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ABSTRACT

We propose a novel mechanism of gene regulation
in Mycobacterium tuberculosis where the protein
Rv1222 inhibits transcription by anchoring RNA poly-
merase (RNAP) onto DNA. In contrast to our existing
knowledge that transcriptional repressors function
either by binding to DNA at specific sequences or
by binding to RNAP, we show that Rv1222-mediated
transcription inhibition requires simultaneous bind-
ing of the protein to both RNAP and DNA. We demon-
strate that the positively charged C-terminus tail
of Rv1222 is responsible for anchoring RNAP on
DNA, hence the protein slows down the movement of
RNAP along the DNA during transcription elongation.
The interaction between Rv1222 and DNA is elec-
trostatic, thus the protein could inhibit transcription
from any gene. As Rv1222 slows down the RNA syn-
thesis, upon expression of the protein in Mycobac-
terium smegmatis or Escherichia coli, the growth rate
of the bacteria is severely impaired. The protein does
not possess any significant affinity for DNA poly-
merase, thus, is unable to inhibit DNA synthesis. The
proposed mechanism by which Rv1222 inhibits tran-
scription reveals a new repertoire of prokaryotic gene
regulation.

INTRODUCTION

Gene regulation is one of the most important requirements
of microorganisms for their survival under a wide variety
of fluctuating environmental niche (1). The majority of the
genes are regulated during transcription and RNA poly-
merase (RNAP), the key enzyme for mRNA synthesis, to-
gether with different sigma factors and transcriptional reg-
ulators orchestrates gene expression in bacteria. The level of

expression of a given gene generally depends on the cellular
demand: the basal level gene expression could be sometimes
activated or inhibited. The wide variety of mechanisms by
which transcriptional regulators function have been unrav-
elled over the years. While multiple mechanisms exist for the
activation of gene expression, inhibition of transcription in
prokaryotes could be classified mainly into four categories:
(i) a ‘repressor’ occupies the promoter element, either par-
tially or fully, preventing the binding of RNAP to the pro-
moter (2,3), or binds to DNA beside RNAP blocking the
promoter escape of RNAP during transcription initiation
(4,5), (ii) a transcription factor binds to downstream DNA,
thereby blocking the translocation of RNAP (6,7), (iii) an
anti-sigma factor binds to a specific sigma factor, inducing
a conformational change to the cognate sigma factor and
making it deficient in recognizing the promoter elements
(8,9) and (iv) a factor that alters the DNA architecture ren-
dering it inaccessible for RNAP (10–12) or unfavourable for
RNAP translocation (13). In majority of the above cases, re-
pressors or anti-sigma factors function at specific promot-
ers, and hence gene-specific transcriptional regulation oc-
curs. In addition to the above four, there are transcription
factors or small-molecule effectors that do not require any
interaction with DNA for transcription inhibition. Hence,
the inhibition of transcription by these factors occurs at
any gene. For example, DkSA (14,15), Gfh1 (16,17) and
ppGpp (18,19) inhibit transcription by binding at the sec-
ondary channel of RNAP and modulating the function of
RNAP. Several bacteriophage proteins have been reported
to inhibit transcription by different mechanisms. gp2 from
the bacteriophage T7 binds to RNAP and induces a con-
formational change in the polymerase making it deficient
for RNA synthesis (20). Bacteriophage HK022 Nun protein
binds to the transcription elongation complex (EC) through
a nut site and prevents the translocation of RNAP (21).

Rv1222, a Mycobacterium tuberculosis transcriptional
factor, was reported to function as an anti-sigma factor for
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�E. Based on the facts that Rv1222 gene is located immedi-
ately downstream of sigE gene, Rv1222 binds to �E of the
same bacteria, and exclusively inhibits transcription by �E-
RNAP holoenzyme, it has been inferred that Rv1222 is a
regulator of sigma E factor (RseA) (22,23). However, our
study reveals that Rv1222 is not an anti-sigma factor, but
inhibits transcription by a completely different mechanism.

Rv1222 is a small protein (16.25 kD) whose function is
not known. Microarray mapping of transposon insertions
shows that the protein is nonessential (24). Transcriptome
analysis of M. tuberculosis, in dormant state or under con-
ditions leading to dormant state, reveals that the mRNA of
Rv1222 is upregulated (25–28).

Here, we show that Rv1222 anchors the RNAP onto
DNA and thereby slows down the translocation of RNAP
along the DNA and RNA synthesis. The inhibition of tran-
scription requires the simultaneous binding of the protein
to both RNAP core and DNA. The interaction of the pro-
tein with DNA is not sequence specific, hence the Rv1222-
mediated inhibition of transcription can occur at any DNA
template. When the interactions between Rv1222 and DNA
are abrogated by removing 10 residues from the C-terminus,
the protein loses its ability to inhibit transcription. On the
other hand, as the protein does not bind to DNA poly-
merase (DNAP), Rv1222 is unable to anchor DNAP onto
DNA. Interestingly, when Rv1222 is expressed in Mycobac-
terium smegmatis or Escherichia coli, the growth rate of the
bacteria is significantly reduced due to reduction in the level
of RNA synthesis. The way, Rv1222 inhibits transcription,
represents a novel mechanism and reveals a new repertoire
of prokaryotic gene regulation.

MATERIALS AND METHODS

Cloning strategies

The M. tuberculosis rv1222 gene was amplified by poly-
merase chain reaction (PCR) from H37Rv genomic DNA
(a kind gift from ATCC, USA) using primers (Supplemen-
tary Table S1) and cloned in pET28a(+) and pAcYcDuet
vectors using NdeI-HindIII and NcoI-HindIII (NEB), re-
spectively. Rv1222�C was created by inserting a stop codon
by site-directed mutagenesis, at 10 residues prior to the orig-
inal stop codon of the protein. For Rv1222 expression in M.
smegmatis, rv1222 gene was cloned in pLAM12 vector us-
ing restriction enzymes NdeI-EcoRI.

Previously, we purified M. tuberculosis (Mtb) RNAP–
�A holoenzyme, by co-expressing all RNAP subunits us-
ing two-plasmid expression system (pETDuet-rpoB-rpoC
and pAcYc-rpoA-sigA) in E. coli (29). For production of
recombinant Mtb RNAP–�E holo, we followed the same
strategy as above except sigA gene was replaced by sigE
in pAcYcDuet-rpoA-sigA. First M. tuberculosis rpoA gene
was cleaved with NcoI-BamHI from pET16b-rpoA (30)
and cloned in pAcYc Duet. The M. tuberculosis sigE
gene was amplified from Mtb genomic DNA H37Rv us-
ing primers (Supplementary Table S1) and subsequently
cloned in pAcYcDuet-rpoA using EcoRV-XhoI restriction
enzymes.

�E-dependent promoter Bpr (31) was amplified from
H37Rv using primers and was cloned in pBluescript SK(+)

plasmid using EcoRV restriction site. E. coli lacCONS pro-
moter DNA (32) was amplified from 79 bases oligonu-
cleotide template and cloned in pUC19 using KpnI-BamHI
restriction enzymes. The lacCONS promoter was amplified
from this construct (pUC19-lacCONS) using primers and
subsequently cloned in pFPVmcherry with KpnI-XbaI en-
zymes. sinP3, rrnA (29) and abrB (33) promoters were pre-
pared by PCR with synthetic primers and template and pu-
rified by PAGE elution.

Rv1222 protein purification

Using denaturation/renaturation method. E. coli BL21
(DE3) cells were transformed with pET28-rv1222 and
grown in Luria Broth (LB) media overnight at 37◦C. 2L LB
media was inoculated with 1% of overnight culture and was
supplemented with 0.5 mM IPTG after cells reached OD600
0.5 and was further grown for 3 h at 37◦C. Harvested cells
were suspended in buffer A (100 mM sodium phosphate
(pH 7.0), 100 mM NaCl and 2 mM �-mercaptoethanol)
containing 0.25% deoxycholic acid, protease cocktail in-
hibitor (Roche), lysed by sonication and centrifuged. The
pellet was washed with buffer A + 0.25% triton-X100
+ 1 mg/ml lysozyme and further centrifuged. The pel-
let was dissolved in buffer B (buffer A+ 8M urea) and
loaded on Ni-NTA column (Rv1222 gene fused with 6X-
histidine at the N- terminus) pre-equilibrated with buffer
B, washed with five column volume of buffer B and eluted
with buffer B + 100 mM imidazole. The Rv1222 was pu-
rified to near-homogeneity by nickel affinity chromatogra-
phy under denaturing conditions as judged by 15% sodium
dodecyl sulphate-polyacrylamide gel electrophoresis and
Coomassie blue staining. The eluted protein was dial-
ysed against buffer A containing 10 �M ZnCl2 with three
changes at an interval of 15 h at 4◦C. The dialysed pro-
tein was concentrated using concentrator (Amicon Ultra
10K), mixed with equal volume 100% glycerol and stored
in −80◦C. All assays were performed with this refolded
Rv1222 protein.

By expressing the protein in soluble form. The E. coli
SoluBL21 (Amsbio) cells were transformed with pET28-
rv1222 and were grown in M9 minimal media (HiMedia)
overnight. One litre fresh M9 media was inoculated with 1%
of overnight cultures and was supplemented with 0.5 mM
IPTG after cells reached OD600 0.5 and was further grown
overnight at 37◦C. Cells were harvested, lysed by sonication
and purified by Ni-NTA chromatography using buffer A as
above. In vitro transcription assay shows that the activity of
this Rv1222 is similar to the activity of Rv1222 purified by
denaturation/renaturation method (Supplementary Figure
S1).

Purification of Mtb RNAP core, Mtb RNAP–σ A holo, Mtb
RNAP–σ E holo and Mtb σ A. Mtb RNAP core, Mtb
RNAP–�A holo, Mtb RNAP–�E holo and Mtb �A were
purified following the protocol as in (29).

Purification Bs RNAP core and Bs σ A. The proteins were
purified essentially as in (34).
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Purification of σ E. E. coli BL21 (DE3) cells containing
pET30-sigE (gift from Dr Rodrigue) were grown in 1L
LB (containing 50 �g/ml Kanamycin) at 37◦C till OD600
reached 0.5. Protein production was induced by adding 0.5
mM IPTG, followed by growing them for 3 h at 37◦C. Cells
were harvested by centrifugation (6000 rpm, 10 min, 4◦C),
resuspended in 20 ml buffer (50 mM Tris-Cl, 200 mM KCl,
10 �M ZnCl2, 5 mM �ME, 1 mM PMSF, 20% Glycerol)
and disrupted by sonication. The lysates were spun at 25,000
rpm for 30 min at 4◦C. The supernatant was loaded onto
Ni-NTA column pre-equilibrated with the above buffer and
protein was eluted at 400 mM imidazole. The protein was
further purified on MonoQ HR10/10 in Akta purifier (GE
Healthcare) using a 0.2–1.0 M NaCl gradient in buffer (20
mM Tris-Cl and 5% Glycerol). The purified protein was
concentrated and kept at −80◦C after adding equal volume
of glycerol.

Purification of Ec holo RNAP. E. coli RNAP holo was pu-
rified as in (35).

EMSA assay. The forward primer for Bpr DNA fragment
was labelled using 32P � ATP and T4 polynucleotide kinase
(NEB) following manufacturers’ protocol. The promoter
DNA fragment was then amplified by PCR and was pre-
cipitated with equal volume of isopropanol and 0.1 volume
of 3M Na-acetate (pH 5.3). Two sets of EMSA assays were
performed. In the first set, 100 nM �E was incubated re-
spectively with 0, 100, 200 and 400 nM Rv1222 in Tx buffer
[45 mM Tris-Cl (pH 8), 5 mM MgCl2, 70 mM KCl, 1 mM
DTT, 10% Glycerol, 1.5 mM MnCl2] at 37◦C for 5 min and
the samples were added with 100 nM RNAP and 20 nM 32P-
labelled DNA and further incubated at 37◦C for 15 min to
form open complex. In the second set, 100 nM RNAP–�E

holo was incubated respectively with 0, 100, 200 and 400 nM
Rv1222 in Tx buffer at 37◦C for 5 min and then added with
20 nM 32P-labelled DNA, following incubation at 37◦C for
15 min. In both cases, heparin was added to the samples at
0.5 �g/�l before resolving on 5% PAGE in 1X TBE buffer
(89 mM Tris base, 89 mM Boric acid, 2 mM EDTA) for 1 h
at 4◦C and then examined by phosphor imaging (Typhoon
Trio + GE Healthcare).

In vitro transcription assay

Two sets of in vitro transcription assays were performed with
RNAP–�E holo. In the first set, 100 nM RNAP–�E holo
was incubated respectively with 0, 100, 200 and 400 nM
Rv1222 in 10 �l Tx buffer at 37◦C for 5 min and then was
added with 50 nM Bpr promoter DNA fragment following
an incubation at 37◦C for 15 min to form open complex.
In the second set, 100 nM RNAP–�E holo was incubated
50 nM Bpr promoter DNA fragment in 10 �l Tx buffer
37◦C for 15 min to form open complex and then added with
Rv1222 (0, 100, 200 and 400 nM) for 5 min at 37◦C. Heparin
was added to the samples at 0.5 �g/�l before transcription
was initiated with NTP (125 �M ATP, GTP, CTP and 20
�M �32P-CTP (0.4 �Ci)) as in Banerjee et al. After 5 min,
the reactions were terminated by addition of 2.5 �l of (For-
mamide Loading Buffer (FLB): 80% formamide, 10 mM
EDTA, 0.01% Bromophenol Blue, 0.01% Xylene Cyanol),

resolved in 12% Urea-PAGE and was scanned by storage
phosphor scanner (Typhoon Trio + GE healthcare).

In vitro transcription assay using 100 nM Mtb RNAP–�A

holo and 50 nM rrnA promoter DNA fragment was per-
formed essentially as above except Rv1222 was incubated
with open complex for 5 min at 37◦C before heparin was
added. The transcription reactions were terminated after 5
min following the addition of NTP unless stated otherwise.

In vitro transcription assay using 100 nM Ec RNAP–�70

holo and 50 nM lacCONS DNA was performed essentially
as in Mukhopadhyay et al. (35), except Rv1222 was incu-
bated with open complex for 5 min at 37◦C before heparin
was added. The transcription reactions were terminated af-
ter 5 min following the addition of NTP unless stated oth-
erwise.

For nuclease activity assay, P32-labelled transcripts (81
nt) were formed using in vitro transcription assay with 100
nM Ec RNAP–�70 holo and 50 nM T7A1 promoter DNA
fragment. Rv1222 was added after the formation of tran-
scripts and incubated for 5 min before resolving on 12%
Urea-PAGE.

Single-round transcription assays to monitor the rate of
RNA synthesis in the absence and presence of Rv1222 by
Mtb RNAP or Ec RNAP were performed as above except
that the reaction was stopped at different time points before
resolving on 12% Urea-PAGE.

In vitro transcription assay using Bs RNAP–�A holo was
performed as following: 100 nM Bs RNAP core was incu-
bated 200 nM Bs �A in buffer [18 mM Tris (pH 8.0), 10
mM NaCl, 8 mM �ME, 10 mM MgCl2] and incubated on
ice for 30 min to form holo enzyme. Fifty nanomolar abrB
promoter DNA was added to the holoenzyme to form open
complex at 37◦C for 20 min and further added with Rv1222
(0, 100, 200 and 400 nM) and incubated at 37◦C for 5 min.
Transcription was initiated with NTP (final concentration:
250 �M of ATP, GTP, UTP and 25 �M of �32P-CTP (0.4
�Ci) at 37◦C for 5 min.

Approximate IC50 of transcription inhibition for each of
the three RNAPs were estimated as follows: the intensity on
radioactive band of the run-off transcript at each Rv1222
concentration was quantified from the phosphor imaging
of the gels and the mean values of the intensities from two
or three replicates were plotted against the concentration of
Rv1222.

In vitro transcription assay using 100 nM Mtb RNAP
core and 50 nM tailed-template DNA was performed essen-
tially as in Gnatt et al. except that 100 nM Mtb RNAP core
was incubated with varying concentrations of Rv1222 and
then was added with 50 nM tailed-template DNA fragment.
Transcription was initiated with NTP (final concentration:
250 �M of ATP, GTP, UTP and 25 �M of �32P-CTP (0.2
�Ci)) at 37◦C for 5 min.

In vitro transcription assay with 0.2U of T7 RNA Poly-
merase (Bio-Bharati India Ltd) and 100 nM T7 promoter
DNA fragment was performed as in (36).

In vitro transcription assay using Ec RNAP core and
Kool NC-45TM Template was performed as per manufac-
turers’ protocol (epicentre).



5858 Nucleic Acids Research, 2015, Vol. 43, No. 12

Fluorescence anisotropy assays

Labelling of Rv1222 with TMR. Cysteine labelling was
performed with Rv1222 protein having three cysteine
residues at positions 70, 73 and 109. One hundred micro-
molar purified protein in 200 �l was reduced as in (37). The
sample was reacted with 5-fold molar excess of tetramethyl-
rhodamine (TMR)-6-maleimide in buffer [100 mM sodium
phosphate (pH 7.3), 200 mM NaCl, 1 mM EDTA]. The pro-
tein sample was centrifuged for 10 min at 13 000 rpm and
then loaded onto 10 ml BioGel P6 column (Bio-Rad) pre-
equilibrated with buffer C to remove the free dye. The la-
belled Rv1222 was eluted in void volume, mixed with equal
volume of 100% glycerol and kept at −80◦C. The activity of
the TMR labelled Rv1222 derivative was confirmed by its
inhibition of in vitro transcription by RNAP. The labelling
efficiency of the protein was 0.85.

Fluorescence anisotropy measurements. Twenty nanomo-
lar of TMR labelled Rv1222 in 60 �l Tx buffer was titrated
with increasing concentrations of RNAP and/or DNA at
37◦C and fluorescence intensities and anisotropy measure-
ments were monitored with Ex at 540 nm and Em at 580 nm
on a PTI Fluorescence Master QM400 System fitted with
automatic polarizers. Normalized fluorescence anisotropy
increments �A/Ao, where A and Ao are the anisotropy
value of Rv1222 at x nM RNAP [or DNA] or zero RNAP
[or DNA], respectively, and �A = A–Ao, were plotted
against Rv1222 concentration using Sigma Plot software.
The dissociation constants (Kd) of the bindings for RNAP
or DNA were determined by fitting the curves with single
parameters hyperbolic function (f = aX/(Kd+X), where f
is the concentration of complex and X is the concentration
of Rv1222). To monitor the binding affinity of Rv1222 to
RNAP and DNA simultaneously, first equal concentration
of Mtb RNAP core and Bpr DNA fragment were incubated
together for 10 min at 25◦C before titrating with Rv1222.
The dissociation constant (X0) for binding of Rv1222 to
both RNAP and DNA simultaneously was determined by
fitting the curve with sigmoidal function (f = a/(1+exp(-
(X–X0)/b), where f is the concentration of complex, X is the
concentration of Rv1222 and X0 is the half saturation con-
stant).

In vivo recombinant reporter assays. E. coli BL21 (DE3)
cells were transformed with three sets of two plas-
mids: (i) pFPVmCherry-lacCONS + pAcYc (for control),
(ii) pFPVmCherry-lacCONS + pAcYc Rv1222 and (iii)
pFPVmCherry-lacCONS + pAcYc Rv1222�C. The co-
transformed cells were grown in 50 ml LB media at 37◦C
with antibiotics (35 �g/ml Chloramphenicol and 100 �g/
ml Ampicillin) until OD600 reached 0.4 and induced by the
addition of 0.5 mM IPTG and were grown further for 14 h
at 37◦C. Cells were diluted to make up equal number of cells
in each sample and fluorescence properties of the cells were
analysed by FACS Aria (Becton Dickinson) (38).

Effect of Rv1222 on bacterial growth

M. smegmatis. M. smegmatis MC2155 cells containing
pLAM12 or pLAM12-Rv1222 were grown at 37◦C in Mid-
dlebrook 7H9 broth (HiMedia) with 0.2% glycerol and

0.05% tween 80 and 20 �g/ml kanamycin for 18 h. Fifty
millilitre fresh 7H9 media supplemented with 0.2% ac-
etamide was inoculated with 0.2% of the saturated culture
and growth of the cells were monitored for 18 h by measur-
ing the OD600 at 1 h interval.

E. coli. E. coli BL21 cells harbouring plasmid pAcYc-
Rv1222 was grown overnight at 37◦C in LB containing 35
�g/ml chloramphenicol. Fifty millilitre fresh LB media was
inoculated with 1% of the saturated culture and treated with
different IPTG concentrations (25 �M, 50 �M, 100 �M).
OD600 of the cells was monitored at 1

2 h interval. For con-
trol, identical assays were performed with E. coli harbour-
ing the plasmid pAcYc Rv1222�C at identical IPTG con-
centration.

In vivo32P-labelling of RNA. Each of two separate 120 ml
7H9 media was inoculated with M. smegmatis (one with
pLAM12 and other with pLAM12-Rv1222) as above. When
OD600 of the cells reached 0.2, 25 �l of P32-orthophosphoric
acid (5Ci/ml) was added to the culture and cells were grown
for another hour before 5 ml of cell culture was aliquoted
and pelleted at 30 min intervals. OD600 of the cells was mea-
sured at each of the time points. RNA was isolated from
the sample of each aliquot using RNA kit (Agilent tech-
nologies). Amount of 32P-labelled RNA in each sample was
measured by liquid scintillation counter (Perkin Elmer Tri-
Carb 2800TR). Radioactive count of each sample RNA was
divided by the OD600 of cells at each time point to get the
relative amount of P32-labelled RNA per cell (in arbitrary
units).

Fe-BABE foot-printing

lacCONS promoter DNA fragment was labelled with 32P
�ATP at 5′ of upstream end as described above for Bpr pro-
moter DNA.

Preparation of Rv1222 derivatives. The three cysteine
residues of Rv1222 at positions 70, 73 and 109 were mu-
tated to alanine or glycine residue to create a no-cysteine
Rv1222 derivative. Previously, Cys 70 and Cys 73 residues
were shown to be essential for the function of Rv1222 by
Barik et al. Contrary to this observation, we found that the
no-Cys derivative of Rv1222 remains active in inhibition of
transcription. Using this protein derivative, we generated
two single-cysteine derivatives of Rv1222 by incorporating
a cysteine residue at position A23C (near N-terminus) and
G133C (near C-terminus) respectively using site-directed
mutagenesis (Stratagene Inc). Each of the single-Cys deriva-
tives of Rv1222 was purified by denaturation/renaturation
following the protocol as described above. Activities of the
Rv1222 derivatives were confirmed by assessing the ability
of each protein to inhibit transcription by in vitro transcrip-
tion assay.

Labelling of Rv1222 with Fe-BABE. The single-Cys
Rv1222 derivatives were treated and reacted with Fe-BABE
(ThermoFischer) in 1:5 molar ratio as per manufacturers’
protocol. The unreacted Fe-BABE was removed by pass-
ing the reaction samples through P6 column that was pre-
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equilibrated with buffer [20 mM Tris (pH 8.0), 5% glyc-
erol and 0.2 M NaCl]. The protein was distributed in small
aliquots and stored at −80◦C.

Fe-BABE-mediated protein–DNA foot-printing assay.
First, we tested the ability of each of Fe-BABE labelled
Rv1222 derivatives to induce cleavage on the DNA. Each
of Fe-BABE labelled Rv1222 derivatives (800nM) was
incubated with 1 �M DNA in buffer [50 mM Tris-Cl
(pH 8), 100 mM KCl, 10 mM MgCl2, 1 mM DTT, 5%
Glycerol, 5 �g/ml BSA] for 15 min at 37◦C. The cleavage
reactions were initiated as described below. As only Rv1222
derivative labelled at G133C (C-terminus end) is able to
produce cleavage on DNA, we performed subsequent
Fe-BABE-mediated protein–DNA foot-printing assay
(39,40) using this protein derivative.

Ec RNAP holo (2 �M) was incubated with 1 �M 32P-
labelled DNA in the above buffer at 37◦C for 10 min to form
open complex (RPo). Four hundred nanomolar of Rv1222
was added to RPo and incubated further for 15 min at 37◦C.
Twenty five micromolar each of ATP, GTP, UTP was added
to sample and kept for 15 min to form stalled EC with 15
nt RNA (EC15). The cleavage reactions were initiated by
adding 0.22 mg/ml ascorbate and 0.1 mM H2O2 to each
sample. After incubation for 30 s at 37◦C, reactions were
quenched with 0.3 mg/ml thiourea. Then 70 �l sterile H2O,
10 �l 3M sodium acetate (pH 5.2) and 200 �l chilled ethanol
were added to each sample and kept at −20◦C for 1 h. The
samples were centrifuged at 13,000 rpm for 15 min, washed
with 200 �l chilled 70% ethanol and dried in vacuum. The
samples were dissolved in 10 �l of FLB [95% formamide,
50 mM EDTA, 0.01% xylene cyanol], denatured by heat-
ing at 95◦C. Samples (equal counts) were resolved by elec-
trophoresis on 8% Urea-PAGE in 1X TBE and scanned by
storage phosphor imager in Typhoon Trio+ (GE Health-
care). As control reaction, unlabelled Rv1222 was incubated
with RPo as above and the cleavage reaction was performed.
In another control, Fe-BABE labelled Rv1222 was incu-
bated only with the DNA fragment (no RPo formed) prior
to cleavage reaction.

In vitro replication assay

The single-stranded DNA template and the Cy5-labelled
primer was annealed in buffer [50 mM Tris (pH 7.5) and 100
mM NaCl] by heating to 95◦C followed by cooling to 25◦C.
Fifty nanomolar annealed DNA template was incubated in-
creasing concentrations of Rv1222 (0, 100 nM, 200 nM, 400
nM) and for 5 min at 37◦C. 0.5 U of Klenow (Thermo Scien-
tific) and 0.25 mM dNTP mix were added to the sample and
incubation was carried on for another 1 min (41). The reac-
tions were stopped by adding 2 �l FLB (80% formamide,
10 mM EDTA). The reaction samples were then run in 12%
Urea-PAGE and the gel was scanned in Typhoon Trio+ (GE
Healthcare) scanner at Cy5 channel. To assess the effect of
Rv1222 on the kinetics of DNA synthesis, the assay was per-
formed as above except the reactions were stopped at differ-
ent time points.

Figure 1. Rv1222 does not inhibit open-complex formation (RPo) but in-
hibits transcription by Mtb RNAP–�E holo. Upper panel: EMSA assay
with P32-labelled Bpr promoter DNA fragment. (A) Rv1222 and 100 nM
�E were incubated together to form a complex, then 100 nM Mtb RNAP
core was added and subsequently open complex was formed following ad-
dition of Bpr promoter DNA fragment. Heparin (0.5 �g/�l) was added
to the complex before running on 5% PAGE. Lane 1: free DNA, Lanes
2–5: RPo formation in presence of Rv1222. (B) 100 nM Mtb core RNAP
and 100 nM �E were incubated to form RNAP–�E holo, then Rv1222 was
added to the holo and subsequently open complex was formed. Lane 1: free
DNA, Lanes 2–5: RPo formation in presence of Rv1222. Lower panel: in
vitro transcription assay. (C) 100 nM RNAP–�E holo was incubated with
Rv1222 before 50 nM Bpr promoter DNA was added to the mixture to
form open complex, challenged by heparin and followed by transcription
initiation. Lanes 1–4: increasing concentrations of Rv1222. Run-off tran-
script size is 50 nt. (D) The open complex was formed first by incubating
100 nM RNAP–�E holo and 50 nM promoter DNA fragment and then
Rv1222 was added before transcription initiation. Lanes 1–4: increasing
concentrations of Rv1222.

RESULTS

Rv1222 does not function as an anti-sigma E

Previous reports suggest that M. tuberculosis (Mtb) Rv1222
protein functions as an anti-sigma factor for �E. In prin-
ciple, binding of an anti-sigma factor with sigma inhibits
transcription either (i) by preventing the association of the
sigma factor with RNAP (42) or (ii) by preventing the asso-
ciation of RNAP to the promoter DNA by inducing a con-
formational change in sigma. In both cases, as RNAP can-
not bind to DNA, the polymerase does not initiate open-
complex formation. However, once the RNAP promoter
open complex is formed, anti-sigma is not able to act on
sigma and thus is unable to inhibit transcription. To test
how Rv1222 inhibits transcription, we performed EMSA
and in vitro transcription assays. In both the assays, we per-
formed two sets of experiments. For EMSA, in the first
set, we incubated Rv1222 and �E to form a complex before
adding to RNAP and subsequently formed the open com-
plex (Figure 1A). In the second set, we incubated RNAP
and �E to from the holo enzyme, and then added Rv1222
to the RNAP holo before forming the open complex (Fig-
ure 1B). Heparin was added to the samples to remove any
non-specific RNAP–DNA complexes other than open com-
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plex (RPo). In both the cases, Rv1222 did not inhibit open-
complex formation. For the in vitro transcription assay, in
the first set, we incubated RNAP–�E holo with Rv1222 and
added promoter DNA fragment to form an open complex,
followed by transcription initiation (Figure 1C). In the sec-
ond set, we first formed the open complex and then added
Rv1222 before transcription initiation (Figure 1D). In both
the cases, Rv1222 inhibited transcription with similar effi-
ciency (full gels of Figure 1C and D were shown in Supple-
mentary Figure S2A). To eliminate the possibility that the
inhibition of transcription could be due to the presence of
RNase in the preparation of Rv1222, first P32-labelled RNA
was formed by in vitro transcription assay and subsequently
was incubated with Rv1222 at identical conditions used in
Figure 1C or D. As no degradation of the transcript was
observed in the presence of Rv1222, it was confirmed that
the inhibition of transcription by Rv1222 was not due to the
presence of any RNase in the preparation (Supplementary
Figure S2B).

The fact that Rv1222 does not inhibit open-complex for-
mation but inhibits transcription when added after open-
complex formation clearly indicates that the protein does
not function as an anti-sigma factor as suggested previously.

Rv1222 inhibits transcription by both RNAP holo and RNAP
core from M. tuberculosis, E. coli and B. subtilis

As Rv1222 does not function as an anti-sigma factor, but
still inhibits RNAP–�E holo, we investigated whether the
protein would inhibit transcription by an RNAP holo en-
zyme that contains a sigma factor other than �E. Using in
vitro transcription assay, we tested the effect of Rv1222 on
Mtb RNAP–�A holo in which the �A, the principal sigma
factor of M. tuberculosis was associated with RNAP core
(Figure 2A). The data showed that Rv1222 inhibited tran-
scription by Mtb RNAP–�A holo. Subsequently, we per-
formed the same assay using the E. coli (Ec) RNAP–�70

holo (Figure 2B) and Bacillus subtilis (Bs) RNAP–�A holo
(Figure 2C). The data further showed that Rv1222, despite
being a transcription factor of M. tuberculosis, inhibited
transcription by both E. coli and B. subtilis RNAP and in-
hibited transcription by all three RNAP with similar effi-
ciencies. Approximate values of IC50 of transcription inhibi-
tion by Mtb, Bs and Ec RNAP were ∼77 nM, ∼62 nM, ∼70
nM respectively as estimated from two to three replicates of
the assays. The results further confirm that the inhibition of
transcription by Rv1222 is not �E specific. Since the struc-
ture and sequence of RNAP core is conserved among the
different bacterial species (43), it is likely that Rv1222 tar-
gets RNAP core enzyme for transcriptional inhibition and
not any specific sigma factor.

To test whether Rv1222 targets RNAP core enzyme for
transcription inhibition, we performed in vitro transcrip-
tion assay with the Mtb RNAP core and a tailed-template
DNA fragment (a double-stranded DNA fragment that
contains a single-strand overhang of ∼10 bases) (44,45).
RNAP core is able to bind the overhang junction and to per-
form transcription from this DNA. The assay data showed
that Rv1222 inhibited transcription by RNAP core (Figure
2D) with efficiency similar to RNAP holo (IC50∼75 nM).
To further validate this observation, we performed another

complimentary fluorescence based in vitro transcription as-
say using Ec RNAP core and Kool-template DNA (46). The
data also confirmed that Rv1222 was able to inhibit tran-
scription by Ec RNAP core (Supplementary Figure S3) and
did not require any sigma factor for its function.

Rv1222 binds to RNAP core and DNA

Since Rv1222 targets RNAP core, and not any sigma fac-
tor for transcriptional inhibition, we argued that the pro-
tein should bind to RNAP core with high affinity and
should exhibit little or no affinity towards the sigma fac-
tors, namely �E and �A. To test this hypothesis, we moni-
tored the binding affinities of Rv1222 to Mtb RNAP core
and different sigma factors by fluorescence anisotropy as-
say (47). We used TMR labelled Rv1222 protein for this as-
say (Figure 3). The binding affinities of Rv1222 to RNAP
core (Figure 3A), �E and �A were estimated to be ∼60 ± 10
nM, ∼270 ± 45 nM and ∼690 ± 270 nM respectively (Fig-
ure 3A and also Supplementary Figure S4). Data showed
that the protein binds to RNAP core with at least 5-fold
higher affinity compared to both the sigma factors. Inter-
estingly Rv1222 displayed ∼2-fold higher affinity for the �E

over �A. This comparatively higher affinity for �E is consis-
tent with the western blot data obtained by previous groups
(22,23) demonstrating �E–Rv1222 interaction. The fact that
Rv1222 showed binding affinities to sigma factors could be
explained by the possible ionic interaction among the pro-
teins. Rv1222 is a highly positively charged protein (pI =
8.68) whereas the sigma factors are negatively charged in
neutral buffer condition. Therefore, it is possible that the
sigma factors contain negatively charged residues at the
surface of the proteins whereas Rv1222 contains positively
charged residues at its surface.

As Rv1222 is a positively charged protein, we speculated
that the protein might bind to the DNA fragment due to its
negative charge. To test this idea, we investigated whether
the protein possessed any affinity for DNA (Figure 3B). We
used two DNA fragments: one containing a promoter el-
ement and another containing no promoter element. Our
anisotropy assay with the labelled Rv1222 showed that the
protein bound to these DNA fragments with similar affini-
ties (for promoter DNA fragment, Kd = 60 ± 20 nM, Fig-
ure 3B; for promoterless DNA fragment, Kd = 52 ± 8 nM,
Supplementary Figure S5). When the binding assays were
performed at high salt (200 mM NaCl, instead of 100 mM
NaCl), Rv1222 completely lost its ability to bind to DNA
(Supplementary Figure S6), whereas the protein retained its
affinity to RNAP. Therefore, we conclude that interaction
of Rv1222 to DNA is non-specific, possibly ionic, whereas
its interaction to RNAP is specific. As Rv1222 exhibits
affinity for RNAP and DNA, on the other hand RNAP is
known to bind DNA fragment, we expected that the pres-
ence of RNAP would alter the binding affinity of Rv1222
to the DNA fragment. The anisotropy assay showed that
Rv1222 binds to RNAP core and DNA simultaneously (na-
ture of the binding curve is sigmoidal indicating simultane-
ous binding of ligands (Figure 3C), whereas for individual
ligand binding, the nature of the curve is hyperbolic (Fig-
ure 3A and B) and the presence of RNAP increased the
binding affinity of Rv1222 to DNA (Kd = 119 ± 5 nM).
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Figure 2. Rv1222 inhibits transcription by RNAP from M. tuberculosis, E. coli, B. subtilis. (A) 100 nM Mtb RNAP–�A holo and 50 nM rrnA promoter.
Concentrations of Rv1222 were indicated. Run-off transcripts 316 nt. (B) 100 nM Ec RNAP–�70 holo, and 50 nM lacCONS promoter. Run-off transcript
sizes were 30 nt. (C) 100 nM Bs RNAP holo and 50 nM abrB promoter. Run-off transcript sizes were 70 nt. (D) 100 nM Mtb core RNAP and 50 nM
tailed-template DNA. Transcript sizes were 60 nt.

Figure 3. Rv1222 simultaneously binds to RNAP and DNA: fluorescence anisotropy assay. Twenty nanomolar TMR labelled Rv1222 was added with (A)
Mtb RNAP core, (B) DNA, (C) Mtb RNAP core + DNA. Fluorescence anisotropy of the labelled protein was monitored at Ex 530 and Em 580 nm. Each
data set represents mean of three replicates.

C-terminal tail of Rv1222 is critical for its interaction with
DNA

To identify which part of the protein interacts with DNA,
we performed DNA–protein foot-printing assay with Fe-
BABE labelled Rv1222. We generated two single Cys deriva-
tives of the protein: the position of cysteine is either at
residue23 (close to N-termini) or at residue133 (close to
C-termini) (Figure 4A). The protein derivatives were sub-
sequently labelled with Fe-BABE and were subjected to
DNA–protein foot-printing assay. Both the labelled Rv1222
derivatives were active in inhibiting transcription (Supple-
mentary Figure S7). We observed only the C-terminus-
labelled protein derivative, not the N-terminus-labelled pro-
tein derivative, produced the Fe-BABE induced cleavage on
the DNA (Supplementary Figure S8). The reason could
be due to the proximity of the Fe-BABE labelling site of
the protein to its DNA binding site. Thus, the result indi-
cates that the protein may contain DNA binding determi-
nant near or at the C-terminus. Sequence analysis of the
protein by BindN+ (freeware) predicted that 12 residues
at the C-terminal tail of Rv1222 could contain determi-
nants for DNA binding. The protein contains five positively
charged residues at the C-terminal tail. Indeed, when the
10 C-terminal residues were deleted from Rv1222, the re-
sultant protein (Rv1222�C) lost its ability to bind DNA
(Figure 4B). As a result, Rv1222�C lost its ability to in-
hibit transcription, although retained its affinity for RNAP
(Kd = 72 ± 26 nM) (Figure 4C and D). Thus, we conclude
that the positively charged C-terminal tail of Rv1222 is crit-

ical, or possibly responsible for its interaction with DNA.
The result showing the loss of ability of the protein to bind
DNA at high salt (Supplementary Figure S6) indicates that
the interactions among Rv1222 and DNA are weak and
possibly ionic. At this salt concentration, although Rv1222
retains its affinity to RNAP, the protein loses its ability to
inhibit transcription (Supplementary Figure S6). However,
the possibility that deletion of the C-terminus tail alters pu-
tative DNA binding site of the protein, if any, could not be
excluded. Nevertheless, our data clearly show that the inter-
action of Rv1222 to DNA is essential for the inhibition of
transcription.

Rv1222 binds DNA adjacent to RNAP in the open complex
(RPo) and stalled EC

To test the location of Rv1222 on DNA in the context
of open complex (RPo) and stalled EC (containing 15
nt RNA), we performed protein–DNA foot-printing as-
say with Fe-BABE labelled Rv1222 (40). We used sub-
stoichiometric level of labelled Rv1222 (400 nM) than DNA
(1 �M) and RNAP (2 �M), so that majority of the labelled
protein remained bound at the DNA adjacent to RNAP
while avoiding sites of DNA where there is no RNAP (Fig-
ure 5A). This is evident from comparison of the results of
Supplementary Figures S5A and S8. In Supplementary Fig-
ure S8, Fe-BABE labelled Rv1222 produces nicks on free
DNA at multiple sites (lane 3) as the concentration of the
protein (800 nM) was 2-fold higher than DNA concentra-
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Figure 4. C-terminal tail of Rv1222 is critical for DNA binding and inhibition of transcription. (A) Schematic representation of Rv1222 WT and Rv1222�C.
A23C and G133C were the positions in two single-cysteine protein derivatives at which Fe-BABE was conjugated. (B) 20 nM TMR labelled Rv1222�C
was added with DNA. Fluorescence anisotropy of the labelled protein was monitored at Ex 530 nm and Em 580 nm. Each data set represents mean of
three replicates. (C) Rv1222�C does not inhibit transcription: in vitro transcription assay. Ec RNAP holo and lacCONS promoter DNA fragments were
used. Rv1222�C was incubated with the open complex before initiation of transcription. Run-off transcript sizes were 30 nt. (D) Binding of Rv1222�C to
RNAP core: Same as B except that labelled Rv1222�C was added with Mtb RNAP core instead of DNA.

Figure 5. Location of Rv1222 in open complex (RPo) and stalled-EC
(EC15). (A) Fe-BABE induced protein–DNA foot-printing assay. Four
hundred nanomolar of Rv1222 labelled with Fe-BABE at G133C (near C-
termini) was used in this assay. Two micromolar Ec RNAP and 1 �M lac-
CONS15 promoter were used to form open complex. In both cases (lanes
3 and 4), Rv1222 was added to the mixture after open-complex formation.
For formation of stalled EC at +15 (EC15, lane 4), transcription was initi-
ated with ATP, GTP and UTP (no CTP), so that RNAP could synthesize
15 nt RNA. Controls: lane 1, DNA, RNAP were incubated, no Fe-BABE
labelled Rv1222 was used; Lane 2, Fe-BABE labelled Rv1222 and DNA
were incubated, no RNAP was used. DNA sequencing ladder was run on
the same gel, but its contrast was different from the actual figure. (B) Model
of transcriptional complexes showing the location of Rv1222. Vertical lines
on the template DNA show the positions of Fe-BABE induced nick. *rep-
resents the positions of labelling by P32 on DNA. Filled dots within RNAP
represent the active centre. As the active centre of RNAP shifted upon tran-
sition from open complex to EC, the position of Fe-BABE induced nick
is also shifted, showing the movement of Rv1222 with RNAP along the
DNA.

tion as compared to Figure 5A in which nicks were observed
on DNA at sites adjacent to RNAP (lanes 3 and 4).

In both open complex and stalled EC (EC15), Rv1222
was added after open-complex formation. For the forma-
tion of stalled EC, a modified lacCONS15 DNA fragment
(35) was used in which the first cytosine base is located
at +16 in the non-template strand from the transcription
start site. Thus, upon initiation of transcription with ATP,
GTP and UTP on this DNA template, RNAP synthesized
15 nt RNA and stalled (EC15). We observed a Fe-BABE
induced nick at +3 position (with respect to transcription
start site) on the DNA template in the open complex, in
which the RNAP active centre is located at +1, whereas in
the EC, the position of the nick was shifted to +17 posi-
tion, in which the RNAP active centre is located at +15
(Figure 5B). This 14 nt shift in the nick site closely corre-
sponds to the translocation of RNAP on DNA template by
15 nt. Since Rv1222 was added before transcription initia-
tion and sub-stoichiometric amount of labelled Rv1222 was
used for this assay, it is likely that Rv1222 binds to the open
complex and translocates with the elongating RNAP that
stalls at +15 and subsequently produces a nick on DNA at
+17. However, the possibility of re-binding of Rv1222 to the
stalled EC cannot be completely ruled out from this assay.
In this context, it is important to note that Rv1222 inhibits
transcription elongation when added after the formation of
stalled EC (Supplementary Figure S9). In the stalled EC, in
addition to the nick at +17, Rv1222 also produced a nick
at +3 on DNA that corresponds to the nick for open com-
plex (lane 4, Figure 5). The result indicates that, as expected,
only a part of the open complexes formed were able to ini-
tiate transcription and form ECs. The result also suggests
that Rv1222 binds to RNAP at a site that faces downstream
DNA.

Rv1222 slows down RNA synthesis by RNAP in vitro and in
vivo

As Rv1222 was found to bind to RNAP and DNA simul-
taneously, it could be possible that the protein anchors
RNAP onto DNA and thus could exert frictional force as
RNAP translocates along the DNA during transcription.
If this is the case, we might expect Rv1222 not to arrest
or prohibit transcription, rather influence RNAP to slow
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down RNA synthesis. To test this hypothesis, we performed
single-round in vitro transcription assay in the presence and
absence of Rv1222 and monitored the amount of transcripts
produced at each fixed time point. As Rv1222 neither af-
fects the open-complex formation (Figure 1A and B), we
first formed open complex prior to incubation with Rv1222
and followed by transcription initiation. Heparin was added
to the sample to ensure single-round transcription. We per-
formed the assay with Mtb RNAP as well as Ec RNAP. For
Mtb RNAP, in the absence of Rv1222, the amount of tran-
scripts was saturated at 5 min, whereas in the presence of
200 nM Rv1222, the time required for saturation increased
to 20 min (Figure 6A and B). The total amount of transcript
at saturation level in both the cases remained the same. In
the presence of 400 nM Rv1222, the saturation level of tran-
scripts could not be reached at the maximum time point we
tested, however, the amount was increasing with time. For
Ec RNAP, the result obtained was similar to that with Mtb
RNAP, except that, the time taken by Ec RNAP to produce
saturation level transcripts in the presence of Rv1222 was
less than that of Mtb RNAP (Figure 6C and D). Overall,
the result indicates that Rv1222 reduces the amount of RNA
synthesis by RNAP in a time-dependent manner and the
reduction does not depend on promoter sequence and the
amount of RNA synthesis decreases with the concentration
of Rv1222 present.

All our in vitro data suggested that Rv1222 reduces the
amount of RNA synthesis by RNAP. We therefore expected
that the protein would also reduce transcription in vivo and
that reduction would also not be specific for any particular
promoter. To test this hypothesis we developed an in vivo
reporter assay in E. coli involving two plasmids (38): one
contained an mCherry expression cassette (48) under the
control of lacCONS promoter, while the second compati-
ble plasmid contained Rv1222 ORF under the control of an
inducible promoter (Figure 6E). In the absence of Rv1222,
RNAP would produce mCherry mRNA from the lacCONS
promoter and subsequently express the mCherry protein.
In the presence of Rv1222, the amount of promoter activ-
ity would be reduced as the protein slows down the mRNA
synthesis by RNAP. As expected, we observed a signifi-
cant decrease in the percentage of cells (14%) that produces
mCherry fluorescence when Rv1222 was expressed, as com-
pared to the percentage of cells (94%) that lacks Rv1222 ex-
pression (Figure 6F). On the other hand, when Rv1222�C
was expressed, the percentage of cells that produce mCherry
fluorescence was relatively unaffected (84%) and was close
to that observed in the absence of Rv1222. This result fur-
ther corroborates the fact that Rv1222�C loses its ability to
inhibit transcription.

Rv1222 does not inhibit DNAP or T7 RNAP

Since we find that Rv1222 binds to DNA non-specifically,
there is a possibility that the DNA, upon binding with
Rv1222 randomly, presents a ‘bumpy road’ to molecule
that moves along the DNA slowing down the movement of
the molecule. As DNAP moves along DNA during DNA
synthesis (49) like RNAP during RNA synthesis, Rv1222
bound DNA would slow down not only RNA synthesis but
also DNA synthesis. We performed in vitro replication as-

says with E. coli DNAP (Klenow fragment) to investigate
whether Rv1222 had any effect on DNA synthesis in a dose-
dependent manner or on kinetics of DNA synthesis. The
results showed that Rv1222 neither affected the DNA syn-
thesis by DNAP (Figure 7A) nor the rate of DNA synthe-
sis (Figure 7C). This is due the inability of Rv1222 to effi-
ciently bind DNAP (Kd = 245 ± 78 nM, as compared to Kd
for RNAP = 60 ± 10 nM, Figure 7B). Similarly, when in
vitro transcription assay was performed with RNAP from
bacteriophage T7, Rv1222 was unable to inhibit the poly-
merase (Figure 7D). The binding assay of Rv1222 to T7
RNAP revealed that the protein exhibits very little affinity
to this polymerase (Figure 7E), consistent with the fact that
T7 RNAP does not share sequence homology with the bac-
terial RNAP. This observation suggests that the binding of
Rv1222 to DNA could not be the sole reason for inhibition
of transcription.

Rv1222 slows down the growth rate of bacteria

As Rv1222 reduces the level of mRNA synthesis in vivo, the
protein would be responsible for reducing the amount of
total mRNA in the cell. As transcription is one of the key
cellular processes, any decrease in total mRNA level within
the cell would be reflected in a slow growth of the cell. We
investigated this hypothesis by introducing Rv1222 into M.
smegmatis as well as in E. coli and monitored cell growth.
The plasmid pLAM12 containing the Rv1222 gene under
an acetamide inducible promoter was inserted in M. smeg-
matis and the growth rate of the cells was monitored. We
observed a 4-fold decrease in the growth rate when Rv1222
was induced, as compared to the growth rate of M. smeg-
matis cells that did not have any expression of Rv1222 (Fig-
ure 8A). To investigate whether the reduced growth rate of
the cell was due to reduction of the mRNA levels, we quan-
tified the mRNA levels of the cell at different time points
of growth. For this assay, we grew M. smegmatis in a media
that contained P32-sodium phosphate. Upon 32P-phosphate
uptake by the cell, newly synthesized NTP would incorpo-
rate the radiolabelled phosphate, which subsequently would
be incorporated into the RNA (50). In this assay, we in-
tended to measure the in vivo level of RNA under differ-
ent levels of Rv1222 in the cells. However, as the growth
rate of the cell changed upon increase in Rv1222 expression,
we estimated the relative amount of radiolabelled RNA per
cell at each time point during the cell growth by normal-
izing it against the OD600. When Rv1222 was expressed,
the level of total RNA per cell was significantly reduced
(Figure 8B). Although from this assay we cannot rule out
whether other possible biological pathways, if any, are in-
volved in the reduction of growth rate by Rv1222, it is very
likely that the observed slow growth rate of the cell in the
presence of Rv1222 is due to reduction in the level of RNA
synthesis. To monitor the effect of Rv1222 expression on
the growth rate of E. coli, we inserted a plasmid containing
an IPTG inducible rv1222 gene into the bacteria. As IPTG
concentration was increased, the growth rate of the bacte-
ria is reduced. At 100 �M IPTG concentration the growth
rate was reduced by ∼75% upon expression of Rv1222 (Fig-
ure 8C). This reduction was changed to 20% upon expres-
sion of Rv1222�C (Figure 8D). This indicates that dele-
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Figure 6. Rv1222 inhibits transcription in vitro (in a time-dependent manner) and in vivo. (A) In vitro transcription reactions were performed with 100 nM
Mtb RNAP and 50 nM sinP3 promoter DNA and 32P-labelled NTP. Rv1222 was added to the reaction mixture after open-complex formation, before
addition of NTP. Heparin was added to the reaction mixtures to ensure single-round transcription. The reactions were stopped at the indicated times
after the addition of NTP. (B) The intensities of the bands at different time points as obtained from the in vitro transcription assay with Mtb RNAP were
plotted against time. ––––-Rv1222, - – - - - 200 nM Rv1222, ····· 400 nM Rv1222. (Data is representative of three independent experiments.) (C) Same as
A for Ec RNAP. (D) Same as B for Ec RNAP. (E) Strategy for promoter activity assay: pAcYc Duet plasmid, pAcYc Rv1222 and pAcYc Rv1222�C
were co-transformed with pFPVmCherry-lacCONS plasmid in E. coli BL21 (DE3) cells and grown at 37◦C up to OD (at 600 nm) 0.4, induced with 0.5
mM IPTG, and further grown for 14 h. (F) FACS data: cells were diluted to make up equal number of cells in each sample. Aliquots of cells from above
assay were scanned at mCherry (610 nm) and Cy7 (760 nm) fluorescence channels; first panel (control): pFPVmCherry-lacCONS + pAcYcDuet; second
panel: pFPVmCherry-lacCONS + pAcYc-Rv1222 Duet; third panel: pFPVmCherry-lacCONS + pAcYc-Rv1222�C Duet. The percentage of fluorescent
cells for the panels –Rv1222, +Rv1222 and +Rv1222�C are 94%, 14% and 84%, respectively. Cy7 channel was used as reference at which the cells display
minimum auto fluorescence.

tion of the C-terminal part severely impairs the ability of
Rv1222 to inhibit bacterial growth, consistent with our ob-
servation that Rv1222�C does not affect RNA synthesis.
We conclude that the expression of Rv1222 in the bacteria
significantly affects the growth rate of the cells.

DISCUSSION

Previously, Dona et al., using a combination of western blot
assay and in vivo pulled down assay and also in vitro tran-
scription assay, showed that Rv1222 binds to �E. In another
work, Barik et al. showed that Rv1222 inhibits transcription
from a �E-dependent promoter. These results led to the in-
terpretation that Rv1222 functions as an anti-�E. Here, we
show that Rv1222 exhibits a moderate binding affinity to
�E and also inhibits transcription from a �E-dependent pro-
moter, consistent with the previous observation. However, if
Rv1222 was an anti-sigma factor for �E, it would inhibit the
open-complex formation and would not inhibit transcrip-
tion when added after open-complex formation. Our results
show that Rv1222 does not affect the open-complex forma-
tion, rather inhibits transcription when added after open-
complex formation. These observations argue the previous
conclusion and indicate that the protein may not function as
an anti-�E. We further show that Rv1222 inhibits transcrip-

tion by RNAP core and RNAP holoenzymes of three differ-
ent bacteria: E. coli, B. subtilis and M. tuberculosis, in asso-
ciation with their respective principal sigma factors. There-
fore, our results unequivocally establish that inhibition of
transcription by Rv1222 does not involve the binding of the
protein to �E. This inhibition occurs at the RNA synthe-
sis step including promoter escape and transcription elon-
gation, but not at the open-complex formation step. The
C-terminal tail of Rv1222 that contains positively charged
residues is critical, possibly responsible for DNA binding.
The protein derivative in which this tail is deleted fails to
bind DNA and is consequently inefficient for transcription
inhibition. Thus, binding of Rv1222 to RNAP alone can-
not be the sole reason for the inhibition of transcription.
On the other hand, Rv1222 does not bind to DNAP or T7
RNAP and does not inhibit these polymerases. Thus, the
binding of Rv1222 on DNA also cannot be the sole rea-
son for the observed inhibition of transcription by Rv1222.
Therefore, inhibition of transcription requires simultane-
ous binding of Rv1222 to the RNAP core and to DNA.
Based on our experimental data we propose a model in
which Rv1222 anchors RNAP onto DNA and thereby re-
stricts the translocation of RNAP along DNA during RNA
synthesis. Our model predicts that Rv1222 does not com-
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Figure 7. Rv1222 does not inhibit DNA synthesis. (A)In vitro replication assay: 0.5U of Ec Klenow DNAP, Cy5-labelled primer and 65 base DNA fragments
were used in the assay. Rv1222 was incubated with DNAP before the replication reactions were initiated with dNTP. Reactions were stopped after 1min
and products were separated on 12% Urea-PAGE. The gel was scanned on a Typhoon Trio+ at Cy5 channel. (B) Binding of 20 nM TMR labelled Rv1222
to Klenow polymerase. (C) Effect of Rv1222 on the kinetics of DNA replication: Same as A except the reactions were stopped at the indicated time interval.
(D) In vitro transcription assay with T7 RNAP: 0.2 U of T7 RNAP was used with 100 nM of T7 promoter containing DNA fragment. (E) Binding of 20
nM TMR labelled Rv1222 to T7 RNAP by fluorescence anisotropy.

pletely prevent transcription, but slows down the synthe-
sis of mRNA by RNAP. This is a novel global mechanism
for transcriptional regulation and is not restricted to any
specific promoter. This is different from the mechanism by
which HK022 Nun protein anchors the RNAP and com-
pletely prevents its translocation at specific DNA site (21).

When Rv1222 was overexpressed in M. smegmatis or E.
coli, the growth rate of the bacteria is significantly reduced.
The level of synthesis of mRNA in M. smegmatis is reduced
when Rv1222 is expressed in the cell. As transcription is one
of the essential steps in the bacterial growth cycle, it is plau-
sible that slowing down of mRNA synthesis would result
in a slow growth of the bacterium. Thus, our results indi-
cate that Rv1222 could be a determinant for the growth rate
of mycobacterium. However, to confirm whether Rv1222 is
responsible for slow rate of RNA synthesis, further study

is required involving generating a knock out mutant of M.
tuberculosis strain that lacks the expression of Rv1222 (un-
der progress). It is also possible that the level of Rv1222 in-
creases when the bacteria enter the dormant stage, making
the bacteria extremely slow growing consistent with the ob-
servations that the mRNA level of M. tuberculosis Rv1222
is upregulated in dormant state or under growth conditions
leading to dormant state. On the other hand, the protein
is degraded by ClpC1P2 protease upon PknB-dependent
phosphorylation (23). Thus, there may be a possibility that
proteolysis of Rv1222 in dormant state may restore the bac-
teria in its active state. To test whether the level of Rv1222
is a possible determinant in transition of the bacteria from
active to dormant state, further investigation is required to
monitor the level of expression of the protein in the two dif-
ferent states, e.g. active and dormant state. We note that the
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Figure 8. Expression of Rv1222 in bacteria slows down its growth. (A) M. smegmatis containing plasmid pLAM12-Rv1222 (for expression of Rv1222) or
plasmid pLAM12 (for control) were grown in 7H9 media (with kanamycin 20 �g/ml) at 37◦C for 20 h. Cell growths (OD600) were monitored at regular
intervals. Data are representative of three independent experiments. Filled circle: cells without Rv1222; Open circle: cells with Rv1222. (B) Amount of
synthesis of 32P-labelled RNA in vivo in M. smegmatis with or without expression of Rv1222. Saturated cultures of M. smegmatis containing pLAM12 and
pLAM12-Rv1222 respectively were diluted to OD600 0.1 in 7H9 Media and allowed to grow till OD600 0.2 at 37◦C. After addition P32–Na-phosphate, 5 ml
aliquots of cells were pelleted at regular time intervals. Density of cells (OD600) in each aliquot was measured at each interval. Total RNA from each sample
was isolated using RNA isolation kit. Amount of radioactive RNA in the RNA samples was estimated using scintillation counter. Amount of P32-labelled
RNA/O.D was plotted at each time interval. Experiments were repeated thrice. Filled circle: cells with Rv1222; Open circle: cells without Rv1222. (C) E.
coli cells harbouring the pAcYc Rv1222 plasmid were grown in the presence of 35 �g/ml Chloramphenicol. Overnight cultures were subcultured at 1:100
dilution with the addition of varying concentrations (‘open circle’ uninduced, ‘closed circle’ 25 �M, ‘open square’ 50 �M, ‘filled square’ 100 �M) of IPTG
and cell growth was monitored. (D) Same as C except pAcYc Rv1222�C plasmid was used.

Rv1222 is present in various mycobacteria, e.g. M. tuber-
culosis, M. leprae, M. bovis, M. marinum and M. smegma-
tis and with high sequence homology. We hypothesize that
Rv1222 in these mycobacteria function by a similar mecha-
nism as the protein from M. tuberculosis.
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