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In the murine model of infection, a Mycobacterium tuberculosis mcel operon mutant elicits an aberrant
granulomatous response, resulting in uncontrolled replication and failure to enter a persistent state. In this
study, we demonstrate that the mcel genes can be transcribed as a 13-gene polycistronic message encompassing
Rv0166 to Rv0178. Quantitative reverse transcriptase PCR and immunoblot analyses revealed that the mcel
genes and proteins are expressed during in vitro growth but are significantly down-regulated in intracellular
bacilli isolated from murine macrophages. A homologue of the FadR subfamily of GntR transcriptional
regulators, Rv0165c (designated McelR), lies upstream and is divergently transcribed from the operon. To
investigate whether this gene plays a role in regulation of mcel expression, we created an M. tuberculosis mcelR
deletion mutant. There was no difference in expression of mcel operon genes in AmcelR compared to expres-
sion in the wild type during logarithmic growth in vitro. However, in bacilli isolated from murine macrophages,
expression of mcel genes was significantly higher in AmcelR. In addition, overexpression of mcelR resulted in
repression of the mcel genes. These data demonstrate that McelR is a negative regulator that acts intracel-
lularly to repress expression of the mcel operon. We propose that McelR facilitates balanced temporal
expression of the mcel products required for organized granuloma formation, which is both protective to the

host and necessary for the persistence of M. tuberculosis.

Tuberculosis causes approximately two million deaths annu-
ally, and it has been estimated that two billion people are
currently infected with the causative agent, Mycobacterium tu-
berculosis (10). Infection is initiated by inhalation of the bacilli
into the lung, where they are ultimately ingested by alveolar
macrophages. In the typical immunocompetent host, the cell-
mediated immune response results in the formation of a gran-
uloma, the pathological hallmark of tuberculosis. In the ma-
jority of cases, this response is sufficient to contain the
infection and prevent disease; however, viable bacilli remain
within granulomas and can cause active disease years later.

In the past decade, dramatic advances facilitating the mo-
lecular biological manipulation of mycobacteria have increased
our knowledge of the mechanisms that tubercle bacilli use to
survive within macrophages (33); however, little remains
known about the bacterial determinants of infection outcome.
Previous studies suggest that the M. tuberculosis mcel operon
is important in establishing a persistent infection in mice (32).
It was shown that M. tuberculosis mcel mutants failed to induce
a characteristic proinflammatory response in ex vivo-infected
murine macrophages. This phenotype was manifested in vivo
by aberrant inflammatory cell migration and poor granuloma
formation, leading to uncontrolled bacterial growth and rapid
death of mutant-infected mice.

The six Mcel proteins (McelA to McelF) contain putative
signal sequences indicative of membrane localization (35). The
surface exposure of McelA has been demonstrated by immu-
noelectron microscopy (4), and McelA to McelF were shown
to localize to the cell wall fraction of M. tuberculosis (32). This
localization supports the proposition that these proteins could
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interact with host components during infection and influence
the immune response. The adjacent upstream genes, yrbEI1A
and yrbE1B, are predicted to encode integral membrane pro-
teins, and, intriguingly, this set of eight genes (ybEIA to
mcelF) is repeated three more times elsewhere in the M.
tuberculosis genome (5).

Given the proinflammatory effect of the mcel products and
the well-documented importance of correct regulation of vir-
ulence genes, we reasoned that the expression of the mcel
operon is tightly controlled. In this study, we examine the
intracellular expression of the mcel operon by quantitative
methods and investigate the role of the proximal putative tran-
scriptional regulator, Rv0165c.

MATERIALS AND METHODS

Bacterial strains and culture conditions. M. tuberculosis H37Rv (ATCC
25618) and Mycobacterium smegmatis mc*155 (ATCC 700084) were grown in
Middlebrook 7H9 broth supplemented with albumin-dextrose-catalase (Becton
Dickinson) and 0.05% Tween 80 or on Middlebrook 7H11 plates containing oleic
acid-albumin-dextrose-catalase supplement (Becton Dickinson) and 0.5% glyc-
erol. Hygromycin (50 pg/ml) or kanamycin (20 wg/ml) was included for mainte-
nance of plasmids. Plasmid manipulation was carried out in the Escherichia coli
host XL1-Blue (Stratagene), which was grown in Difco Luria-Bertani medium,
supplemented with 200 pg/ml hygromycin or 50 pg/ml kanamycin where appro-
priate.

Isolation of intracellular M. tuberculosis. RAW 264.7 cells (ATCC TIB-71)
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen)
containing 10% fetal bovine serum (Omega Scientific) at 37°C in a 5% CO,
humidified atmosphere. Prior to infection, 3 X 107 cells per sample were seeded
into 175-cm? triple-layer flasks (Nunc) and allowed to adhere overnight. In some
experiments, 30 U/ml gamma interferon (IFN-y) (R&D Systems) was included
to activate macrophages. Mid-log-phase M. tuberculosis strains were harvested,
resuspended in complete DMEM, and vortexed for 2 min with 3-mm glass beads
to break up clumps. A sufficient number of bacilli were added to the RAW cells
to achieve a multiplicity of infection of 10:1. After 4 h or 6 h, infected monolayers
were washed three times to remove extracellular bacilli and fresh medium was
added. At selected time points, intracellular bacteria were isolated by the dif-
ferential lysis method described by Monahan et al. (22). Briefly, macrophages
were lysed in 100 ml of a 4-M guanidinium isothiocyanate solution containing
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TABLE 1. Oligonucleotide sequences

Procedure Gene Forward primer Reverse primer TagMan probe
RT-PCR Rv0165c  CCACGTGAACGCACCTCTATC AGCAGGAACCAGGCCAACTTG

Rv0166 TGCTGGAGGCAGAGAAGGTC GGGTTGTTCCAGTAGCAGCTC

Rv0167 ATGGTCTCGATACCGCTGACG CACCTCCATCGCGTCGATTTC

Rv0168 GCTTTGACCAGCATCGG CACCGAGACCAACGAGAAACG

Rv0169 CACCATCTCGGAGGTCACACG CGCTCAGGGTCAGGTTCAGC

Rv0170 AGTTCAGCAATGTCAGCGGG GTCCAGCACGATGTTCAGGTT

Rv0171 TCGCTGAATGTGTTGTCGGAG CGGGTTGTCGTTGATAAGGTTTTG

Rv0172 GTCGCGGAACATTCAGTTGG GAATGCCTCGATGACTTCGC

Rv0173 CTCTTGCTGAGTTCGTGCGG GGTGGCATTTTTCGGTAGCG

Rv0174 GCGCTGGACAATTCCAATCG CGGAGTTCTCGATGATGTCG

Rv0175 GGCTAGCATGCAGAAGATCATCG CCTCATCCAGTGCCATCCG

Rv0176 GCGCACTTGGTGGACACC GATCGGTTTGCCATTCATTGACG

Rv0177 CTGGCTCTGACCGCATCC TTCCTGTGGTCGGTTCCACC

Rv0178 GTTCGTGGGCTCGGCAG GATCGGCCAGGGTGTCC
RT-qPCR  sig4 CCGATGACGACGAGGAGATC GGCCTCCGACTCGTCTTCA AAGGACAAGGCCTCCGGTGATTTCG

fadD5 CTTAACCGCACCGAGTTCGT
mcelA TGCACGATCCGCAACTTCT
mcelF CGTCGGTGACTTCAAAACCA

TGAGCCGGAAATTCAGTGGTA
TCCTCAGCGAGTAGCCGTTAC
TTGACCTGGCTGTCCAAAATC

TCGGTGCTGGCCGCCAACA?
CGATGCCGATCCGCTCGCTAAAG”
TTGGCGACGTCAACGACATCATCG”

@5', 6-carboxyfluorescein; 3', 6-carboxytetramethylrhodamine (TAMRA).
5’ VIC; 3', TAMRA.

0.5% sodium lauryl sarcosine, 25 mM trisodium citrate, and 0.1 M B-mercapto-
ethanol. Bacilli were harvested by centrifugation and rapidly washed in 1 ml
0.05% Tween 80 before RNA extraction or whole-cell lysate preparation.

Reverse transcriptase PCR (RT-PCR). RNA was extracted from M. tubercu-
losis essentially as previously described (9). Bacterial pellets, from macrophages
or 2 ml log-phase culture, were resuspended in 1 ml Trizol (Invitrogen) and
transferred to a 2-ml tube containing lysing matrix B (Qbiogene). Bacilli were
disrupted by two 45-s pulses at 6,000 X g in a FastPrep machine (Qbiogene).
After addition of 200 l chloroform, the organic phase was separated by cen-
trifugation. The aqueous phase was transferred to a clean tube, 500 wl of iso-
propanol was added, and RNA was precipitated at —80°C. RNA was recovered
by centrifugation, washed in 70% ethyl alcohol, and resuspended in 100 I water.
DNA was digested with Ambion’s DNA-free kit, and complete removal of DNA
was confirmed by PCR. RNA was subsequently purified with QTAGEN RNeasy
columns as described by the manufacturer.

RNA was quantified by a RiboGreen assay (Molecular Probes), and a 100- to
500-ng sample was reverse transcribed by Superscript II (Invitrogen) with ran-
dom hexamer priming according to the manufacturer’s instructions. For each
sample, a reverse transcriptase negative reaction was also prepared. cDNA (1 to
5 pl) was used in standard PCRs with primers given in Table 1. Quantitative
real-time RT-PCR (RT-qPCR) was performed with gene-specific TagMan
probes and Universal PCR master mix on an SDS 7700 apparatus (Applied
Biosystems).

Immunoblot analysis. Bacterial pellets, from macrophages or 2 ml log-phase
culture, were resuspended in 100 wl 1% sodium dodecyl sulfate (SDS), trans-
ferred to a 2-ml tube containing 100 pl 0.1-mm zirconia beads (BioSpec Prod-
ucts), and lysed by two 45-s pulses at 6,000 X g in a FastPrep machine. The lysate
was boiled in 1X SDS sample buffer (17), and insoluble material and beads were
removed by centrifugation. Protein concentration was determined by amido
black staining (14), and equal amounts of each sample were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) (17). Proteins were transferred
to a nitrocellulose membrane (Bio-Rad) by electroblotting using standard meth-
ods (2). Following blocking in 5% milk solution, the membrane was incubated
with a 1:2,000 dilution of an anti-Mce1A or anti-Mce1F antibody raised in rabbits
(4, 32). Subsequently, the membrane was washed and incubated with a 1:1,000
dilution of a horseradish peroxidase-conjugated anti-rabbit antibody (Amer-
sham). Following further washing, immunoreactive proteins were detected with
a luminol-based substrate (SuperSignal; Pierce).

B-Galactosidase assay. An E. coli mycobacterium shuttle vector for promoter
analysis was constructed by cloning the promoterless lacZ gene from pSV-B-
galactosidase (Promega) into pMS2 (15), creating pIGn. DNA fragments con-
taining the putative promoter and first three codons of mcelR were cloned into
pIGn to create LacZ translational fusions (see Fig. 3A). Plasmids were electro-
porated into M. smegmatis (23). Colonies were picked and transferred directly
into 2-ml tubes containing 100 pl phosphate-buffered saline, pH 7.4 (Sigma),

with 1X Complete protease inhibitor (Roche) and 100 pl 0.1-mm zirconia beads.
Bacilli were lysed in a FastPrep machine by two 45-s pulses at 6,000 X g.
Insoluble material and beads were removed by centrifugation. The Bio-Rad DC
protein assay was used to determine the concentration of proteins in the lysates.
B-Galactosidase activity was assayed by the method of Miller (20), using the
substrate o-nitrophenyl-B-p-galactopyranoside (Sigma), which is hydrolyzed by
the enzyme to the chromogenic product, o-nitrophenol (ONP). Activity is ex-
pressed as nmol of ONP produced per milligram of lysate per minute.

Rv0165c¢ gene disruption and overexpression. An Rv0165c (mcelR) knockout
was constructed by the two-step counterselection strategy described by Parish
and Stoker (24). The suicide delivery vector, pCER®6, contained a 2.5-kb genomic
region in which the central region of the target gene (corresponding to nucleo-
tides 194284 to 194791 [TubercuList]) was deleted and replaced by a hygromycin
resistance gene. The vector included a selection cassette encoding SacB and
LacZ, as well as a kanamycin resistance gene. The delivery vector was electro-
porated into M. tuberculosis (23), and single-crossover colonies were selected on
medium containing hygromycin, kanamycin, and 50 pug/ml X-Gal (5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside). An antibiotic-resistant blue colony was
picked and incubated for 7 to 10 days in medium containing hygromycin to allow
the second crossover to occur. Serial dilutions were plated onto hygromycin,
X-Gal, and 2% sucrose to select for double crossovers. DNA was isolated from
white colonies (29) and analyzed by Southern blotting (27) to confirm the correct
genotype.

Vectors for the overexpression of McelR were constructed in the phagemid
pYUBI178 (25) by fusing the mcelR coding sequence to the M. tuberculosis ginA1l
promoter (12, 40). The vector pCERS contains the 264-amino-acid McelR
sequence (nucleotides 194938 to 194144 [TubercuList]), and pCER17 contains
the coding sequence from the downstream GTG start (223 amino acids; nucle-
otides 194815 to 194144).

Sequence analysis. M. tuberculosis sequences were acquired from the Tuber-
cuList web server (http://genolist.pasteur.fr/TubercuList), and other mycobacte-
rial genome sequences were accessed via the Comprehensive Microbial Re-
source server (http://www.tigr.org). Sequences of GntR family regulators (26)
were retrieved from the NCBI sequence database (http://www.ncbi.nlm.nih.gov).
Multiple alignments were performed with CLUSTAL_X (36), and phylogenetic
trees were generated by the PHYLIP/MOLPHY interface, PIE, using the max-
imum likelihood method with default parameters. Secondary structures were
computed by the JPred consensus secondary structure prediction server (6).

RESULTS

Demarcation of the mcel operon. The Mcel proteins are
encoded in a region that contains 13 genes transcribed in the
same direction (Fig. 1A). The first gene in this cluster, Rv0166,
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FIG. 1. RT-PCR analysis of the M. tuberculosis mcel region. (A) Schematic representation of the genes predicted within the mcel genomic
region. The core operon is shaded. Numbers correspond to TubercuList Rv designations. (B) RT-PCR amplification of intragenic and intergenic
segments within the mcel region with primer pairs listed in Table 1. Reverse transcriptase negative reactions showed no amplification products

with any pair of primers.

encodes a putative fatty acyl coenzyme A (CoA) synthetase,
designated FadD5 (39). The following eight genes (Rv0167 to
Rv0174) comprise the “core operon” that is repeated three
more times in the M. tuberculosis H37Rv genome (5). The
predicted start codon of each of these eight gene products
either overlaps with the upstream gene or is preceded by a gap
of less than 3 codons, suggesting that their expression is tran-
scriptionally and perhaps translationally coupled. Paralogues
of the adjacent genes, Rv0175 to Rv0178, are located down-
stream of the mce3 and mce4 gene clusters. We sought to
define the boundaries of the mcel operon by using RT-PCR.
Amplification with intragenic primer pairs for the genes
Rv0165¢ to Rv0178 demonstrated that each of these genes was
expressed during in vitro growth. The same primers were used
in pairs that spanned each intergenic region. PCR products
were obtained for each region from Rv0166 to Rv0178 (Fig.
1B). These data indicate that the mcel operon can be tran-
scribed as a 13-gene polycistronic message encompassing
Rv0166 to Rv0178.

Intracellular expression of the mcel operon. Intracellular
expression of the mcel operon was investigated by infection of
RAW murine macrophages with M. tuberculosis at a multiplic-
ity of infection of 10:1. Macrophages were washed to remove
extracellular bacteria after 4 h, and incubation continued up to
48 h. Microscopic analysis indicated that the macrophage
monolayers remained intact during this time period. At se-
lected time points, monolayers were lysed with a guanidine
isothiocyanate solution, preventing further transcriptional
changes and allowing the separation of intracellular bacilli
from macrophage components (22).

Extracted M. tuberculosis RNA was analyzed by RT-qPCR
to assess expression of selected mcel operon genes: fadD5,
mcelA, and mcelF. The expression of each gene was normal-
ized to sigA, which has been shown to be constitutively ex-

pressed (8, 18). This analysis revealed that expression of the
mcel operon genes was down-regulated within macrophages
compared to expression in bacilli growing in standard 7H9
growth medium (Fig. 2A). Repression of mRNA synthesis
occurred rapidly, and the level of transcript was reduced ap-
proximately 10-fold by 4 h postinfection. At 24 h and 48 h
postinfection, the expression level of mcelA appeared to in-
crease; this difference may reflect the enhanced relative stabil-
ity of the mcelA transcript compared to that of the others.

To confirm that the mcel operon was repressed intracellu-
larly, we assessed the expression levels of the corresponding
Mcel proteins. Whole-cell lysates were prepared from intra-
cellular bacilli isolated using the method described above (22).
Identically prepared uninfected RAW cells did not contain
detectable levels of protein (data not shown), demonstrating
that the lysates did not contain macrophage proteins and per-
mitting semiquantitative immunoblot analysis. Equal amounts
of M. tuberculosis proteins were separated by SDS-PAGE and
analyzed by Western blotting. Antibodies raised against
McelA and McelF bound to proteins of the expected sizes (48
kDa and 54 kDa, respectively) in lysates prepared from in
vitro-grown bacilli. Comparison to lysates from intracellular
bacilli revealed that the levels of these proteins decreased by
24 h postinfection and were undetectable by 48 h postinfection
(Fig. 2B). These results confirm that the mcel operon is re-
pressed in the macrophage environment compared to standard
growth media.

Rv0165c is a GntR family transcriptional regulator. The
gene upstream and divergently transcribed from the mcel
operon is predicted to encode a GntR family transcriptional
regulator (TubercuList). Since prokaryotic regulators are fre-
quently located adjacent to genes under their control, we hy-
pothesized that this gene encoded a regulator of the mcel
operon, and it was designated mcelR.
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FIG. 2. Expression of the mcel operon in RAW macrophages. (A) RT-qPCR assessment of expression of selected mcel operon genes. Results
are presented as the ratio of the amount of target gene at each time point postinfection (p.i.) to that in 7H9 medium (inoculum) for each gene.
Values shown are means of triplicate PCRs, and error bars represent 1 standard deviation. (B) Immunoblot analyses of Mce protein expression
in M. tuberculosis isolated from RAW cells 24 h or 48 h postinfection compared to expression in bacilli grown in vitro (inoculum). Equal amounts
of bacterial lysate were separated by SDS-PAGE (left panel), transferred to a nitrocellulose membrane, and hybridized to polyclonal antibodies

raised against recombinant McelA or McelF (right two panels).

Sequence alignment of Mcel1R with homologous GntR fam-
ily regulators revealed that the predicted 264-amino-acid open
reading frame extended much further upstream than other
members of the family. A possible alternative start codon
(GTG; genome position 194815) in a more homologous posi-
tion was identified. The use of this start codon in vivo was
confirmed by employing a B-galactosidase reporter gene assay
(Fig. 3). Thus, we propose that mcelR encodes a 223-amino-
acid protein.

The GntR family is defined by a 64-amino-acid N-terminal
DNA-binding motif (13). Rigali et al. (26) showed that the
family could be divided into four major subfamilies based on
homology within the C-terminal effector-binding domain and
that clustering predicted functional as well as structural relat-
edness. Sequence comparisons of McelR with 24 GntR family
regulators showed that McelR was a member of the FadR
subfamily and was most closely related to the archetypal family
member, the Bacillus subtilis gluconate operon regulator,
GntR (37% similarity) (Fig. 4A).

The DNA-binding domains of GntR regulators have a
winged helix-turn-helix structure, and the C-terminal domains
of FadR-like regulators all form an a-helical bundle (26, 41).
Comparison of the predicted secondary structure of McelR
with crystallographic data from E. coli FadR showed that
McelR contains the expected characteristic structural ele-
ments, supporting the primary sequence analysis (Fig. 4B).

Construction of an mcelR mutant of M. tuberculosis. In order
to investigate the role of McelR in regulation of the mcel
operon, we constructed an mcelR mutant by homologous re-
combination using the two-step counterselection strategy de-
scribed by Parish and Stoker (24). In this mutant, 505 bp of the
central portion of the target gene is deleted and replaced by a
hygromycin resistance cassette (Fig. 5A). The genotype of the
mcelR mutant was confirmed by Southern blotting and hybrid-
ization (Fig. 5B). The in vitro growth kinetics of the mcelR
mutant was indistinguishable from that of the parental H37Rv
strain (data not shown).

Expression of the mcel operon in AmcelR. The expression
levels of mcel operon genes in wild-type (WT) M. tuberculosis

and the mcelR mutant were assessed by RT-qPCR. This com-
parison revealed that the absence of mcelR had no significant
effect on expression of mcel genes during log-phase growth in
vitro in standard media (Fig. 6A, 0-h time point). Differences
in intracellular expression of the mcel operon between the WT
and AmcelR strains were investigated by infection of RAW
murine macrophages. There was no difference in growth of
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FIG. 3. Activity of mcelR’-'lacZ translational fusions. (A) Sche-
matic representation of the genomic regions cloned into pIGn to
create the mcelR'-'lacZ translational fusions, pIGr3 and pIGr6. (B) B-
Galactosidase activity in cell lysates of M. smegmatis transformed with
the promoter constructs. The vector pIGn contains no promoter. Val-
ues represent the mean activities of three colonies (nmol ONP mg ™!
min~ '), and error bars show 1 standard deviation.
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FIG. 4. Sequence analysis of McelR. (A) Unrooted phylogenetic tree of GntR family regulators, showing division of the four subfamilies,
FadR, YtrA, MocR, and HutC (underlined). Organism abbreviations are as follows: as, Acinetobacter sp. strain ADP1; bh, Bacillus halodurans; bs,
Bacillus subtilis; ec, E. coli; mt, M. tuberculosis; pp, Pseudomonas putida; tl, Rhizobium leguminosarum; rm, Rhizobium meliloti; s, Rhodobacter
sphaeroides; sa, Staphylococcus aureus; s, Streptomyces lividans; and st, Salmonella enterica serovar Typhimurium. (B) Secondary-structure-based
alignment of McelR with GntR and FadR. Predicted a-helical regions are highlighted in gray and B-strands in black. The structural elements of
FadR determined from its crystal structure are shown above the alignment. The helix-turn-helix DNA-binding motif is shaded.

WT and mutant strains in RAW cells during the time period of
infection (data not shown). In a preliminary experiment to
determine the effect of transferring bacilli from standard 7H9
growth medium into complete DMEM, the medium used for
RAW cell culture, we found that after 6 h of incubation, this
change promoted a 10-fold down-regulation of the mcel genes
in both WT and AmecelR strains. After 48 h, expression of the
mcel operon in both strains returned to levels observed with
7H9 medium (Fig. 6A). Relative to bacilli incubated in cell
culture medium, expression of fadD5 and mcelA remained
unchanged in intracellular WT bacilli, and expression of mcelF
increased less than twofold during the 48-h infection period.

However, with the mcelR mutant, expression of all three genes
increased in a coordinated time-dependent fashion in intracel-
lular bacilli compared to that in cell culture media (Fig. 6B).
The expression of each gene was higher at all time points in the
mcel R mutant than in the WT, and this difference increased as
infection progressed.

To further characterize this phenomenon, we compared
mcel expression levels in WT and AmcelR isolates from IFN-
v-activated RAW cells. In this case, we observed a slight de-
crease in expression of fadDS5, with no change in mcelA or
mecelF, in WT intracellular bacilli relative to the control. In the
mcelR mutant, all three genes again showed an increase in



446 CASALI ET AL.

J. BACTERIOL.

A B
= o
) ©
£ 3
T S
Bell Eagl Sacl Bell kb
i | | |
WT [ :H :H: : 0.4 |
...0163 0164 0165¢ 0166... 6.6 -—-..
probe 44
2.3 S -
1.7kb 1.1kb 2.0 Bt
Bell Bcell Beil
Il A A Il
Amce1R [ H K 1 ) -
...0163 0164 0165¢ hygR '0165¢c 0166...
0.6

FIG. 5. Disruption of the mcelIR gene in M. tuberculosis. (A) Genomic organizations of the WT and mutant strains. Black arrowheads indicate
the region cloned into the knockout vector. The region between the Eagl and Sacll sites was deleted and replaced by a hygromycin resistance
cassette to create the mutant strain. The black bar corresponds to the probe used for hybridization. (B) Southern blot analysis of genomic DNA

from WT and mutant strains digested with Bcell.

expression over time (Fig. 6C). The difference between the WT
and the mutant strain was more pronounced than in bacilli
isolated from naive macrophages. These observations demon-
strate that McelR can negatively affect the intracellular tran-
scription of the mcel operon.

Expression of the mcel operon in M. tuberculosis overpro-
ducing McelR. In many cases, overproduction of a transcrip-
tion regulator results in operator binding even in the absence
of the proper environmental conditions. Since McelR ap-
peared to be inactive during in vitro growth, we reasoned that
its overexpression in this condition might be sufficient to pro-
mote DNA binding and repress transcription of the mcel
operon. We used an integrating vector carrying the glutamine
synthetase (glnAI) promoter, which has been shown to pro-
mote high-level expression of heterologous proteins (40), to
create translational fusions with the mcelR gene. Two vectors
were constructed: one carried the glnA1 promoter and cognate
start codon fused to the sequence downstream of the published
mcelR TTG start (pCERS), and the second used the sequence
downstream of our predicted GTG start (pCER17) (Fig. 3A).
RT-qPCR analysis showed that pCERS had no effect on ex-
pression of the mcel operon in transformed M. tuberculosis
(data not shown). However, in a recombinant M. tuberculosis
strain carrying pCER17 the mcel genes were down-regulated
approximately threefold compared to levels for the WT (Fig.
7). These data confirm that Mce1R is translated from the GTG
start codon and provide further evidence that McelR is a
negative regulator of the mcel operon.

DISCUSSION

Shimono et al. (32) showed that an M. tuberculosis mcel
mutant exhibited uncontrolled growth in mouse lungs, suggest-
ing that the Mcel proteins are required for the establishment
of persistent infection. M. tuberculosis strains that contained a
deletion of either yrbE1B or mcelA exhibited indistinguishable

phenotypes, suggesting that the mutations were polar. Immu-
noblot analysis revealed that neither mutant expressed the
proteins McelA to McelF, and thus they were considered to
be mcel operon knockouts (32). Here we show that the mcel
operon actually consists of 13 genes: Rv0166 to Rv0178, in-
cluding fadDS5, yrbE1A, yrbE1B, mcelA to mcelF, and the four
downstream open reading frames. This result is substantiated
by a statistical analysis of transcriptome data which revealed
that these 13 genes formed a significant cluster of similarly
regulated genes, suggesting they are cotranscribed (30).

We have shown that, compared to expression in M. tubercu-
losis growing in vitro, expression of the mcel operon is re-
pressed within a murine macrophage cell line at both the RNA
and protein levels. This result is corroborated by reported
microarray analyses demonstrating that the 13 M. tuberculosis
mcel genes are also significantly down-regulated in bone mar-
row-derived murine macrophages (30).

Rv0165c, the gene encoded upstream and divergently tran-
scribed from the mcel operon, belongs to the GntR family of
transcriptional regulators. Typically, members of this family
negatively regulate nearby genes. Thus, we hypothesized that
Rv0165¢, which we have designated McelR, is responsible for
the intracellular repression of the mcel operon. Quantitative
comparison of mcel expression in WT and mcelR mutant M.
tuberculosis isolated from macrophages demonstrated that this
was indeed the case. In addition, overexpression of McelR was
sufficient to repress expression of the mcel genes in M. tuber-
culosis grown in vitro, confirming the role of McelR as a
negative regulator of the mcel operon.

GntR family regulators repress transcription by binding to
operator sequences within the promoters of target genes.
DNA-binding activity is modulated by an inducer molecule
that binds to the C-terminal domain of the regulator. In gen-
eral, when the inducer is present, DNA binding is inhibited and
repression of target genes is relieved (26). McelR belongs to
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FIG. 6. Intracellular expression of mcel genes in AmcelR. RT-qPCR comparison of expression levels of the mcel operon in WT (white bars)
and AmcelR (gray bars) strains. (A) Expression of mcel genes in bacilli incubated in complete DMEM medium for 6 h, 24 h, and 48 h, presented
as the ratio of the amount of target gene at each time point to that of the WT strain in 7H9 medium (0 h) for each gene. Expression of mcel genes
in bacilli isolated from naive (B) or IFN-y-stimulated (C) RAW macrophages at 6 h, 24 h, and 48 h postinfection. The 0-h time point represents
bacilli incubated in complete DMEM for 6 h. Results are presented as the ratio of the amount of target gene at each time point postinfection to
the amount of target in the WT strain at 0 h for each gene. Values shown are means of triplicate PCRs, and error bars represent 1 standard

deviation.

the FadR subfamily, whose members are typically induced by
oxidized metabolites that are substrates of the target enzymes.
For example, GntR binds gluconate, thereby relieving repres-
sion of the gluconate utilization operon (21), and FadR binds
fatty acyl CoA, resulting in derepression of genes involved in
fatty acid degradation (7). Our data show that McelR re-

presses transcription of the mcel operon in the intracellular
environment but not during in vitro growth. Thus, modeling
the activity of McelR on the GntR paradigm suggests that the
hypothetical inducer of McelR is present in 7H9 growth me-
dium but not within macrophages.

Given the degree of homology between McelR and FadR
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FIG. 7. Effect of overexpression of McelR on transcription of mcel
genes. RT-qPCR analysis of mcel gene expression in WT (white bars)
and attB::glnAIp'-mcelR (pCER17; gray bars) in 7H9 medium. Results
are presented as the ratio of the amount of target gene in the recom-
binant strain to the amount in the WT strain for each gene. Values
shown are means of triplicate PCRs, and error bars represent 1 stan-
dard deviation.
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(33% similarity), it is intriguing that the first gene in the mcel
operon encodes the fatty acyl CoA synthetase, FadD5, pre-
dicted to catalyze the first step in fatty acid degradation (39).
However, McelR is no more homologous to FadR than to other
subfamily members and the amino acid residues shown to be
important for fatty acyl CoA binding are not well conserved (41).

Genes that are cotranscribed generally encode proteins with
related or dependent functions. Comparison of the mcel re-
gions in Mycobacterium bovis, Mycobacterium avium, Mycobac-
terium marinum, and M. smegmatis revealed that the ortho-
logue of FadDS5 was encoded in the same position, upstream of
the core mcel operon, in each of these genomes (data not
shown). Conservation of genomic organization also suggests
functional association. Thus, inclusion of fadD5 in the mcel
operon raises the hypothesis that the role of the other proteins
may be related to fatty acid uptake.

A review of published microarray data indicates that the
mcel operon is down-regulated as a result of exposure to a
variety of stimuli, such as oxygen deprivation, nutrient starva-
tion, and SDS, which are proposed to simulate aspects of the
intraphagosomal environment (3, 19, 31). We found that the
mcel operon can be repressed in an McelR-independent man-
ner by incubation in DMEM cell culture medium. Together,
these results suggest that the operon is under the control of
either a global stress regulator or multiple negative regulators.
Further comparison of microarray transcriptome data reveals
that the four M. tuberculosis mce operons are not coregulated
(3, 19, 30, 31). This is not surprising in view of the fact that a
TetR family transcriptional regulator divergently transcribed
from the mce3 operon (Mce3R, Rv1963) has been shown to
negatively affect regulation of this operon (28) and that a third
probable transcriptional regulator (Rv0586) is associated with
the mce2 operon (5). The differential expression levels of these
operons may reflect their different roles.

Although the mcel operon is down-regulated in macro-
phages, several lines of evidence suggest that the Mcel pro-
teins are expressed in vivo. Expression of the mcel operon has
been detected in bacilli isolated from both mouse and rabbit
lungs (16, 34). In addition, sera from tuberculosis patients were
shown to react with recombinant McelA and McelE (1).
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Given the importance of the mcel operon on disease progres-
sion and outcome in mice (32), this suggests that the operon
products function either extracellularly or within nonmacroph-
age cells. Alternatively, the in vivo intramacrophage environ-
ment may not be effectively mimicked by in vitro-infected cells.
Indeed, it seems likely that there are profound differences in
the environmental signals experienced by bacilli in short-term
in vitro-infected macrophages and those experienced by per-
sistent bacilli residing within granulomas in vivo.

Numerous techniques, such as those employing promoter
probes (37), promoter traps (in vivo expression technology
[8]), or subtractive hybridization (selective capture of tran-
scribed sequences [11]), are directed at identifying genes that
are up-regulated within macrophages or in vivo. Although
these screens have been instrumental in identifying genes that
are required for survival in the host and whose disruption
results in an attenuated phenotype, such genes commonly en-
code metabolic rather than virulence functions (33, 38). In
striking contrast, the mcel operon is intracellularly down-reg-
ulated and its disruption leads to uncontrolled growth of M.
tuberculosis in mouse lungs, demonstrating that important vir-
ulence genes may not necessarily be those that are highly
expressed in macrophages.

Expression of the M. tuberculosis mcel operon is necessary
to elicit the host proinflammatory response that is critical for
the establishment of a persistent infection (32). We propose
that Mce1R is responsible for the correct temporal and spatial
expression of the mcel operon products required for organized
granuloma formation, which is both protective to the host and
necessary for the persistence of M. tuberculosis.
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