complex

(Fig. 3B). This non-specific DNA was also chosen from the up-

stream region of the ORF Rv0586 (CAACTTAGCCCGA-

TAACTGCG). Additionally, Rv0586 protein was analyzed

for DNA interaction with the predicted operator sites in the

upstream region of the orthologs (Table 1). Using EMSA,

we observe binding to these predicted DNA motifs in presence

of increasing Rv0586 protein concentration. Binding was

shown to be specific because the complex was not abolished

by non-specific competitor DNA while specific unlabeled

DNA successfully abolished the DNA–protein complex at

50-fold excess (Fig. 4A–E). These observations suggested that

Rv0586 binds specifically to its upstream region to a conserved

motif across the related species.
Earlier studies have demonstrated the critical role of the

mce2 operon, where animals infected with a strain bearing mu-

tant mce2 operon caused delay in granuloma formation [5].

This study identifies a set of DNA sequences that are likely

to serve as operator sites for the Mce2R regulator in its up-

stream region, suggesting a typical auto-regulatory mechanism

of FadRs. Identified DNA motifs display consistent nucleotide

preferences known for many transcriptional regulators belong-

ing to FadR subfamily. All the identified orthologs share sim-

ilarity in the DNA binding domain of the proteins. This

feature was also depicted in the sequence conservation of the

predicted operator sites. Using recombinant Rv0586, specific

DNA–protein interaction with the set of identified DNA mo-

tifs were experimentally verified. It is worth mentioning that



Fig. 2. Diagram showing identified operator sites in the upstream sequences of putative the mce2R gene in relation to the translations start sites. (A)
Upstream sequence alignment of putative the mce2R ORF showing the position of identified DNA operator site in light gray background.
Translational start sites in all the sequence are printed in bold. (B) A consensus logo was drawn using identified operator (21 bp) (abbreviations used
are same as mentioned in Fig. 1).

Fig. 3. Binding of the Rv0586 protein to the operator DNA from the upstream region of Rv0586 (or Mb0601). (A) Expression and purification of
Rv0586. Lane 1, IPTG induced E. coli M15 cell lysate harboring pQE30 as a control; lane 2, IPTG induced E. coli M15 cell lysate harboring
recombinant pQE30 vector cloned with ORF Rv0586; lane 3, protein marker; lane 4, Rv0586 purified protein. All samples were loaded on 12% SDS–
PAGE followed by Coomassie blue staining. (B) Lane 1, labeled fragment; lanes 2–4, labeled fragment with 50, 100, 200 pmol of purified His6–
Rv0586 protein; lanes 5–7 contain an increasing amount of cold specific dsDNA oligonucleotide competitor (10-, 25- and 50-fold molar excess); lanes
8–10 contain an increasing amount of cold non-specific competitor (10-, 25- and 50-fold molar excess). The positions of DNA–protein complex and
free probe are shown with solid and open arrows, respectively.
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such interactions strengthen the idea of sharing nucleotide

preferences among the transcriptional regulators belonging

to the same family. It also reveals the influence of the conser-

vation of DNA binding domain upon the specificity of the

DNA targets. This study will have potential implications to

understand the regulation of the mce2 operon, as well its asso-

ciated genes playing important role in host–pathogen interac-

tions.
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Fig. 4. EMSA for the predicted operator sites for other mycobacterial species. Lane 1, labeled fragment; lanes 2–4, labeled fragment with 50, 100,
200 pmol of purified His6–Rv0586 protein; lane 5 contains 50-fold molar excess cold specific dsDNA competitor; lane 6 contains the same
concentration of cold non-specific competitor. (A) MSMEG_3527 (M. smegmatis MC2 155); (B) MAP4081 (M. avium paratuberculosis); (C)
Mvan_2942 (M. vanbaalenii PYR); (D) Mkms_2771/Mjls_2757 (M. KMS/M. JLS); (E) Nfa1630 (N. farciana).
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