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Mycobacterium tuberculosis and Mycobacterium bovis are responsible for infections that cause a substantial
amount of death, suffering, and loss around the world. Still, relatively little is known about the mechanisms of
gene expression in these bacteria. Here, we used genome-wide location assays to identify direct target genes for
mycobacterial � factors. Chromatin immunoprecipitation assays were performed with M. bovis BCG for
Myc-tagged proteins expressed using an anhydrotetracycline-inducible promoter, and enriched DNA frag-
ments were hybridized to a microarray representing intergenic regions from the M. tuberculosis H37Rv genome.
Several putative target genes were validated by quantitative PCR. The corresponding transcriptional start sites
were identified for �F, �C, and �K, and consensus promoter sequences are proposed. Our conclusions were
supported by the results of in vitro transcription assays. We also examined the role of each holoenzyme in the
expression of � factor genes. Our results revealed that many � factors are expressed from autoregulated
promoters.

Several pathogenic mycobacteria cause infections that lead
to tuberculosis or related diseases in a variety of organisms.
For example, Mycobacterium tuberculosis infects nearly one-
third of the human population (10), while Mycobacterium bovis
infections in cattle are responsible for important agricultural
losses (12). Advanced knowledge of the biology of these bac-
teria could significantly contribute to prevention and treatment
of the associated diseases. A key step toward this end occurred
with the publication of the complete M. tuberculosis and M.
bovis genome sequences (8, 12). Several genes have also been
interrupted in M. tuberculosis, leading to different outcomes for
virulence (for reviews, see references 7 and 38). More recently,
in many studies workers have reported gene expression profiles
for various growth conditions and during different stages of
infection in mice and human macrophages (21, 37, 41), pro-
viding new insights into the strategies used by the pathogens to
adapt to various environments. Nevertheless, much remains to
be discovered about the molecular mechanisms controlling the
genetic programs in pathogenic mycobacteria.

Thirteen � factor genes were predicted based on the genome
sequence of M. tuberculosis, and almost identical M. bovis
counterparts were also predicted (25, 35). Some of these genes
may orchestrate critical responses in the pathogenesis of tu-
berculosis and therefore may be attractive targets for develop-
ment of new drugs and vaccines. Indeed, in mouse models
infections with sigC, sigD, sigE, sigF, sigh, and sigL mutant
strains were all attenuated compared to infections with the

wild-type strains (5, 9, 13, 16, 20, 23, 24, 26, 27, 32, 33, 40). Still,
the conditions leading to the activities of most � factors remain
elusive (23, 35). Differential gene expression profiles were
nonetheless obtained for the � factor mutant strains, and con-
sensus promoter sequences have been proposed (5, 9, 13, 16,
20, 26, 27, 32, 33, 40). However, direct and indirect effects on
the expression of most affected genes are difficult to discrimi-
nate. In addition, bioinformatics searches for putative promot-
ers are complicated by the ability of most � factors to tolerate
various mismatches in their consensus sequences. Hence, it is
relatively difficult to unambiguously associate a gene with a �
factor that regulates its expression. Consequently, the physio-
logical roles of most mycobacterial � factors are still poorly
understood.

Chromatin immunoprecipitation (ChIP) assays are a powerful
technique that allows detection of protein-DNA interactions in
vivo (22, 31). Cell components are first cross-linked by using
formaldehyde, washed, and used to prepare a whole-cell extract.
Next, the DNA is sheared by sonication, and the protein of in-
terest is immunoprecipitated along with the DNA loci to which it
is bound. The enriched DNA is then purified and typically ana-
lyzed by PCR using specific primers. This method has also been
adapted to allow identification of numerous loci in a single ex-
periment using a microarray, a procedure commonly referred to
as a genome-wide location assay (4, 34). In this study, we ex-
pressed M. tuberculosis � factors using an inducible promoter, and
ChIP assays were performed to identify the corresponding bind-
ing sequences. The genome-wide locations of the � factors �F, �C,
and �K were analyzed using the M. bovis BCG-Russia strain.
Several candidate promoters were identified and investigated fur-
ther. Direct target genes were identified for additional � factors.
The roles of various holoenzymes in the transcription of � factor
genes were also studied, and the results revealed that several �
factors regulate their own expression.
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MATERIALS AND METHODS

Bacterial strains and media. M. bovis BCG-Russia (ATCC 35740) was grown
at 37°C in Middlebrook 7H9 medium supplemented with albumin-
dextrose-saline, 0.05% Tween 80, and 10 �g/ml cycloheximide. When appropri-
ate, hygromycin and anhydrotetracycline were added to the media at final con-
centrations of 50 �g/ml and 50 ng/ml, respectively.

DNA manipulations. � factor-encoding genes were amplified by PCR using
forward and reverse primers containing PacI and NsiI restriction endonuclease
sites, respectively. PCR products were digested and introduced into the corre-
sponding sites of a modified version of pUV15tetORm (11) using standard
procedures. The resulting plasmids contained a hygromycin resistance gene, an
anhydrotetracycline-inducible promoter, and a fusion between an amino-termi-
nal Myc epitope and the � factor of interest. Plasmids were introduced into M.
bovis BCG-Russia by electroporation as previously described (39).

ChIP. Cells were first transformed with a plasmid allowing controlled expres-
sion of a � factor of interest, precultured, and used to inoculate 100 ml of
medium at an optical density at 600 nm (OD600) of approximately 0.025 to 0.050.
Cells were grown to an appropriate OD600 (�0.200), and expression of the
Myc-tagged � factor was induced with anhydrotetracycline for 48 h. Expression
of Myc-tagged � factor was monitored by immunoblotting using standard pro-
cedures. At an OD600 of �0.6 to 0.8, formaldehyde was added directly to the
medium to a final concentration of 1%. The cultures were incubated with gentle
agitation for 20 min at room temperature and then overnight at 4°C. Cells were
collected by centrifugation, washed twice with ice-cold Tris-buffered saline buffer
(20 mM Tris HCl [pH 7.5], 150 mM NaCl), and resuspended in lysis buffer (50
mM HEPES-KOH [pH 7.5], 140 mM NaCl, 1 mM EDTA, 1% Triton X-100).
Cells were then transferred into 1.5-ml tubes and disrupted by sonication. Sam-
ples were centrifuged at the maximum speed, and the supernatant was sonicated
to shear the DNA to obtain an average size of approximately 400 bp. Five
microliters of this extract was conserved and used as the input material. The rest
of the extract was subjected to immunoprecipitation with sheep anti-mouse
paramagnetic beads (M-450; Dynal Biotech) coupled to the Myc 9E10 mono-
clonal antibody. The magnetic beads were then washed twice with 1 ml of lysis
buffer, twice with 1 ml of lysis buffer plus 360 mM NaCl, twice with 1 ml of wash
buffer (10 mM Tris-HCl [pH 8.0], 250 mM LiCl, 0.5% NP-40, 0.5% sodium
deoxycholate, 1 mM EDTA), and once with 1 ml of Tris-EDTA (TE) (10 mM
Tris-HCl [pH 8.0], 1 mM EDTA). The bound material was eluted from beads by
resuspension in 50 �l of elution buffer (50 mM Tris-HCl [pH 8.0], 10 mM EDTA,
1% sodium dodecyl sulfate) and incubation for 10 min at 65°C with occasional
agitation. Samples were centrifuged briefly, and cross-links were reversed by
mixing 45 �l of the supernatant with 150 �l of TE plus 1% sodium dodecyl
sulfate and incubating the preparation overnight at 65°C. Samples were treated
with proteinase K, extracted twice with phenol-chloroform, precipitated with
ethanol, and resuspended in 60 �l of TE. The DNA was then treated with RNase
A and purified using a Qiaquick PCR purification kit from QIAGEN.

DNA labeling, hybridization, and data analysis. Immunoprecipitated and in-
put control DNA were amplified and labeled with Cy5- and Cy3-labeled dCTP,
respectively, using ligation-mediated PCR (34). Samples were mixed and hybrid-
ized to the M. tuberculosis intergenic microarray using the protocol of Ren et al.
(34). For each � factor, the data from three biological replicates was analyzed
using an error model, as previously described (34).

M. tuberculosis intergenic microarray design and preparation. Intergenic re-
gions (�30 bp) located upstream of genes or between two divergent genes were
used to select 2,018 70-mer oligonucleotides from the Tuberculist R5 annotation
of M. tuberculosis H37Rv. Two probes were selected for every intergenic region
larger than 600 bp. Most probes had a melting temperature of 82 � 3°C,
contained no more than 15 contiguous nucleotides identical to the nucleotides in
any other genome region, and exhibited less than 70% BLASTN identity to other
hits in the genome of M. tuberculosis. Oligonucleotides were spotted on Corning
GAPSII microarray slides.

qPCR validation of ChIP. For selected loci suggested by the intergenic mi-
croarray analysis, PCR primers were designed to compare a Myc-tagged � factor
ChIP sample to a no-antibody control sample. Quantitative PCR (qPCR) were
performed with a Stratagene MX3000P. Amplicons were detected using SYBR
green. Primers used for an invariant control (5�-CACGCAACGTTTGTATCT
GC-3� and 5�-TGACATGTCTGGATTGTGCTC-3�) were selected to amplify a
region flanked by two predicted transcription terminators (42) between two
convergent genes. The sequences of the primers for the loci tested are available
upon request.

RNA extraction and 5�-RACE identification of transcription start sites. RNA
was extracted using an RNeasy kit (QIAGEN) as recommended by the manu-
facturer, with the modification that 100-�m glass beads and bead beating were

used to enhance cell lysis. Rapid amplification of 5� cDNA ends (5�-RACE)
identification of transcription start sites was performed as described previously
(14). PCR products were sequenced and analyzed using the M. tuberculosis
H37Rv genome sequence as a reference (8).

In vitro transcription assays. In vitro transcription assays were performed as
described elsewhere (19), except that E. coli core RNA polymerase (RNAP) (Epi-
center Biotechnologies) was used in combination with M. tuberculosis � factors.

Preparation of protein extracts and immunoblotting of Myc-tagged � factors.
Identical amounts of cells, as judged by OD600, were spun, and each pellet was
resuspended in 100 �l of buffer C (50 mM Tris-HCl [pH 7.9], 200 mM KCl, 10
�M ZnSO4, 1 mM EDTA, 5 mM 2-mercaptoethanol, 20% glycerol) with 8 M
urea. The cells were boiled for 20 min, frozen, and later sonicated for 30 s.
Twenty microliters of each extract was electrophoresed on a gel, transferred onto
a nitrocellulose membrane, and immunoblotted using the Myc 9E10 monoclonal
antibody according to standard procedures.

RESULTS

Inducible expression of � factors. � factors must associate
with RNAP in order to direct expression of their target genes.
However, the growth conditions leading to the formation of
specific holoenzymes are still not known for most M. tubercu-
losis � factors (35). Thus, we took advantage of a recently
described conditional gene expression system to express � fac-
tors from a plasmid-borne anhydrotetracycline-inducible pro-
moter. All putative M. tuberculosis � factor-encoding genes
were fused to an N-terminus Myc epitope and cloned in a
pUV15tetORm derivative (Fig. 1A) (11). The resulting plas-
mids were used to transform M. bovis BCG-Russia, an atten-
uated strain whose genome sequence is almost identical to
those of M. bovis and M. tuberculosis (3, 12, 29). No significant
level of expression of any Myc-tagged � factor was detected in
the absence of the inducer, as judged by immunoblotting (Fig.
1B and data not shown). However, � factors were expressed in
a time-dependent fashion once anhydrotetracycline was added
to the growth medium (Fig. 1B and data not shown). We
reasoned that the increase in the cellular concentration of a
particular Myc-tagged � factor should be sufficient to allow a
significant amount of the corresponding holoenzymes to form
in spite of any possible anti-� factor antagonism. We next
performed ChIP assays to identify novel � factor binding sites.

Genome-wide location of �F. The �F-dependent usfXP1 pro-
moter is one of the few promoters that have been characterized
both in vivo and in vitro (2, 19). Moreover, �F is negatively
regulated by the anti-� factor UsfX (2). In an attempt to
validate our experimental scheme, the M. bovis BCG-Russia
strain harboring the �F-inducible expression plasmid was used
to perform ChIP assays. Direct binding of Myc-tagged �F was
observed in the region containing the usfXP1 promoter (Fig.
2B), suggesting that the expression of this protein from the
anhydrotetracycline-inducible promoter was sufficient to by-
pass the negative regulation by UsfX and allow the formation
of a competent holoenzyme.

A valuable approach for identifying novel �F binding sites is
to perform ChIP assays in combination with analysis of a mi-
croarray representing various regions of the M. tuberculosis
genome. Since no commercially available microarray proved to
be useful for these assays, we designed a microarray consisting
of 2,018 70-mer isothermal oligonucleotides. Probes were se-
lected from �30-bp intergenic regions located upstream of all
annotated genes and were printed on appropriate glass slides
(see Materials and Methods for a detailed description of the
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microarray). DNA fragments obtained from Myc-tagged �F

ChIP assays were amplified and simultaneously labeled with
fluorescent dCTP by ligation-mediated PCR (34). A control
sample was treated similarly, and identical amounts of the
resulting products were mixed and hybridized to the M. tuber-
culosis intergenic microarray. Figure 2A shows the relative
enrichment of Myc-tagged �F for all probes on the microarray.
Using a single-array error model (34), we found that 28 inter-
genic regions were significantly enriched (P � 0.001) compared
to the control (Table 1). The six most enriched loci were
selected for validation by qPCR. In the latter assays, Myc-
tagged �F ChIP reactions were compared to a control reaction
in which the Myc 9E10 antibody was omitted, and the results
were normalized to a region where no � factor binding should
have been detected (Fig. 2B). The genome region correspond-
ing to the previously identified �F-dependent promoter usfXP1
showed one of the strongest enrichment signals in the genome-
wide location assays and in the qPCR validation experiments
(Fig. 2A and B). The binding of Myc-tagged �F to five addi-
tional intergenic regions was also validated by the qPCR ap-
proach (Fig. 2B). Two loci that were not enriched in the mi-
croarray experiments were also tested, and no enrichment was
detected (data not shown).

Next, RNA was extracted from M. bovis BCG cultures grown
in the same conditions that were used for the ChIP assays, and

5�-RACE assays were performed to identify the transcriptional
start sites at the loci where clear binding of Myc-tagged �F was
detected (Fig. 2C). Putative promoter boxes were proposed by
analyzing the corresponding upstream region of the M. tuber-
culosis H37Rv genome (Fig. 2C). In these experiments, tran-
scription of the usfX-sigF operon was found to originate from
the same nucleotide with respect to the �F-dependent usfXP1

FIG. 1. Anhydrotetracycline-inducible expression of Myc-tagged
M. tuberculosis � factors. (A) Structure of the plasmids used for
expression of � factors. OriE, replication origin in E. coli; OriM,
pAL5000 mycobacterial replication determinant; Hyg, hygromycin re-
sistance gene; TetR, Tn10 Tet repressor; pUV15-tetOrm, strong TetR-
controlled mycobacterial promoter. (B) Time-dependent induction of
Myc-tagged �A in M. bovis BCG-Russia. Samples were collected at 2,
4, 6, 8, 12, and 24 h after addition of 50 ng/ml anhydrotetracycline to
the growth medium. Protein extracts were prepared and used for
immunoblotting with the Myc 9E10 antibody. Lane C contained re-
combinant Myc-tagged �A.

FIG. 2. Identification of �F-dependent promoters. (A) Relative
ChIP enrichment of Myc-tagged �F for every intergenic region repre-
sented on the microarray. The asterisks indicate target genes validated
by qPCR. (B) qPCR enrichment of Myc-tagged �F relative to a ChIP
assay performed in the absence of the Myc 9E10 antibody for selected
intergenic regions. The intergenic regions are in the same order as in
panel A. (C) Nucleotide sequences of the putative �F-dependent pro-
moters and proposed consensus sequence. Transcription start sites are
indicated by boldface uppercase letters, and proposed promoter boxes
are underlined.
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promoter (2). Moreover, analysis of transcription start sites for
several regions revealed conserved nucleotides that adequately
matched the sequence of the usfXP1 promoter at specific po-
sitions relative to the putative �35 and �10 boxes. Taken
together, these results suggest that the promoters are directly
recognized by �F and that genome-wide location assays iden-
tify bona fide direct � factor binding sites.

�C and �K target genes. Genome-wide location assays were
then carried out for other M tuberculosis � factors, most of
which are poorly characterized. A similar procedure was used
for the other � factors, including �C and �K. Two significant
Myc-tagged �C binding signals were detected in the intergenic
regions between the genes corresponding to M. tuberculosis
Rv0095c-ppe1 and ctpB-Rv0104 using genome-wide location
assays (Fig. 3A). Although their relative enrichment was
weaker, 13 additional putative target genes (P � 0.001) were
also predicted from the single-array error model analysis
(Table 1). ChIP enrichment for the Rv0095c-ppe1 and ctpB-
Rv0104 loci was also detected by qPCR assays (Fig. 3B). Since
these two intergenic regions should support transcription ini-
tiation of divergent genes, 5�-RACE was conducted for both

FIG. 3. Expression of Rv0095c and ctpB is regulated by �C. (A)
Genome-wide enrichment of �C by ChIP. The asterisks indicate target
genes validated by qPCR. (B) ChIP qPCR validation for the region
upstream of Rv0095c and ctpB. (C) Detected transcription start sites
and putative �C recognized boxes. Transcription start sites are indi-
cated by boldface uppercase letters, and proposed promoter boxes are
underlined. (D) In vitro transcription using the 13 M. tuberculosis �
factors in the ctpB upstream region.

TABLE 1. Intergenic regions predicted to be directly bound by �F,
�C, and �K using a single-array error model (P � 0.001)a

� factor Regionb

�F Rv0213c-fadD4
ppe7-ppe8
ctpH-Rv0424c
hbhA-Rv0476
Rv0547c-Rv0546c
Rv0760c-Rv0759c
moaD2-rpfA
Rv1054-Rv1053c
pks4-papA3
pe_pgrs25-Rv1397c
pe_pgrs27-tkt
gnd1-guaB1
Rv1870c-Rv1869c
Rv1871c-Rv1870c
furA-katG
Rv2023Ac-Rv2023c
dapE2-tb18.6
Rv2576c-Rv2577
ribD-Rv2672
pyrH-Rv2884
nrdH-nrdI
Rv3210c-rhlE
Rv3253c-Rv3254
usfY-usfX
glpD2-phoY1
Rv3605c-Rv3604c
proX-Rv3760

�C Rv0095c-ppe1
ctpB-Rv0104
Rv0311-Rv0312
Rv0330c-Rv0331
ansP2-Rv0347
grcC1-htpX
Rv0575c-Rv0574c
secE1-nusG
rplJ-rplL
Rv0680c-Rv0681
rplW-rplB
rpsQ-atsA
rplO-sppA
mbtI-Rv2387
Rv3483c-Rv3482c

�K gmhA-gmhB
Rv0245-Rv0246
Rv0281-Rv0282
Rv0699-rpsJ
rplW-rplB
Rv1069c-pe_pgrs20
Rv1115-Rv1116
rrl-rrf
Rv1501-Rv1502
Rv1534-Rv1535
Rv2106-pe22
Rv2872-mpt83
dipZ-mpt70
mpt70-Rv2876
Rv3889c-Rv3888c
Rv3920c-gid

a The single-array error model used has been described previously (34).
b The gene annotations are from Tuberculist (http://genolist.pasteur.fr

/TubercuList/).
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orientations with RNA extracted from anhydrotetracycline-
induced cultures. Transcription start sites were detected in
regions upstream of Rv0095c and ctpB, revealing nearly iden-
tical putative promoter boxes (Fig. 3C). Moreover, in vitro
transcription assays were performed using E. coli RNAP and
M. tuberculosis � factors, and a transcript was obtained from
�C-containing holoenzymes only in the Rv0095c and ctpB up-
stream regions (Fig. 3D and data not shown).

In the case of Myc-tagged �K, three genome regions located
upstream of mpt83, mpt70, and Rv2876 were particularly en-
riched in genome-wide location experiments (Fig. 4A). Inter-
estingly, these genes, along with an operon starting with
Rv0449c, were recently reported to be specifically downregu-
lated in some M. bovis BCG strains by a mutation in the �K

translation start codon (6). However, the Rv0449c upstream
region was not represented on the intergenic microarray.
Therefore, we performed qPCR assays for this putative �K-
dependent promoter-containing region, as well as for the re-
gions upstream of mpt83, mpt70, and Rv2876. These four
genome regions were found to be significantly enriched com-
pared to the results of a control ChIP reaction (Fig. 4B).
5�-RACE resulted in prediction of nearly identical �35 and
�10 promoter boxes upstream of mpt83 and mpt70 (Fig. 4C).
Moreover, DNA motifs that could be recognized by SigK were
also found upstream of Rv2876 and Rv0449c, although we did
not find a clear transcription start site upstream of the latter
genes (Fig. 4C and data not shown). In vitro transcription
experiments using the mpt70 intergenic region allowed tran-
scription only by a �K holoenzyme, suggesting that �K recog-
nized the previously identified promoter (Fig. 4D). Interest-
ingly, the corresponding transcription start site perfectly
matched the transcription start site reported by Matsuo and
colleagues (28), although the proposed promoter boxes were
slightly shifted.

We also attempted to find direct targets for the remaining
10 M. tuberculosis � factors. However, no significant enrich-
ment was observed for Myc-tagged �E, �G, �I, �J, and �M in
any region of the intergenic microarray (data not shown).
Moreover, relatively few binding sites were detected for the
remaining � factors, and the relative level of enrichment
monitored by genome-wide location assays remained close
to the background level (data not shown). Still, novel �
factor target genes were discovered using the qPCR assays,
as shown in Fig. 5.

� factor interplay. We were also interested in determining
how the expression of � factors is regulated by various
holoenzymes, which could reveal regulatory cascades or
other network motifs. ChIP assays were performed as de-
scribed above for every predicted M. tuberculosis � factor,
and the intergenic regions located upstream of the encoding
genes were interrogated using specific qPCR primers. ChIP
reactions were next compared to a control reaction, and
enrichment ratios greater than threefold were considered
ratios that indicated relevant binding sites (Fig. 6). Figure
6A shows the regulatory patterns that were observed. Inter-
estingly, most � factors for which a signal was detected
appeared to be expressed from an autoregulated promoter.
Indeed, �A, �D, �H, and �L were found to localize in the
region located upstream of the corresponding encoding
genes, while �F and �K bound upstream of a putative operon

comprising the encoding gene (Fig. 6B). Thus, our results
are consistent with previously published suggestions for �D,
�F, �H, �K, and �L, which were all proposed to regulate
their own expression (2, 5, 6, 9, 13, 16, 19, 26, 32, 33).

FIG. 4. Identification of �K-dependent promoters. (A) Genome-
wide location analysis of Myc-tagged �K. The asterisks indicate target
genes validated by qPCR. (B) qPCR enrichment of Myc-tagged �K in
the regions upstream of mpt83, mpt70, and Rv2876 relative to a neg-
ative ChIP control reaction. (C) Transcription start sites (indicated by
boldface uppercase letters) identified upstream of the mpt83 and
mpt70 genes. Proposed promoter boxes and DNA motifs possibly rec-
ognized by SigK upstream of Rv2876 and Rv0449c are underlined.
(D) In vitro transcription with every M. tuberculosis � factor in the
mpt70 upstream region.
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FIG. 5. Additional � factor binding sites identified by ChIP and promoters observed in the corresponding intergenic regions. The graphs on the left
show the relative enrichment of specific � factors for various intergenic regions, as monitored by the qPCR assay. The sequences on the right are promoter
sequences found in intergenic regions where binding of the corresponding � factors was detected. Proposed promoter boxes are underlined, and the first
transcribed nucleotide is indicated by a boldface uppercase letter where it is known. The numbers in parentheses are references.
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�A and �B appeared to recognize a promoter upstream of
the �A-encoding gene. Moreover, additional intergenic regions
were also bound by these two � factors (Fig. 5), suggesting that
they may recognize similar promoter sequences. In addition to
the intergenic region upstream of its encoding gene, �F was
also found to bind to the sigE upstream region and to a lesser
extent to the region upstream of sigB (Fig. 6B). In vitro tran-
scription experiments recently allowed identification of a �F-
dependent promoter upstream of the sigB gene (9), and the
relatively low level of enrichment observed by ChIP analysis
could have resulted from the lower strength of this promoter
compared to the �F consensus sequence. Our results also sug-
gest that sigE can be expressed from a �H-dependent pro-
moter, as proposed by other workers (33).

DISCUSSION

� factors play a major role in the regulation of gene expres-
sion and hence contribute to several key process in the biology
of mycobacteria. In spite of years of research, little is known
about the conditions leading to activity of most � factors in
these pathogens. This is a major obstacle in determining the
promoter specificities of the � factors and their physiological
roles. In an attempt to find direct target genes for M. tubercu-
losis � factors, we expressed these proteins from an anhy-
drotetracycline-inducible promoter and performed ChIP as-
says. Genome-wide location assays for �C, �F, and �K were
successful, yet relatively few binding sites were identified for
the remaining � factors. The ChIP localization of � factors

FIG. 6. Roles of the various M. tuberculosis holoenzymes in the expression of � factor genes. (A) Summary based on a threefold enrichment
threshold. The dashed lines indicate in vitro transcription data for the sigB promoter obtained by Dainese et al. (9). (B) qPCR determination of
the levels of various holoenzymes for the regions upstream of � factor-encoding genes. Data for the Rv0449c intergenic region, putatively involved
in expression of a sigK-containing operon, are also shown.

VOL. 189, 2007 M. TUBERCULOSIS � FACTOR BINDING SITES 1511



reported in this study is supported by in vitro transcription data
and by additional previously described evidence, suggesting
that they are real promoter sites.

A possible explanation for our inability to identify a greater
number of target genes is that although the � factors accumu-
lated in the cells, the growth conditions were not suitable for
proper activity of these proteins. Indeed, � factors act in con-
cert with other transcription regulators that are not necessarily
expressed or active under the nonphysiological inducing con-
ditions used. Since most promoters are regulated by multiple
signals (1), it is likely that several target genes are not detected
by this approach. Some posttranslational modifications may
also be required for � factor activity (25, 35). Furthermore, at
least four M. tuberculosis � factors are negatively regulated by
anti-� factors. While the activity of Myc-tagged �F was appar-
ently not inhibited by the corresponding anti-� factor under
these conditions (there was 100% nucleotide identity between
the functional M. tuberculosis gene and its M. bovis BCG-
Russia equivalent [data not shown]), it is not clear whether
other � factors could have been maintained in an inactive state.
For instance, the two other � factors for which we successfully
identified binding sites were apparently not regulated by anti-�
factors in the strain used in our study. We found no previously
described evidence supporting the existence of a mycobacterial
anti-�C factor, and a �K antagonist was recently shown to be
mutated in M. bovis (36). This situation can probably be
avoided by performing ChIP assays under physiological condi-
tions for activity whenever this is possible.

Another factor to consider in the genome-wide location of �
factor binding sites is the possibility that only strong signals
may have been detected, while the weaker signals may have
been missed due to inherent experimental noise. Genome-
wide location experiments were reported previously to have
less dynamic range, greater noise, and reduced reproducibility
compared to gene expression profiling (17). Moreover, it must
be emphasized that the � factor-promoter DNA interaction is
dynamic and short-lived with respect to other DNA binding
proteins. Consequently, efficient � factor cross-linking may be
harder to achieve and more susceptible to experimental vari-
ations.

In previous studies workers proposed consensus promoter
sequences for �F and �C on the basis of a comparison of the
transcriptomes of the corresponding M. tuberculosis mutant
strains to their wild-type counterparts and a search for con-
served DNA motifs upstream of downregulated genes (13, 40).
However, little similarity was observed between our results and
the promoter sequences suggested in these reports. It is not
clear whether the proper conditions for activity of �F and �C

were used in the previous experiments. RNA was extracted at
various times during growth, but no particular growth condi-
tions were used to ensure that the direct effect of �F or �C on
transcription could be monitored. Furthermore, no transcrip-
tional start sites were identified to support the conclusions. In
contrast, our results are consistent with those of Charlet and
colleagues (6) in that we detected binding of Myc-tagged �K to
mpt83, mpt70, and Rv2876, as well as upstream of the M. bovis
BCG-Russia homolog of Rv0449c (Fig. 6B).

We also investigated the roles of various holoenzymes in the
expression of every predicted M. tuberculosis � factor gene.
Although not all � factor binding sites may have been detected

by our approach, the data in Fig. 6 indicate that the transcrip-
tion of many � factor genes depends on autoregulated promot-
ers. Moreover, by combining recent in vitro transcription data
(9) with ChIP � factor binding sites (Fig. 6A), putative regu-
latory cascades can be hypothesized that lead to up-regulation
of sigB. Interestingly, �A and �B were found to be capable of
binding to the same intergenic regions (Fig. 5 and 6B). Thus, it
is tempting to speculate that the two proteins may use the same
promoter at some of these genes. The latter hypothesis is
supported by the high level of homology between �A and �B

and by the fact that the corresponding holoenzymes allowed
transcription initiation at the same nucleotide in vitro (19).

In spite of the unexpectedly low number of � factor binding
sites, our approach defined new target genes for many M.
tuberculosis � factors. Moreover, our results suggest that ex-
pression of a � factor does not necessarily result in detectable
activity since gene expression is likely to be regulated by nu-
merous effectors. Novel insights into the biology of M. tuber-
culosis and into the molecular mechanisms used to infect a host
should be obtained as the roles of � factors and other tran-
scription regulators are discovered.
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