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RNA polymerase (RNAP) is an extensively studied multisubunit enzyme required for transcription of DNA into RNA, yet the �
subunit of RNAP remains an enigmatic protein whose physiological roles have not been fully elucidated. Here, we identify a
novel, so far unrecognized function of � from Bacillus subtilis. We demonstrate that � affects the regulation of RNAP by the con-
centration of the initiating nucleoside triphosphate ([iNTP]), an important mechanism crucial for rapid changes in gene expres-
sion in response to environmental changes. Consequently, we demonstrate that � is essential for cell survival when facing a com-
peting strain in a changing environment. Hence, although � is not essential per se, it is vital for the cell’s ability to rapidly adapt
and survive in nature. Finally, we show that two other proteins, GreA and YdeB, previously implicated to affect regulation of
RNAP by [iNTP] in other organisms, do not have this function in B. subtilis.

RNA polymerase (RNAP) is the key enzyme responsible for
transcription of DNA into RNA. Bacterial RNAP core enzyme

consists of several subunits: the � dimer that holds together � and
�=, which form the catalytic center, and the � subunit that binds to
�=. This core enzyme, �2��=�, is capable of elongating but not
initiating transcription. To initiate transcription, the core enzyme
must associate with a � subunit that allows the holoenzyme to
recognize specific sequences in the DNA, i.e., promoters. Typi-
cally, several different � subunits are present in the cell and direct
the expression of different subsets of genes (1, 2).

While the �2��=� composition is conserved across the bacte-
rial kingdom, Gram-positive Firmicutes contain an additional
subunit, �, which is encoded by the rpoE gene in the model bacte-
rium Bacillus subtilis. The � subunit was first reported as an en-
dogenous protein present in RNAP from phage SP01-infected Ba-
cillus subtilis cells, which was required for its accurate middle gene
transcription (3, 4). The rpoE gene specifies a protein of 173 amino
acids (aa) with a molecular mass of �20.5 kDa. The protein is
highly acidic (pI, 3.6) (5). As determined by circular dichroism
(CD) spectroscopy, it consists of two domains: (i) the N-terminal
domain (NTD), which is structured; and (ii) the C-terminal do-
main, which is unstructured and whose amino acid composi-
tion—stretches of glutamic and aspartic acid residues—makes it
virtually a polyanion (6). The structure of the ordered N-terminal
domain was recently solved based on a truncated construct con-
sisting of the N-terminal domain containing a His tag. The NTD
contains four �-helices and an antiparallel �-sheet (7). Delta
binds to RNAP in vivo (8), but the binding site is unknown.

The in vitro effects of � on transcription were previously exam-
ined in detail in the B. subtilis system. � was reported to destabilize
complexes between RNAP and DNA in vitro, thus increasing
RNAP’s specificity for good consensus promoter sequences (9,
10). Despite this inhibitory effect, � was shown to stimulate tran-
scription on some templates in vitro, possibly by enhancing RNAP
recycling (11). However, in spite of these effects in vitro, no clear
physiological role for delta has been identified. The protein is not
essential, and B. subtilis mutants without � display only a mild

phenotype consisting of a prolonged lag phase of stationary-phase
cells diluted into fresh medium (12).

Here, using B. subtilis as a model organism, we show that � is a
crucial component of the transcription machinery that allows the
cell to survive in nature. We demonstrate that � is important for
the regulation of RNAP by the concentration of the transcription
initiating NTP ([iNTP]). Various types of promoter regulation by
[iNTP] were described previously (13–17). Relevant to this study
is the regulation in which the [iNTP] affects the stability of the
open complex, a significant intermediate formed during tran-
scription initiation. Briefly, an increasing iNTP concentration
stimulates transcription by stabilizing the open complex at pro-
moters that form relatively unstable open complexes ([iNTP]-
sensitive promoters); a decreasing iNTP concentration has the
opposite effect (18, 19). Promoters that form stable open com-
plexes are not affected by this type of regulation ([iNTP]-insensi-
tive promoters). This type of [iNTP] regulation is pivotal for rapid
changes in gene expression when the intracellular NTP concen-
trations change—typically in response to changes in nutrient
availability (20–23). We demonstrate that a mutant strain lacking
� displays a decreased ability to rapidly alter the activity of [iNTP]-
sensitive promoters. This likely contributes to the decrease in fit-
ness of the cell, as it is unable to survive in a changing environment
under the pressure of a competing strain. Furthermore, we show
that two other proteins, GreA and YdeB, whose homologs in other
bacterial species were previously implicated to affect regulation of
RNAP by [iNTP], do not affect this process in B. subtilis.
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MATERIALS AND METHODS
Bacterial strains and plasmids. Strains and plasmids are listed in Table 1.
Primers are listed in Table S1 in the supplemental material. Competent
Escherichia coli cells—strain DH5�, used for cloning, or strain BL21
(DE3), used for overexpression of proteins—were prepared according to
the method of Hanahan (30). Competent B. subtilis cells were prepared as
described previously (31). All PCRs were done using the Expand High
Fidelity system (Roche). All constructs were verified by sequencing.

The B. subtilis �rpoE knockout (KO) strain was prepared by a double
crossover by replacing the rpoE gene with a kanamycin (Kan) resistance
gene. The kanamycin resistance gene, including its promoter region, was
excised by EcoRI and SalI from the pDK vector obtained from the Bacillus
Genetic Stock Center. Homology regions (�600 bp from both upstream
and downstream of the rpoE gene) were amplified by PCR with two pairs
of primers (210, containing BamHI, plus 211, containing EcoRI; and 212,
containing XhoI, plus 213, containing NotI). The rpoE knockout con-
struct was sequentially assembled in plasmid pGEX-5X-3, where it was
cloned into the polycloning region. The cloning was performed in the
following order: (i) rpoE upstream homology region, (ii) kanamycin re-
sistance gene, and (iii) rpoE downstream homology region. The resulting

construct (LK626) was transformed into competent B. subtilis MO1099.
The transformants that appeared on LB plates supplemented with kana-
mycin (5 �g/ml) were analyzed by PCR and Western blotting, and one
clone (LK633) was selected for further experiments. Subsequently, the
LK633 strain was transformed with pDG3661 plasmids containing tran-
scriptional fusions to lacZ of the following core promoters: (i) rrnBp1

(RLG7396), (ii) rrnBp2 (RLG7397), and (iii) Pveg	1G (RLG7557) (20),
yielding strains LK642, LK293, and LK643, respectively. The transfor-
mants were selected on LB plates with chloramphenicol (Cm; 5 �g/ml).
The mode and site of integration were verified as described previously
(25), as well as by PCR and sequencing.

The strain for purification of His-tagged RNAP without � was pre-
pared by transforming strain MH5636 with construct LK626, yielding
strain LK637.

For rpoE complementation studies, we first created a strain in which
the rpoE gene was under the control of a xylose-inducible promoter. We
titrated the amount of xylose that resulted in approximately the wild-type
(wt) level of � in the cells as judged by Western blotting performed on cell
extracts from exponential phase. However, the native promoter for rpoE
varies its activity during the bacterial growth, with a spike at the end of
exponential phase (12). This variation was impossible to achieve with the
Pxyl promoter, and the strain in which the rpoE expression was driven by
Pxyl did not perform well in the competition experiments (data not
shown). Hence, we created a strain in which the rpoE gene was ectopically
integrated at the amyE site and was transcribed from its own promoter. To
prepare this strain, we first PCR amplified the rpoE region, including its
promoter, by primers 483 and 484 and cloned this fragment via EcoRI and
HindIII into pDG3661. The integration was verified as described above.
The construct LK1093 was transformed into the �rpoE strain LK633,
yielding strain LK831.

For pulldown experiments with �, we prepared strain LK866, where �
was His tagged. The plasmid construct was prepared using the integration
vector pSG1729 (27), into which the rpoE gene (amplified with primers
194 and 235) was inserted, coding for a C-terminal 6
His tag. The inser-
tion was done via KpnI and EcoRI. The gene was under a xylose-inducible
promoter. The resulting construct (LK645) was transformed into B. sub-
tilis MO1099, yielding strain LK866, and the integration was verified.

For pulldown experiments of YdeB, we prepared strain LK1173. The
ydeB gene (amplified with primers 931 and 963) contained an N-terminal
6
His tag and was cloned into pSG1729. The gene insertion was done via
KpnI and BamHI, and the gene was under a xylose-inducible promoter.
The resulting construct (LK1169) was transformed into B. subtilis
MO1099, yielding strain LK1173, and the integration was verified.

For overexpression of GreA, the LK371 construct that contained a
GST-GreA fusion was prepared. The B. subtilis greA gene was amplified
with primers GREA1 and GREA2 and inserted into the pGEX-1 expres-
sion vector.

Supercoiled plasmids for in vitro transcriptions were prepared with
Wizard Midipreps purification system (Promega) and subsequently phe-
nol-chloroform extracted, precipitated with ethyl alcohol (EtOH), and
dissolved in water.

Media and growth conditions. For plasmid and most protein purifi-
cations, appropriate strains were grown in LB medium at 37°C. When
appropriate, xylose or IPTG (isopropyl-�-D-thiogalactopyranoside) was
added at 0.8% or 0.8 mM, respectively. For in vivo experiments, the cells
were grown in defined MOPS (morpholinepropanesulfonic acid) me-
dium (20) supplemented with 0.4% glucose and all 20 amino acids at 25
�g/ml. Competition experiments were carried out in the LB medium.

Protein purification. Wild-type B. subtilis RNAP (E�) was purified
from the MH5636 strain, and RNAP without � (E) was purified from the
LK637 strain. The purifications were performed as described previously
(24). �A was overexpressed from plasmid pCD2 (29) and purified as de-
scribed previously (11). � was overproduced in strain RLG7023 and pu-
rified as described previously (6).

GreA was purified by affinity chromatography as described previously

TABLE 1 List of strains and plasmids

Strain Relevant characteristicsa Source

B. subtilis
MH5636 rpoC-10
His 24
MO1099 trpC2 pheA1 amyE::MLS 25
RLG6943 MO1099 amyE::Cm, rrnBp2 (�77/	50)-lacZ 20
RLG7553 MO1099 amyE::Cm, rrnBp2 (�38/	1)-lacZ 20
RLG7554 MO1099 amyE::Cm, rrnBp1 (�39/	1)-lacZ 20
RLG7555 MO1099 amyE::Cm, Pveg (�38/�1,	1G)-lacZ 20
LK34 MO1099 amyE::Cm, promoterless lacZ 20
LK293 MO1099 KO rpoE::Kan, amyE::Cm, rrnBp2

(�38/	1)-lacZ
This study

LK633 MO1099 KO rpoE::Kan, MLS This study
LK637 MH5636 rpoC-His10, rpoE::Kan, MLS This study
LK642 MO1099 KO rpoE::Kan, amyE::Cm, rrnBp1

(�39/	1)-lacZ
This study

LK643 MO1099 KO rpoE::Kan, amyE::Cm, Pveg
(�38/�1,	1G)-lacZ

This study

LK831 MO1099 KO rpoE::Kan, amyE::Cm, PrpoE-rpoE This study
LK866 MO1099 amyE::Spc, Pxyl-rpoE-6
His This study
LK1173 MO1099 amyE::Spc, Pxyl-6
His-ydeB This study

E. coli
RLG770 pRLG770 26
RLG7023 BL21/pFL31/Bsu_rpoE 6
RLG 7019 pSG1729 27
RLG7396 pDG 3661, rrnBp1 (�39/	1)-lacZ 20
RLG7397 pDG 3661, rrnBp2 (�38/	1)-lacZ 20
RLG7557 pDG 3661, Pveg (�38/�1/	1G)-lacZ 20
LK1 pRLG770 with Pveg (�38/	1,	1G) 20
LK4 pRLG770 with Pveg-10DBP1 28
LK7 pRLG770 with rrnBp1(�39/	1) 28
LK9 pRLG770 with rrnBp1-10Dveg 28
LK14 pRLG770 with rrnAp1 (�39/	1) 28
LK22 BL21 pCD2/Bsu_sigA 29
LK140 pRLG770 with rrnBp2 (�38/	2) 20
LK371 BL21 pGEX1/Bsu_greA This study
LK626 DH5� pGEX-5X-3/KO rpoE::Kan This study
LK645 DH5� pSG1729 with rpoE-6
His This study
LK1093 DH5� pDG3661 with PrpoE-rpoE This study
LK1169 DH5� pSG1729 with 6
His-ydeB This study

a MLS, macrolide-lincosamide-streptogramin B resistance; Spc, spectinomycin.
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(32). Fusion protein GST-GreA was cleaved by Factor Xa, and Factor Xa
was removed by Xa Removal Resin (Qiagen). Proteins were dialyzed into
buffer A (50 mM Tris-Cl [pH 8.0], 100 mM NaCl, 50% glycerol, 3 mM
�-mercaptoethanol).

Pulldown experiments and Western blots. B. subtilis with either His-
tagged � (LK866) or His-tagged YdeB (LK1173) or a His tag-free strain
(MO1099) was used for pulldown experiments. Equal amounts of cells
were sonicated and loaded onto a nickel matrix (GE Healthcare). The
proteins were eluted with 400 mM imidazole according to the manufac-
turer’s recommendations. Subsequently, aliquots from the eluates were
separated on 4% to 12% SDS-polyacrylamide gel electrophoresis (Invit-
rogen), transferred electrophoretically to nitrocellulose membranes, and
detected with primary mouse monoclonal anti-RNAP � antibody
(8RB13; Santa Cruz Biotechnology) and secondary antimouse (680 nm)
antibody using the Oddyssey infrared imaging system (Li-Cor Biosci-
ences).

Transcription in vitro. E� and E were reconstituted with a saturating
concentration of �A. In the case of E	�, E that was already reconstituted
with �A was subsequently reconstituted with the � protein. The E:� ratio
was 1:5. In the case of E�	GreA, E� that was already reconstituted with
�A was subsequently reconstituted with the GreA protein. The E�:GreA
ratio was 1:30 (1 �M GreA). All reconstitutions were carried out in a
glycerol storage buffer (50 mM Tris-HCl [pH 8.0], 0.1 M NaCl, 3 mM
2-mercaptoethanol, 50% glycerol) for 15 min at 30°C.

Transcriptions were carried out in 10-�l reaction volumes in tran-
scription buffer containing 40 mM Tris-HCl (pH 8.0), 10 mM MgCl2, 1
mM dithiothreitol (DTT), and 0.1 mg/ml bovine serum albumin (BSA).
In multiple-round transcriptions, the buffer was supplemented with 150
mM KCl (Fig. 1 and 2A), and in single-round transcriptions it was sup-
plemented with 30 mM KCl (Fig. 3). As a template, 0.8 nM supercoiled
plasmid was used, into which the respective promoters (core promoter
versions) were cloned via EcoRI and HindIII restriction sites as described
earlier (Table 1) (28). ATP, CTP, and GTP were 200 �M; UTP was 10 �M
plus 2 �M radiolabeled [�-32P]UTP. For KGTP constant determinations,
the GTP concentration varied from 20 to 2,000 �M. The concentration of
RNAP in in vitro transcriptions was 30 nM. All transcription experiments
were done at 30°C, and transcriptions were allowed to proceed for 15 min.
Transcriptions were stopped with equal volumes of formamide stop so-
lution (95% formamide, 20 mM EDTA [pH 8.0]). Samples were loaded
onto 7 M urea– 6.5% polyacrylamide gels and electrophoresed. The dried
gels were scanned with Molecular Imager_FX (Bio-Rad). The amounts of
the 145-nucleotide-long transcripts (originating from the cloned promot-
ers) were quantified with QuantityOne software (Bio-Rad). All calcula-
tions and data fitting were done using SigmaPlot from Jandel Scientific.

For RNAP sensitivity to the [iNTP] (Fig. 1), the data were fitted to the
equation f � a 
 [1 � exp(�b 
 x)] (where f is the relative transcription,
x is the concentration, and a and b are constants), from which the KGTP

constants were calculated.
For open complex half-life experiments, DNA was incubated with

RNAP for 15 min at 30°C, and at time zero heparin was added. Heparin
functions as a competitor, sequestering free RNAP and allowing only one
round of transcription (33). At selected time points, aliquots were with-
drawn and added to all four NTPs to initiate transcription. For each pro-
moter, the amount of heparin had to be determined to allow transcription
of a single round and to prevent transcription reinitiation. This was done

FIG 1 � changes the requirements of RNAP for the [iNTP] at some promoters
in vitro. (A) Gels showing primary data from in vitro multiple-round transcrip-
tions from rrnBp1 (LK7) with three types of RNAP: E�, E, and E	�. E� is
RNAP purified from wt B. subtilis containing �; E is RNAP purified from a
�rpoE strain without �; E	� is E with added purified � in a 1:5 molar ratio. The
concentration of the iNTP (GTP) varied from 20 to 2,000 �M. (B) Quantita-
tion of the data from panel A. Open circles, E�; filled circles, E; open rectangles,
E	�. The plateau of the maximal transcription activity with each enzyme was
set as 1. (C) Comparison of KGTP values of rrnBp1 (LK7), rrnBp2 (LK140), rrnA
P1 (LK14), Pveg-10BP1 (LK4), Pveg (LK1), and BP1-10Dveg (LK9). E� (black
bars), E (bars with diagonal lines), and E	� (dark gray bars) are the three
forms of RNAP used in the assays illustrated in panels A through C. The KGTP

constant specifies the concentration of GTP required for 50% maximal tran-
scription. The bars represent mean values of at least two independent experi-
ments.

FIG 2 GreA has no effect on regulation of RNAP by [iNTP], and YdeB does
not interact with RNAP. (A) In vitro transcription conducted in the presence (1
�M) or absence of GreA as a function of GTP concentration. rrnBp1 was used
as the promoter. A representative result is shown (the experiment was per-
formed three times). (B) YdeB does not interact with B. subtilis RNAP in vivo.
The upper panel shows Western blots of nickel affinity chromatography pull-
down assays from strains containing either His-tagged YdeB (LK1173) or His-
tagged � (LK866) or no His-tagged protein (w/o His-tag; MO1099). The blot
was probed with anti-� antibody. The lower panel is a loading control (Coo-
massie blue-stained gel), showing that equal amounts of YdeB and/or � were
pulled down and loaded onto the Western blots. A representative result is
shown (the experiment was performed three times with the same result).
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by performing multiple-round transcriptions with increasing amounts of
heparin. The concentration of heparin that completely abolished this
multiple-round transcription (when transcription was initiated with
RNAP in the presence of heparin) and that permitted single-round tran-
scription (when transcription was initiated from preformed open com-
plexes by the addition of all four NTPs and heparin) was used for that
particular promoter. For rrnBp1 and Pveg, the heparin concentrations
were 2.5 and 7 �g/ml, respectively. The data were plotted as a function of
time, fitting the equation f � a 
 exp(�b 
 x) (where f is the relative
transcription, x is time, and a and b are constants), from which the com-
plex half-lives for respective promoters were calculated.

Relative GTP concentration determination. GTP was extracted from
cells grown in the MOPS medium with 0.4% glucose supplemented with
[32P]H3PO4 (20 �Ci/ml). Aliquots of cells were mixed with equal volumes
of 11.5 M formic acid, vortexed, and stored overnight at �20°C. After
centrifugation, 4 �l of supernatant was spotted on a thin-layer chroma-
tography (TLC) plate (Polygram CEL 300 PEI; Macherey-Nagel) and run
in 1.5 M KH2PO4. Commercially obtained GTP (Roche) was run along-
side as a marker. Recently, an alternative approach to NTP separation was
reported (34), using a different solvent, AFC (3 M ammonium formate
[pH 2.4] and 0.7 M NH4Cl). We performed the NTP separations also in
the AFC solvent with results identical to those obtained when 1.5 M
KH2PO4 was used (data not shown). After an overnight exposure, the
spots were quantified with Molecular Imager_FX (Bio-Rad) and normal-
ized to cell density (optical density at 600 nm [OD600]).

Starvation for amino acids. Cells were grown in MOPS, 0.4% glucose,
and 25 �g/ml of all 20 amino acids at 37°C. Starvation for amino acids was
induced by the addition of 3 mM (final concentration) serine hydroxam-
ate (SHX; Sigma-Aldrich). For relative GTP concentration or promoter
activity determinations, aliquots of cells were withdrawn prior to SHX
addition (time zero) and at indicated time points (5, 10, and 20 min).

Promoter activity in vivo. Core promoters were fused at 	1 to a
reporter gene (lacZ) from which an mRNA with a relatively short biolog-
ical half-life is transcribed (4 min). The promoter fusions were integrated
at the amyE locus (20). Transcripts from all three in vivo-tested promoters
were identical, eliminating potential differences in mRNA stability. The
wt Pveg promoter initiates with ATP (35). Here, a 	1G version that does
not change its properties with respect to [iNTP] sensitivity was used (36).
The amount of the lacZ-mRNA was used as a measure of promoter activ-
ity, determined by quantitative primer extension. RNA was extracted,
reversely transcribed, and visualized, and the reporter gene mRNA was
quantified as described previously (20). At the beginning of RNA extrac-
tion, recovery marker RNA was added (RLG6943; the recovery marker
was a longer version of the reporter gene allowing to distinguish these two
according to molecular mass in gels), controlling for degradation prob-
lems or pipetting errors. The gels were exposed overnight, and the bands
were quantified with Molecular Imager_FX (Bio-Rad). The relative pro-
moter activity was normalized to the amount of the recovery marker and
optical density (OD600) of the cells.

Competition assays. The strains that were used to start the competi-
tion experiments were first grown separately at 37°C until they reached an
OD600 of �0.5. Then, 50 ml of rich medium (Luria broth) was inoculated
with the same CFU of each of the two exponentially growing strains that
were to compete against each other. The starting OD600 was �0.03. Every
24 h, an aliquot was inoculated into a fresh medium to an OD600 of �0.03.
Before each dilution, aliquots were withdrawn for CFU enumeration. For
wt (RLG7554) versus �rpoE (LK642) strain competitions, plating the cells
on agar with Cm (2.5 �g/ml; both strains grow) or Kan (5 �g/ml; only
LK642 grows) was used to determine the CFU for each strain. We also
used strain LK34 as the wt strain. This strain contains promoterless lacZ at
the amyE site, and we competed it against LK642. We plated the cells on
agar supplemented with 40 �g/ml X-Gal (5-bromo-4-chloro-3-indolyl-
�-D-galactopyranoside) (Sigma) and counted the CFU for each strain by
the white (wt) or blue (�rpoE strain) color. We obtained results identical
to those shown when the Cm/Kan selection was used (data not shown).
For competitions of �rpoE strain LK642 versus the �rpoE strain comple-
mented with ectopically integrated rpoE (LK831), we used the white
(LK831) or blue (LK642) visualization of CFU. In single-strain growth
experiments, exponentially growing wt (RLG7554) and �rpoE (LK642)
cells (OD600, �0.5) were diluted to 50 ml of LB media to an OD600 of
�0.03. The dilutions and platings were performed as in competition ex-
periments.

RESULTS
Delta affects the sensitivity of RNAP to [iNTP] in vitro. During
transcription initiation, RNAP first forms the closed complex with

FIG 3 Effects of � on the open complex of rrnBp1 and Pveg. (A) Primary data
showing the effect of delta on open-complex stability at rrnBp1 and Pveg (LK7
and LK1). Open complexes were formed with E or E	�, and at time zero
heparin was added. Heparin binds to free RNAP but not to RNAP in complex
with DNA. At indicated time intervals, aliquots were withdrawn and transcrip-
tion was initiated with all four NTPs. The amount of the transcript reflected
the amount of the open complex. (B) Representative graph for rrnBp1 open
complex decay experiments. The half-life of its open complex was 33  7 s with
E (open circles) and 10  2 s with E	� (filled circles). These numbers are
averages and standard deviations (SDs) calculated from three independent
experiments. (C) Representative graph for Pveg open-complex decay experi-
ments. The half-life of its open complex was 33  2 min with E (open circles)
and 8  2 min with E	� (filled circles). These numbers are averages, and SDs
were calculated from three independent experiments.
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the promoter DNA; next, RNAP isomerizes and melts the DNA to
form the open complex in which the two DNA strands are sepa-
rated and form the transcription bubble (37). As � was previously
shown to decrease the stability of open complexes of RNAP with
some promoters (10, 11), we speculated that � may affect the
sensitivity of RNAP to [iNTP]. In B. subtilis, a number of promot-
ers were shown to be sensitive to [iNTP]. Typical representatives
are rRNA promoters. All rRNA promoters in B. subtilis initiate
with GTP (38), and changes in [GTP] play an important role in
their regulation (20).

First, as necessary tools for subsequent studies, we created B.
subtilis strains with rpoE knocked out and replaced with the kana-
mycin resistance gene (for details see Materials and Methods and
Table 1). For in vitro studies, we purified RNAP from wt and
�rpoE strains. RNAP was reconstituted with the main vegetative
sigma factor, �A, and all promoters used in this work were �A

dependent. In the text, wt RNAP containing � is designated E�,
RNAP without � is designated E, and RNAP purified from a �rpoE
strain but subsequently reconstituted with � is designated E	�.

Second, we tested whether � affects promoter sensitivity to
[iNTP] in vitro. We conducted multiple-round transcriptions
with E�, E, and E	� at increasing GTP concentrations using two
sets of promoters: (i) [iNTP]-sensitive and (ii) [iNTP]-insensitive
promoters. The [iNTP]-sensitive promoters included rrnBp1,
rrnBp2, rrnAp1, and Pveg-10BP1. rrnBp1 and rrnAp1 are rrn pro-
moters regulated by [iNTP]. rrnBp2 is the other promoter for the
rrnB operon. It is downstream of rrnBp1, and this tandem arrange-
ment is typical for rrn operon promoters in both Gram-positive
and Gram-negative bacteria (39). The rrnp2 promoters of both B.
subtilis and E. coli generally display less pronounced changes in
activity than p1 promoters, consistent with their role in providing
the basal, housekeeping rrn promoter activity (28, 40). Pveg-
10BP1 is a synthetic promoter consisting of [iNTP]-insensitive
Pveg (�39 to �14) fused to the downstream portion from rrnBp1

(�13 to 	 1). We recently showed that this downstream part from
rrnBp1 is responsible for the [iNTP] sensitivity of this promoter
(28). For the [iNTP]-insensitive promoters, we used Pveg and
BP1-10Dveg. Pveg is a promoter that forms relatively stable com-
plexes with RNAP and is not regulated by the [iNTP], as it is
saturated with a relatively low level of its iNTP (20, 28). The wt
Pveg promoter initiates with ATP (35). Here, a 	1G version that
does not change its properties with respect to [iNTP] sensitivity
was used (36). BP1-10Dveg is the reciprocal version of Pveg-10BP1
(the downstream part is from Pveg, and the upstream part from
rrnBp1) (28). Figure 1 shows the dependence of the activity of the
three forms of RNAP on [GTP]. KGTP is used here to quantitate
the promoter’s sensitivity to [iGTP]. It is the concentration of the
GTP required for half-maximal transcription. Promoters that are
[iNTP] sensitive and regulated by [iNTP] in vivo display relatively
high KGTPs in vitro. The KGTPs of [iNTP]-sensitive promoters were
significantly decreased for RNAP lacking �, and these decreases
were reversed by the addition of �. On the other hand, in the case
of the [iNTP]-insensitive promoters, their requirements for the
[iNTP] were not much changed regardless of the presence or ab-
sence of �. In the case of rrnBp2, this promoter displayed an inter-
mediate phenotype with respect to [iNTP] sensitivity, reflected by
its lower KGTP with E� relative to that of rrnBp1 (Fig. 1C). This is in
agreement with the lower ability of the p2 promoter to change its
activity with changing environmental conditions.

Next, we tested the effects of two other proteins, GreA and

YdeB, on the sensitivity of B. subtilis RNAP to [iNTP]. In Gram-
negative Escherichia coli, the DksA protein is required for regula-
tion of RNAP by [iNTP] (41). No obvious sequence homologs of
DksA exist in B. subtilis. However, B. subtilis contains GreA, which
is a structural homolog of DksA (42). Gre proteins are transcrip-
tion elongation factors that help cleave the nascent transcript in
the active site of RNAP, thereby rescuing stalled elongation com-
plexes (43). Moreover, in addition to its function in transcription
elongation, GreB of E. coli was shown under some conditions to
also affect the KNTP at rRNA promoters (44). B. subtilis contains
only one Gre factor. The other protein, YdeB, is a homolog of
CarD, an essential protein from Mycobacterium tuberculosis,
where it binds to RNAP and is important for regulation of rRNA
promoters. Moreover, CarD was shown to be able to functionally
replace DksA in an E. coli DksA-null strain (45). Hence, we de-
cided to test the effect of GreA and YdeB on the regulation of B.
subtilis RNAP by [iNTP].

We tested the effect of GreA on KGTP of rrnBp1 with E� in vitro
(Fig. 2A). Unlike what was seen for �, the presence or absence of
GreA had no impact on KGTP. In a control experiment, we verified
that the GreA protein was active on elongation complexes (see Fig.
S1 in the supplemental material). As for YdeB, we first wished to
determine whether it interacts with RNAP in vivo. Therefore, we
performed pulldown experiments with His-tagged YdeB followed
by Western blotting with antibody against the � subunit of RNAP
(Fig. 2B). While His-tagged � (positive control) interacted with
and was able to pull down significant amounts of RNAP, no such
interaction was detected for YdeB (the small amounts of � de-
tected in the YdeB pulldown were comparable to the amounts
pulled down from the control strain without a His-tagged pro-
tein). This lack of interaction was consistent with the result ob-
tained in parallel experiments in which we tested the effect of
purified YdeB on KGTP of rrnBp1: no effect was observed (data not
shown).

We concluded that neither GreA nor YdeB had an effect on the
regulation of RNAP by [iNTP]. On the other hand, � affected the
sensitivity of RNAP to the concentration of iNTP in vitro at
[iNTP]-sensitive promoters but not at [iNTP]-insensitive pro-
moters.

Delta changes the stability of the open complex at rrnBp1 and
Pveg. As � changed the KGTP of rrnBp1 but not of Pveg, we wanted
to establish whether it was due to a differential effect of � on the
open complex stability of these two promoters. However, Fig. 3
shows that � decreased the open complex lifetimes of both rrnBp1

and Pveg. The extent of the destabilizing effect on the open com-
plex was about the same (3- to 4-fold) for rrnBp1 and Pveg, but the
open-complex lifetime of Pveg in the presence of � (�8 min) was
still �1 order of magnitude longer than that for rrnBp1 in the
absence of � (�33 s), consistent with the view that only promoters
with relatively unstable open complexes are [iNTP] sensitive.
Taken together, the in vitro experiments suggested that � may
affect the regulation of [iNTP]-sensitive promoters in vivo.

Effects of delta on [iNTP] sensitivity of RNAP in vivo. To
assess the effect of � on promoter activity in vivo, we followed
promoter activity in the wt and �rpoE strains during starvation for
amino acids (stringent response), as under these conditions the
concentration of the effector molecule, GTP, changes. Upon the
induction of the stringent response, ribosomally bound RelA
senses uncharged tRNA in the A site of the ribosome and synthe-
sizes the alarmone molecule, (p)ppGpp. (p)ppGpp, in B. subtilis,
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directly inhibits three enzymes involved in the GTP metabolism,
thereby decreasing its intracellular concentration (23, 46): (i) IMP
dehydrogenase, which converts IMP to XMP; (ii) HprT, a salvage
pathway enzyme, which converts hypoxanthine to IMP and gua-
nine to GMP; and (iii) GmK, guanylate kinase, which was pro-
posed to convert GMP to GDP. The decrease in [GTP] leads to a
drop in the activity of rRNA promoters. Thus, with respect to
affecting the activity of RNAP at rRNA promoters, (p)ppGpp
plays an indirect role in B. subtilis, unlike in E. coli, where
(p)ppGpp directly inhibits RNAP at rRNA promoters (20, 33).

First, we extracted GTP and quantified its relative concentra-
tion in wt and �rpoE strains before and after the induction of the
stringent response. As shown in Fig. 4A, the two strains displayed
comparable changes in GTP levels.

Second, we monitored the activity of rrnBp1, rrnBp2, and Pveg
in wt and �rpoE strains. Relative promoter activities were deter-
mined by quantitative primer extension of lacZ mRNA tran-
scribed from promoter fusions to lacZ (for details, see Materials
and Methods). As shown in Fig. 4B, in the wt the activity of rrnBp1

decreased after the onset of the stringent response. In the mutant
genetic background, however, the decrease in the rrnBp1 activity
was less rapid and not as pronounced within the time frame of the
experiment. The activity of rrnBp2 in the wt decreased less than the
activity of rrnBp1 in the wt (Fig. 4B and C), in agreement with its
lower sensitivity to [iGTP] in vitro. The difference in changes in
activity between rrnBp2 in wt and in �rpoE strains was relatively
small, and at the 20-min time point there was already no differ-
ence (Fig. 4C). The activity of Pveg, in agreement with previously
published results, almost did not change during the stringent re-
sponse in the wt (Fig. 4D) (36), and the same was true for this
promoter in the �rpoE mutant (Fig. 4D).

We concluded that the absence of � affected the response of
[iNTP]-sensitive rrnBp1 to the stringent response while the effect
on moderately [iNTP]-sensitive rrnBp2 was less pronounced and
no effect was observed on [iNTP]-insensitive Pveg. The altered
ability of [iNTP]-sensitive promoters to rapidly change gene ex-
pression could be a decisive factor for the cell when it is required to
rapidly adapt to changing conditions.

Delta is essential for the cell to successfully compete. An ex-
ample of the inability of the delta-null strain to rapidly adapt is its
prolonged lag phase (12; A. Rabatinová, data not shown). The
difference from the wt is about a half-hour, resulting in approxi-
mately one extra generation for the wt. We also evaluated the
effect of the absence of � on the ability of the cells to grow after the
induction of amino acid starvation. The wt and the �rpoE strains
grew at comparable rates during the exponential phase. However,

FIG 4 � affects the kinetics of promoter response to amino acid starvation
in vivo. (A) Quantitation of the relative changes in the intracellular GTP
concentration in the wt strain (RLG7554) and the �rpoE strain (LK642).
The cells were growing in a defined MOPS-buffered medium with all 20
amino acids in the presence of 32P. At time zero, SHX was added, inducing
starvation for amino acids. At time zero (before the addition of SHX) and
at indicated time intervals, aliquots of the cells were withdrawn and NTPs

extracted and quantified. The graph shows the averages from two independent
experiments. The bars indicate the range. (B) Kinetics of the rrnBp1 promoter
response to amino acid starvation in wt (filled circles; RLG7554) and �rpoE
(open circles; LK642) strains. The amino acid starvation was induced as de-
scribed for panel A. At selected time intervals, RNA was extracted, reverse
transcribed, and quantified (see Materials and Methods for details). The
amount of the mRNA that originated from the rrnBp1-marker gene fusion was
used as a measure of the relative promoter activity. (C) Kinetics of the rrnBp2

promoter response to amino acid starvation in wt (filled circles; RLG7553) and
�rpoE (open circles; LK293) strains. (D) Kinetics of the Pveg promoter re-
sponse to amino acid starvation in wt (filled circles; RLG7555) and �rpoE
(open circles; LK643) strains. The insets show representative reverse-tran-
scribed 5=-end portions of the lacZ mRNAs that originated from the tested
promoters.
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while the wt was capable of growing at a reduced growth rate
under the amino acid-limiting conditions, the growth of the
�rpoE strain immediately ceased (see Fig. S2 in the supplemental
material). While both the aforementioned phenotypes can be de-
scribed as mild, we speculated that the �-lacking mutant may be at
a grave disadvantage when facing competition from the wt parent
strain under changing environmental conditions that would chal-
lenge to its limits the ability of the transcription machinery to
rapidly alter gene expression. To test this hypothesis, we mixed
equal CFU of exponentially growing wt and �rpoE cells and let
them grow together. Every 24 h, the cells were diluted into fresh
medium. At the start of the experiment and just before every di-
lution, the relative numbers of wt and �rpoE cells were scored by
plating the cells onto agar dishes with appropriate selective addi-
tives. We observed a dramatic phenotype: the �rpoE strain cell
numbers soon declined in the medium, being outcompeted by wt
cells (Fig. 5A). Next, we mixed the �rpoE strain and its derivative,

which was complemented with an ectopically integrated rpoE. In
this case, the complemented strain easily took over the culture
(Fig. 5B). Finally, using the same cycle of culturing and diluting
cells, we cultured wt and �rpoE strains separately. In this experi-
ment, there was no significant decline in CFU for the �rpoE strain
(Fig. 5C).

We concluded that although � is not essential for the cell per se,
it is indispensable for survival when facing competition.

DISCUSSION

This study describes the importance of � for regulation of RNAP
by [iNTP]. It is the first protein factor in Gram-positive bacteria
identified to affect the sensitivity of RNAP to [iNTP], namely, to
the regulatory metabolite GTP that plays critical roles in repro-
gramming of gene expression in response to stress (46). Further,
the results demonstrate that � is essential for the cell to rapidly
adapt to changes in its environment. This is of utmost importance
when the cell is competing with other cells, as is the case in the real
world in multispecies communities, or when pathogens are bat-
tling with the host organism, as illustrated by the decrease in
pathogenicity of �-lacking Staphylococcus aureus and Streptococcus
agalactiae (47, 48). Thus, although � is not essential per se, it ap-
pears to be an indispensable part of the properly functioning tran-
scription machinery.

What is the underlying molecular mechanism of �? Delta de-
creases the stability of the open complex. The less stable the open
complex is, the higher the concentration of the iNTP required to
penetrate into the transcriptionally competent complex within
the available time window. Thus, � alters the requirements of
RNAP for [iNTP] at promoters when the stability of the open
complex is a rate-limiting factor for transcription initiation. This
appears to be relevant in vivo. The absence of � slows down the
promoter response to a change in [iNTP]. A number of promoters
besides rRNA promoters are also [iNTP] sensitive in B. subtilis
(36, 49, 50). Alterations to their ability to rapidly respond to
changes in the [iNTP] are likely to have a cumulative and adverse
effect on the cell’s competitive fitness.

Previously, it was reported that � enhances promoter selection
and prevents binding of RNAP to nonspecific DNA (9). This is in
agreement with the recent transcriptomic study conducted with
the dental pathogen Streptococcus mutans, for which the rpoE
knockout strain displayed expression of many otherwise unex-
pressed RNAs (51). Furthermore, as suggested by in vitro experi-
ments (11, 52), it is possible that � in vivo also aids the recycling of
RNAP and/or affects RNAP with alternative sigma factors. Hence,
the effects of � can be multifaceted and the loss of fitness may
result from a mosaic of combined effects that together prevent
RNAP from functioning optimally. This defect, then, is not appar-
ent unless the cells are challenged to their limits by the presence of
a competing organism(s). Then, the absence of � proves to be fatal.

Are there other factors that functionally overlap � in B. sub-
tilis? In Gram-negative Escherichia coli, DksA potentiates the reg-
ulation of rRNA promoters by [iNTP]. DksA functions by increas-
ing the RNAP requirements for the [iNTP] at rRNA promoters,
thereby making RNAP sensitive to intracellular changes in
[iNTP]. This is mediated by the DksA’s destabilizing effect on the
open complex (41), reminiscent of the effect of � on RNAP. In
vivo, the effect of DksA on rRNA promoter activity is more pro-
nounced than the effect of �, as the absence of DksA completely
abolishes promoter activity change in response to amino acid star-

FIG 5 The absence of � is detrimental to the survival of the �rpoE mutant in
competition with the wt. The data are averages of at least two independent
experiments conducted in duplicate. (A) Competition of wt B. subtilis
(RLG7554) with a �rpoE strain (LK642). Equal numbers (CFU) of exponen-
tially growing wt and �-deficient (�rpoE) cells were mixed together in LB
medium. The number of CFU for each strain at time zero was set as 50% (the
sum of CFU of the two strains was 100%). Then, every 24 h, the viable cell
counts for both wt and �rpoE strains were enumerated by plating several
dilutions of the culture onto agar plates with appropriate selection markers
(see Materials and Methods for details). The y axis shows the percentage of
each strain in the culture. (B) Competition of the �rpoE strain (LK642) with its
derivative containing ectopically integrated rpoE at the amyE site (LK831). The
experiment was conducted as described for panel A. (C) Independent growth
of wt (RLG7554) and �rpoE (LK642) strains. The number of wt strain CFU at
each time point was set as 100%.
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vation (41). Therefore, it is possible that other factors also modu-
late the promoter [iNTP] sensitivity in vivo in B. subtilis and may
have functions overlapping those of �. We have demonstrated in
this study that GreA and YdeB are likely not involved in this pro-
cess. Nevertheless, as gene expression regulation by [iNTP] is an
important regulatory mechanism, searches for such factors are
under way in our laboratory. Finally, promoter regulation by
[iNTP] was reported also in eukaryotic organisms (53), and it
would be interesting to determine if analogs of these prokaryotic
factors exist in eukaryotes.

In conclusion, � is an excellent example of a seemingly dispens-
able protein that is, in fact, essential for the cell’s survival in the
hostile and fiercely competitive world outside the culture flask. It
shows that it does not suffice to adapt; it has to be done briskly.
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Table S1. List of primers 

 

Primer 

number 

Sequence (5’ → 3’) Expression 

vector 

194 CGGGTACCAAACAATATTCACAGGAAGAG pSG1729 

210 CGGGATCCTCAAAGCGTCTCGGAGAAGAAG  pGEX-5X-3  

211 CGGAATTCGTATCGTTCTTATACAAACC pGEX-5X-3  

212 CCGCTCGAGGTATCAGATTTCATCTTCAAAAC pGEX-5X-3  

213 AAGGAAAAAAGCGGCCGCTTTGTGATGTGCGGAATGAC pGEX-5X-3  

235  CGGAATTCTCAGTGGTGGTGGTGGTGGTGTTTAATTTCCTCTTCTTC pSG1729 

483 CGGAATCCCCGCCATGTCCAAACTGATG  pDG3661 

484 CGAAGCTTATAAGAAAAATGAGGGGTGA pDG3661 

GREA1 CGGGATCCCATCGAAGGTCGTATGGCACAAGAGAAAGTTTTTC pGEX-1  

GREA2 CGGAATTCTTATTATGAAATTTTCACAATTTTCACGAGC pGEX-1  

931 GCTCTAGAGGAGGTGGATGATATGCACCACCACCACCACCACATT

GAAGGCAGAATGTTTCAAATTGGCGATAAC 

pSG1729 

963 TGGGTACCATGTTTCAAATTGGCGATAAC pSG1729 
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Figure S1. B. subtilis GreA protein is active in vitro. 

B. subtilis GreA promotes formation of active elongation 

complexes in vitro. In the presence of GreA (+) more elongation 

complexes (~ 2x) were formed than in its absence (-). Active 

complexes were visualized by the addition of 32P UTP that was 

incorporated by RNAP to the 3‘ end of the RNA, resulting in the 

radiolabeled 33 nt RNA shown in the gel. A dinucleotide was also 

observed in the presence of GreA, likely generated by the cleavage of 

the 3’ end of RNA in some backtracked complexes, another indication 

of GreA activity. M, ladder generated from 5‘ end labeled 30 nt RNA. A 

representative gel is shown. The experiment was repeated three times 

with identical results.  

The elongation complexes were assembled as described (1), 

using the same sequences of respective nucleic acids with the 

exception of the first three nucleotides incorporated into the RNA that 

in this case were Us. Briefly, 2-fold molar excess of RNA was mixed 

with template DNA (12.5 pmol) in water and the oligonucleotides were 

annealed as in (1). Subsequently, 5 pmol of RNAP was incubated with 

a 2-fold molar excess of the annealed hybrid for 15 min at room 

temperature while gently shaking. 40 pmol of the non-template DNA 

was then added and the mixture was incubated for 10 minutes at 37°C. 

50 pmol of GreA/buffer was added to the elongation complexes and 

incubated for another 10 minutes. 1 l of 10x diluted [32P] UTP (10 

mCi/ml) was added per reaction, followed by an incubation at 30°C for 15 min. Reactions 

were stopped with equal volumes of formamide stop solution (95% formamide, 20 mM 

EDTA, pH 8.0). Samples were loaded onto 14% polyacrylamide gels and electrophoresed. 

The dried gels were scanned with Molecular Imager_FX (BIO-RAD). 
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Figure S2. Starvation for amino acids  

Cells (wt: RLG7555; rpoE: LK643) were grown in MOPS, 0.4% glucose, and 25 g/ml of all 

20 amino acids at 37°C. Starvation for amino acids was induced at OD600~0.3 by the 

addition of 3 mM (final concentration) serine hydroxamate (Sigma-Aldrich) at time zero. 

Growth of the bacterial strains was measured at 600 nm at indicated time points  (OD600 at 

time zero was set as 1 to aid in visualizing the differential growth of the strains). The data are 

averages ±SD from five independent experiments. 
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ABSTRACT

Small RNAs (sRNAs) are molecules essential for a
number of regulatory processes in the bacterial cell.
Here we characterize Ms1, a sRNA that is highly ex-
pressed in Mycobacterium smegmatis during sta-
tionary phase of growth. By glycerol gradient ul-
tracentrifugation, RNA binding assay, and RNA co-
immunoprecipitation, we show that Ms1 interacts
with the RNA polymerase (RNAP) core that is free
of the primary sigma factor (σA) or any other σ fac-
tor. This contrasts with the situation in most other
species where it is 6S RNA that interacts with RNAP
and this interaction requires the presence of σA. The
difference in the interaction of the two types of sR-
NAs (Ms1 or 6S RNA) with RNAP possibly reflects the
difference in the composition of the transcriptional
machinery between mycobacteria and other species.
Unlike Escherichia coli, stationary phase M. smeg-
matis cells contain relatively few RNAP molecules in
complex with σA. Thus, Ms1 represents a novel type
of small RNAs interacting with RNAP.

INTRODUCTION

Mycobacteria are an important group of bacteria that in-
clude lethal human pathogens-Mycobacterium tuberculosis
and Mycobacterium leprae-and nonpathogenic saprophytic
species, such as Mycobacterium smegmatis. Approximately
one third of the world’s population is infected by M. tu-
berculosis and almost 9 million people developed the active
disease in 2012. According to WHO, tuberculosis caused
1.3 million deaths in 2012. In addition, multi-drug resistant
tuberculosis is present in most countries surveyed. An im-
portant feature of M. tuberculosis is that the bacteria can

survive in the human body for decades as a latent infection
with no symptoms (1).

Mycobacteria as well as other bacteria need to quickly
adapt to changing conditions to survive. When the sur-
rounding environment is favorable, bacteria grow exponen-
tially; in harsh conditions, bacteria enter stationary phase
of growth and wait for better conditions. Successful adapta-
tion depends on changes in gene expression. A key molecule
participating in this process is RNA polymerase (RNAP)
that is itself regulated by various auxiliary factors. Bacte-
rial RNAP is a multisubunit enzyme composed of core sub-
units: �2��′�. The RNAP core associates with different
σ factors that recognize different promoter sequences, and
switching between these σ factors regulates gene expression.
The number of σ factors varies among bacterial species-e.g.
M. smegmatis has 26 σ factors (2,3) while Escherichia coli
has seven (3). Typically, bacteria have one primary (house-
keeping) σ factor responsible for the majority of gene ex-
pression. This primary σ factor is called σ 70 in E. coli or
σ A in M. smegmatis and Bacillus subtilis (4). When con-
ditions become unfavorable and bacteria enter stationary
phase, the transcription of σ 70/σ A-dependent genes is re-
duced and genes recognized by alternative stress σ factors
are activated (5).

Gene expression is also regulated by small RNAs (sR-
NAs). sRNAs usually have a length of 50–300 nt and most
of them base-pair with mRNA and regulate mRNA sta-
bility or the efficiency of mRNA translation (6). It is esti-
mated that a bacterial cell such as E. coli encodes hundreds
of different sRNAs (7). Only a limited number of studies
have mapped sRNAs and addressed their function in my-
cobacteria (8–14). In exponentially growing M. tuberculo-
sis, 17% of total non-rRNA transcripts originate from in-
tergenic regions and represent sRNAs (15). This number in-
creases to almost 60% in stationary phase cells, mainly due
to the accumulation of a highly abundant sRNA designated
MTS2823 (or ncRv13661 according to the new nomencla-
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ture (16)). MTS2823 is present in stationary phase cells in
amounts comparable to rRNAs (8). An even higher accu-
mulation of MTS2823 sRNA was observed in mice dur-
ing chronic infection. When MTS2823 was artificially over-
expressed in exponential phase cells, the transcription of
∼300 genes decreased (8). Although MTS2823 is highly ex-
pressed, affects mycobacterial gene expression and has a
possible role during infection, the mechanism of its func-
tion is unknown. We previously independently identified a
homolog of MTS2823, Ms1, a small RNA in M. smegmatis
that is highly abundant in stationary phase (17).

Ms1 was originally identified by in silico searches for 6S
RNA homologs. 6S RNAs fold into a secondary structure
that mimics an open promoter (13,18–20) and this struc-
ture binds to RNA polymerase in complex with the pri-
mary σ factor (RNA polymerase holoenzyme). 6S RNA
prevents the binding of the RNAP holoenzyme to promoter
sequences and reduces its transcriptional activity (21–24).
We had originally hypothesized that Ms1 may be the my-
cobacterial 6S RNA. However, we showed that Ms1 does
not interact with the RNAP complex containing the pri-
mary σ factor (17). In addition, Ms1 has a length of ∼300
nt, while 97% of >3500 known 6S RNA sequences (either
predicted or validated) have a length in the 150–210 nt range
and no known 6S RNA has a length of ∼300 nt (Rfam
database, (25)). 6S RNAs have been found in many bacterial
species (20,26–28); mycobacteria are an exception. Despite
several studies identifying small RNAs in mycobacteria (8–
14), it is still unclear whether mycobacteria possess 6S RNA
or not.

Here we use M. smegmatis as a model organism and
search for the binding partner of Ms1. We show that Ms1 is
a sRNA that directly interacts with the transcriptional ma-
chinery but in a different way than 6S RNA-Ms1 binds core
RNA polymerase instead of RNAP holoenzyme. Thus, Ms1
represents a novel class of small RNAs. Finally, we discuss
possible reasons why mycobacteria may differ from most
other bacterial species in the interaction of RNAP with the
sRNA.

MATERIALS AND METHODS

Bacterial strains, growth conditions, plasmids

For detailed descriptions of individual strains see List of
strains and plasmids in Supplementary Data. M. smegmatis
mc2 155 and FLAG-tagged RpoB strain (29) (strain name:
MR-sspB; kindly provided by D. Schnappinger, Weill Cor-
nell Medical College, New York, USA) were grown at 37◦C
in Middlebrook 7H9 medium with 0.2% glycerol and 0.05%
Tween 80 and harvested in exponential phase (OD600 ∼0.5)
or 4–6 h after the entry into stationary phase (OD600 ∼2.5–
3) unless stated otherwise. Transformations of M. smegma-
tis mc2 155 cells were performed by electroporation. When
required for selection of transformants, media were supple-
mented with hygromycin (50 �g/ml) and/or kanamycin (20
�g/ml). Wild-type E. coli K12 KW72 (30), kindly provided
by Tamas Gaal, University of Wisconsin-Madison, USA)
and B. subtilis 168 strains were grown in LB medium and
the cells were collected in exponential phase (OD600 ∼0.5)
or 3–4 h after entry into the stationary phase of growth un-
less stated otherwise. Growth phenotype experiments (Fig-

ure 5C) were conducted in a Tecan Infinite 200 Pro reader
and growth was monitored for 24 h.

pJAM2-σ A (31) (a gift from V. Nagaraja, Indian Institute
of Science, India) contains an inducible acetamidase pro-
moter that allows overexpression of σ A upon the addition
of acetamide. pJAM2-σ A or the empty pJAM2 (32) vector
were electroporated into M. smegmatis mc2 155, yielding
strains LK1304 and LK1302. Acetamide at a final concen-
tration of 0.2% was added to both strains at the entry into
stationary phase (OD600 = 1.6) and the cells were grown for
additional 6 h (experiments shown in Figure 6).

Ms1, Ms1nb (the latter is a mutant Ms1 lacking the inter-
nal bubble) and 80 bp rrnB promoter (33) DNA sequences
(see Supplementary Data) were synthetized by Invitrogen
(GeneArt Strings DNA Fragments). By BamHI/KpnI di-
gestion, the acetamidase promoter was deleted from the
pJAM2 plasmid and in its place the rrnB promoter fused
to Ms1 or Ms1nb was cloned using a GeneArt Seamless
Cloning and Assembly Kit (Invitrogen; for details see Sup-
plementary Data). Plasmids were verified by sequencing
and electroporated into the mc2 155 strain, yielding strains
overexpressing either Ms1 (LK1323), or its mutant form
Ms1nb (LK1337) or without any overexpression-a control
strain with an empty plasmid (LK1302).

RNA isolation, RNase H treatment and PAGE

The same protocol (adapted from (34)) was used for E.
coli, M. smegmatis and B. subtilis RNA isolation. Briefly, 8–
20 ml cells from the indicated growth phases were quickly
pelleted and immediately frozen. The pellet was then sus-
pended in 240 �l TE (pH 8.0) plus 60 �l lysis buffer (50 mM
Tris–HCl pH 8.0, 500 mM LiCl, 50 mM ethylenediaminete-
traacetic acid (EDTA) pH 8.0, 5% sodium dodecyl sulphate
(SDS)) and 600 �l acidic phenol (pH∼3):chloroform (1:1).
Lysates were sonicated in a fume hood, centrifuged, the
aqueous phase extracted two more times with acidic phenol
(pH∼3): chloroform and precipitated with ethanol. RNA
was dissolved in water and DNase treated (TURBO DNA-
free Kit, Ambion). Five �g of total RNA were mixed in a
1:1 ratio with the sample buffer (95% formamide, 20 mM
EDTA pH 8.0), heated for 1 min at 90◦C, then kept on ice
and electrophoresed in 7 M urea 7% polyacrylamide gels.

To test whether the prominent 300 nt band in the M.
smegmatis total RNA consists of Ms1, we used RNase
H treatment that degrades RNA in RNA/DNA duplexes.
We set up 9 �l reactions with 3.5 �g total RNA, 2 �l
5xRT buffer (from SuperScriptIII CellsDirect cDNA Syn-
thesis System, Invitrogen) and 1 �l 100 �M DNA oligonu-
cleotides (anti-Ms1 oligo 5′-GTCGTGGCCGTCCGCT
TTTCGAAACTACGC-3′, ns-oligo 1 5′-CGGGTCACAG
CCCAACGTAACTGCCTCAAC-3′ and ns-oligo 2 5′-AA
GACTTCGACGTGCGCGACCACCGCAAAC-3′). Re-
actions were incubated for 1 min at 95◦C, 1 min at 60◦C
and cooled on ice. One �l (2 U) of RNase H (from Super-
ScriptIII CellsDirect cDNA Synthesis System, Invitrogen)
was then added and the reactions were incubated for 10 min
at 37◦C, mixed 1:1 with sample buffer (95% formamide, 20
mM EDTA pH 8.0), heated for 1 min at 90◦C and elec-
trophoresed in 7 M urea 7% polyacrylamide gels. The gels
were stained for 20 min with GelRed (LabMark), 10 000×
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diluted in 1× TBE (Tris-borate-EDTA) gel running buffer
and visualized using a UV transilluminator. RNA isolation
after the glycerol gradient or immunoprecipitation is de-
scribed in the relevant sections.

5′RACE

Five �g of total RNA was treated with 2 U of Tobacco Acid
Pyrophosphatase (TAP; Epicentre) for 1 h at 37◦C. RNA
was extracted with acidic phenol (pH∼3):chloroform (1:1),
precipitated with ethanol and a 5′-adaptor DNA/RNA
oligonucleotide (5′-ATCGTaggcaccugaaa-3′, DNA in up-
per case letters) was ligated to the 5′ ends. RNA was
then extracted and reverse transcribed into cDNA (Super-
ScriptIII, Invitrogen) with an Ms1-specific reverse primer
(5′-CGTCCGCTTTTCGAAACTAC-3′). The same reverse
primer and the 5′-ATCGTAGGCACCTGAAA-3′ forward
primer were used for polymerase chain reaction (PCR)
with Taq DNA polymerase (Biotools). The PCR prod-
ucts were sequenced and mapped to the M. smegma-
tis mc2 155 genome (GenBank # NC 008596.1). The
transcription start sites for other species were retrieved
from previous publications: MTS2823 (TSS 4 100 669,
M. tuberculosis H37Rv) (8) GenBank #AL123456.2, Mcr8
(TSS 4,073,797, Mycobacterium bovis BCG Pasteur 1173P2
genome) (10) GenBank #AM408590.1, igMAV 0468–0469
(TSS 458,799, Mycobacterium avium MAH104) (35) Gen-
Bank #CP000479.1.

Glycerol gradient ultracentrifugation and western blotting

E. coli and M. smegmatis stationary phase cells were pel-
leted and resuspended in 20 mM Tris–HCl pH 7.9, 150
mM KCl, 1 mM MgCl2, 1 mM dithiothreitol (DTT),
0.5 mM phenylmethylsulfonyl fluoride (PMSF) and Cal-
biochem Protease Inhibitor Cocktail Set III protease in-
hibitors, sonicated 15 × 10 s with 1 min pauses on ice and
centrifuged. Protein extracts (1.5 mg) were loaded on a lin-
ear 10–30% glycerol gradient prepared in gradient buffer (20
mM Tris–HCl pH 7.9, 150 mM KCl, 1 mM MgCl2, 1 mM
DTT, 0.5 mM PMSF and Calbiochem protease inhibitors)
and fractionated by centrifugation at 32 000 rpm (130 000 ×
g) for 17 h using an SW-41 rotor (Beckman). The gradient
was divided into 20 fractions, RNA from individual frac-
tions was extracted with acidic phenol (pH∼3):chloroform,
precipitated by ethanol and electrophoresed in 7 M urea 7%
polyacrylamide gels. The gels were stained for 20 min with
GelRed (LabMark) 10 000× diluted in 1× TBE gel running
buffer and imaged using the UV transilluminator. Proteins
were analyzed by sodium dodecylsulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) and Coomassie staining
(SimplyBlue, Invitrogen) or detected by western blotting us-
ing mouse monoclonal antibodies to σ 70/σ A [clone name
2G10] or to the � subunit of RNA polymerase [clone name
8RB13] and secondary antibodies conjugated with a flu-
orophore dye and quantified with an Odyssey reader (LI-
COR Biosciences). 6S RNA, Ms1, σ A, σ 70 and RNA poly-
merase (� subunit) were quantified from RNA gels/western
blots using the ImageJ software.

Immunoprecipitation and RT-qPCR

E. coli and M. smegmatis cell lysates were prepared in the
same way as the lysates used for the glycerol gradient ul-
tracentrifugation, and 300 �g (protein) of lysates were in-
cubated for 2 h at 4◦C with 20 �l of Dynabeads Protein
A (Invitrogen) coated either with 4 �g mouse monoclonal
antibody to σ 70/σ A [clone name 2G10], 2–8 �g mouse
monoclonal anti-� subunit of RNAP antibody [clone name
8RB13] (both from Santa Cruz) or 10 �g mouse nonspe-
cific IgG (Sigma-Aldrich) used as a negative control. The
captured complexes were washed 4× with 20 mM Tris–HCl
pH 7.9, 150 mM KCl, 1 mM MgCl2 and divided into two
parts. A quarter of the beads were incubated in SDS sample
buffer for 5 min at 95◦C and eluted proteins were detected
by western blotting. The remaining three quarters of the
beads were resuspended in 200 �l 1% SDS, 150 mM KCl,
20 mM Tris–HCl pH 7.9, 1 mM MgCl2 and vortexed with
200 �l acidic phenol (pH∼3):chloroform (1:1) for 10 min.
Eluted RNA was precipitated with ethanol, dissolved in wa-
ter and DNase treated (TURBO DNA-free Kit, Ambion).
RNA was visualized on a 7 M urea 7% polyacrylamide gel
by staining with GelRed (LabMark). Alternatively, RNA
was reverse transcribed into cDNA (SuperScriptIII, Invit-
rogen) using random hexamers and amplified by quantita-
tive reverse transcription PCR (RT-qPCR) in a LightCy-
cler 480 System (Roche Applied Science) in duplicate re-
actions containing LightCycler R© 480 SYBR Green I Mas-
ter and 0.5 �M primers (each). For the Ec 6SRNA primer
pair, dimethyl sulfoxide (DMSO) was added to a 1% final
concentration to optimize amplification efficiency. Primers
were designed with Primer3 software and their sequences
are in the Supplementary primer list. Negative controls (no
template reactions and reactions with RNA as a template to
control for contamination with genomic DNA) were run in
each experiment, the quality of the PCR products was de-
termined by dissociation curve analysis and the efficiency
of the primers determined by standard curves. The propor-
tions of coimmunoprecipitated RNAs were quantified on
the basis of the threshold cycle (Ct) for each PCR product
that was normalized to input values according to the for-
mula 2(Ct(immunoprec)–Ct(input)).

FLAG-tag pull down

Lysates from MR-sspB (FLAG tag on �) and the wt mc2

155 strain (negative control) were prepared in the same way
as the lysates for glycerol gradient centrifugation, 300 �g
of lysate incubated with 10 �l MS2 resin (Sigma-Aldrich)
for 1 h at 4◦C, captured complexes were washed 4× with
20 mM Tris–HCl pH 7.9, 150 mM KCl, 1 mM MgCl2 and
proteins/RNA isolated and detected in the same way as the
immunoprecipitations.

Biotinylated RNA pull down

Ms1 and Ms1nb templates were amplified from Invitrogen
DNA (GeneArt Strings DNA Fragments) with the primer
carrying the T7 promoter at their 5′ end (see Supplementary
Primer List). RNAs were prepared with a T7 RiboMAX
Express Large Scale RNA Production System (Promega)
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and their 3′ends were biotinylated with an RNA 3′ End Bi-
otinylation Kit (Thermo Scientific). After biotinylation, 2.5
�g of each RNA was denatured for 2 min at 90◦C and re-
folded for 20 min at RT in 200 �l folding buffer (100 mM
KCl, 10 mM MgCl2, 10 mM Tris–HCl pH 7). RNAs were
incubated in the same buffer for 1 h at 4◦C with 100 �l
magnetic streptavidin-coated beads (Sigma-Aldrich) while
being gently agitated. The beads were then washed with ly-
sis buffer (20 mM Tris-HCl pH 7.9, 150 mM KCl, 1 mM
MgCl2) and incubated with ∼400 �g of cell extract (pre-
pared in the same way as for glycerol gradient ultracen-
trifugation) for 1 h at 4◦C, washed 4× with lysis buffer, re-
suspended in SDS sample buffer, heated for 5 min at 95◦C
and the eluted proteins were detected by SDS-PAGE and
Coomassie staining (SimplyBlue, Invitrogen).

Quantification of Ms1 and northern blotting

Cells from stationary phase were used to determine the
number of viable cells and purify total RNA. Viable
cell numbers were counted as follows: 100 �l aliquots
of cells from serial dilutions (10−5 to 10−8) were plated
on Middlebrook 7H10 agar. The plates were incubated
at 37◦C for 5 days before counting the colony forming
units (CFU) and calculating CFU/ml. The obtained data
were used in subsequent calculations of amounts of Ms1
per cell. The quantity of Ms1 in the total RNA sample
(stained with GelRed) was determined by comparing the
Ms1 band density to a standard curve derived from the
RiboRuler Low Range RNA Ladder (Thermo Scientific).
The quantitation was done with QuantityOne software
(Biorad). The Ms1 quantity determined by northern
blotting was done by comparing the signal intensity of Ms1
with a standard curve derived from serial dilutions of in
vitro transcribed Ms1. Northern blotting was performed as
described previously (17). Briefly, RNAs were resolved on
a 7% polyacrylamide gel and transferred onto an Amer-
sham Hybond-N membrane. Probes were 5′ 32P-labeled
oligonucleotides (anti-Ms1: see RNA isolation; anti-5S: 5′-
CTGGCAGGCTTAGCTTCCGGGTTCGGGATG-3′),
and signals were captured in Fuji MS phosphor storage
screens and scanned with a Molecular Imager FX (BIO-
RAD) and quantified with QuantityOne software (Biorad).
For calculating the increase of Ms1 expression in stationary
phase relative to exponential phase, the Ms1 northern blot
signal was normalized to 5S rRNA.

RESULTS

Ms1 is mycobacterial sRNA expressed in a quantity compa-
rable to 6S RNAs

First, we wanted to explore the relative amounts of Ms1 in
M. smegmatis and compare it to the amounts of known
6S RNAs in E. coli and B. subtilis (recently reviewed in
(23,24)). 6S RNA in E. coli (184 nt) and the main 6S RNA
in B. subtilis (represented by the 190 and 201 nt doublet)
are highly expressed during stationary phase and both are
clearly visible when total RNA is resolved on denaturing
PAGEs (13,20). We isolated RNAs from M. smegmatis, B.
subtilis and E. coli from exponential and stationary phases

and resolved them electrophoretically on a PAGE gel (Fig-
ure 1A). The gel was stained with GelRed, an intercalating
fluorescent nucleic acid gel stain that is more sensitive than
ethidium bromide and able to detect nanograms of ssRNA
(see Supplementary Figure S1A). By using this total RNA
staining we were able to directly compare the amount of in-
dividual small RNAs with 5S rRNA. While the 6S RNAs
of E. coli and B. subtilis were prominently visible, no RNA
of similar length was detected in M. smegmatis. Instead, we
observed a ∼300 nt sRNA expressed mainly during station-
ary phase and its amount was comparable to the quanti-
ties of 6S RNAs in E. coli and B. subtilis. The length of
this RNA corresponded to Ms1. To confirm that the ∼300
nt band was indeed Ms1, we incubated total RNA with
Ms1-specific or control DNA oligonucleotides and treated
the RNA samples with RNAse H that specifically degrades
RNA within RNA/DNA duplexes. When incubated with
an oligonucleotide complementary to Ms1, RNAse H di-
gested the ∼300 nt band and this band disappeared from
the gel; two control oligonucleotides not complementary to
the Ms1 sequence did not affect the ∼300 nt sRNA (Fig-
ure 1B).

We then quantified the amount of Ms1 in mycobacte-
rial cells using total RNA staining (GelRed, Supplemen-
tary Figure S1A) and northern blot hybridization (Supple-
mentary Figure S1B). In both cases we compared the Ms1
amount extracted from a known number of cells to seri-
ally diluted standards of known concentration. From the
GelRed stained gels, we calculated the amounts of Ms1 and
5S rRNA (as a control) in stationary phase to be ∼400 and
∼2800 molecules per cell, respectively. From the northern
blots (Supplementary Figure S1B) we obtained a compara-
ble result of ∼600 Ms1 molecules per cell. Compared to ex-
ponential phase, the Ms1 amount increased ∼130-fold upon
entry into stationary phase (Supplementary Figure S1B).

Besides Ms1, we also detected a <100 nt band in station-
ary phase (Figure 1A). Another prominent band of ∼130
nt was detected in exponential phase. The identity of the
sRNAs represented by these bands is currently unknown
and they are the subjects of another study. Hence, we estab-
lished that Ms1 is a highly abundant sRNA present in the
cell in quantities comparable to the 6S RNA found in other
species and we decided to further characterize Ms1.

Ms1’s position on the chromosome, its synteny and secondary
structure are conserved in mycobacteria

We began characterizing Ms1 by performing 5′RACE
(Rapid Amplification of the 5′ cDNA End) with total RNA
isolated from the M. smegmatis stationary phase cells and
identified the first nucleotide of Ms1 to be an adenine tran-
scribed from position 6 242 368 in the M. smegmatis genome
(Figure 1C). Upstream of this nucleotide we detected se-
quences resembling mycobacterial −10 and −35 consensus
promoter hexamers for the primary σ factor (36). The pu-
tative promoter sequence of Ms1 is conserved among M.
smegmatis, M. bovis, M. avium and M. tuberculosis (Fig-
ure 1C). Although the transcription start sites of Ms1 ho-
mologs in M. bovis and M. avium (10,35) were mapped
previously to the same or nearly identical positions, the
5′terminus of MTS2823, the Ms1 homolog in M. tubercu-
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losis, was originally mapped further upstream (see Figure
1C) and no match for the promoter consensus sequence
upstream of this nucleotide was reported (8). The strength
of the putative Ms1 promoter as well as the identity of
the σ factor recognizing this promoter need to be further
tested, but Ms1 is likely a single gene transcription unit.
The putative rho-independent Ms1 terminator was found
by TransTermHP (37) and is located 304 nt downstream
of the 5′terminus. We identified homologs of Ms1 in many
mycobacterial species and also in Nocardia and Rhodococ-
cus (Supplementary Table S1), which belong to the group
of actinobacteria. Based on sequence similarity searches
(38), Ms1 was found in 33 actinobacterial species; for the
phylogenetic tree (39) of Ms1 homologs see Supplemen-
tary Figure S2A. When Ms1 is present, its genomic con-
text (Figure 1D) is partially conserved also in other acti-
nobacterial species (Supplementary Table S1). In addition,
Ms1 is very often (in 84% of cases) located at the same po-
sition on the chromosome: close to the replication start site
(ori) with the direction of transcription toward ori (Figure

1E and Supplementary Table S1). This position is indepen-
dent of genome size (Supplementary Figure S2B). Next, we
aligned all Ms1 homologous sequences and compared their
predicted secondary structures (40). In silico, we created a
‘common’ structure that is prevalent in all Ms1 homologs
(see Supplementary Figure S3). These sequences fold into
a long double-stranded hairpin with a bubble in the middle
and two short hairpins close to the ends. The internal bubble
and the adjacent double stranded regions are the most con-
served elements. Although the primary sequences of Ms1
homologs are not identical, their predicted secondary struc-
tures are similar, which suggests that these sRNAs could
have the same function(s).

Ms1 is present in a large macromolecular complex

As a first approach to explore whether or not Ms1 is part
of a protein complex (analogous to 6S RNA or ribosomal
RNAs), we fractionated M. smegmatis and E. coli (as a con-
trol) stationary phase cell lysates by glycerol gradient ultra-
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centrifugation. After ultracentrifugation, large complexes
such as ribosomes are sedimented at the bottom of the tube
whereas e.g. 6S RNA is found in the middle of the gradi-
ent. Importantly, molecules that are in the same complex
must be found in the same fractions of the gradient. This
method was previously used to identify proteins that are in
complex with E. coli 6S RNA (21). The majority of Ms1
sedimented in fractions 10–13 (Figure 2A) indicating that
Ms1 was part of a large protein complex. Using western
blotting, we found the RNAP � subunit in Ms1 fractions;
however, no σ A was found there (Figure 2A), since σ A is
not in the complex with Ms1 (17). Using mass spectrometry
we identified all abundant proteins present in the Ms1 frac-
tions (Figure 2B and Supplementary Table S2)-the potential
interacting partners of Ms1 sRNA. Importantly, the RNA
polymerase �, �′ and � subunits, but no σ A or other σ fac-
tors, were among the proteins enriched in the Ms1 fractions.
Finally, in contrast to E. coli where 6S RNA co-sediments
with σ 70 and � (Figure 2C, fractions 8–12), no highly ex-
pressed sRNA specifically peaked in the same fractions as
the M. smegmatis σ A-RNAP holoenzyme (Figure 2A, frac-
tions 7–8).

Ms1 interacts with RNA polymerase core devoid of σ factors

To identify which of the proteins from the Ms1 fractions
truly interacted with Ms1, we pulled down Ms1 binding
partners directly. First, we prepared Ms1 sRNA by in vitro
transcription. In addition, we also prepared Ms1 with a
deleted internal bubble-designated ‘Ms1nb’ (Figure 3A).
We then ligated biotinylated Cytidine (Bis)phosphate to
the 3′ends of both RNAs, and attached these biotinylated
RNAs to streptavidin beads (Figure 3B). We subsequently
incubated the Ms1 and Ms1nb-coated beads with the lysate
from M. smegmatis cells from exponential and stationary
phases. Ms1 is expressed mainly in stationary phase but
we avoided using only stationary phase lysate because it
contains abundant endogenous Ms1 that could compete
for interacting proteins with biotinylated Ms1 and there-
fore we might miss some of the interacting proteins. Us-
ing this approach, we pulled down significant amounts of
the core subunits of RNAP with Ms1, but considerably less
with Ms1nb, from both exponential and stationary phases.
This indicates that the internal bubble which is structurally
conserved among Ms1 homologs is important for the in-
teraction with RNA polymerase. No RNA polymerase in-
teracted with the control beads without RNA (Figure 3C).
In addition to core RNAP subunits, Ms1 pulled down a
∼80 kDa band consisting of two proteins according to the
mass spectrometry analysis: transcription termination fac-
tor Rho and polyribonucleotide nucleotidyltransferase in-
volved in RNA degradation (see Supplementary Table S3).
Importantly, no σ factor or any other proteins found in
the glycerol gradient Ms1 fractions interacted with Ms1,
although we cannot exclude the possibility that a highly
substochiometric presence of σ factors (with respect to the
other core subunits of RNAP) might be below our detection
limit.

To verify that Ms1 associates with RNAP, we utilized a
M. smegmatis strain carrying the FLAG-tag on � (RpoB)
(29), one of the core subunits of RNAP. Via � we pulled

down RNAP (Supplementary Figure S4A) from an M.
smegmatis stationary phase lysate and isolated RNA associ-
ated with RNAP. Interaction of RNAs with FLAG-tagged
RNAP was assessed using RT-qPCR, with primers specific
for Ms1, as well as 16S rRNA, rpoC and mysA mRNAs
as negative controls. While Ms1 interacted with the FLAG-
tagged RNAP, we observed no interaction of 16S rRNA,
rpoC or mysA mRNAs (Supplementary Figure S4B). This
experiment, however, did not enable us to distinguish the
RNA polymerase core from the holoenzyme (� is present
in both complexes).

To distinguish whether Ms1 binds to the core or holoen-
zyme (σ A-containing) form of RNAP we performed im-
munoprecipitations with two specific antibodies. Both anti-
bodies efficiently immunoprecipitated E. coli and M. smeg-
matis proteins (see Figure 4A showing the amounts of
pulled-down primary σ factors and RNAP core � sub-
units). The anti-σ A/σ 70 antibody (2G10) recognized both
free σ A/σ 70 as well as σ A/σ 70 in complex with RNAP
(RNAP holoenzyme). The anti-RNAP antibody (8RB13,
anti �) was previously reported to mainly bind the RNAP
core devoid of σ factors (41,42) and we verified this for sta-
tionary phase M. smegmatis (Figure 4B, lane 3) and E. coli
cells (Figure 4B, lane 1). In addition to core RNA poly-
merase subunits (�, �, �′) we found only two other proteins
that immunoprecipitated with the anti-RNAP (8RB13) an-
tibody in E. coli (and none in M. smegmatis) and identified
them by mass spectrometry (see Supplementary Table S4) as
NusG (transcription elongation factor) (43) and the DNA-
binding factor CbpA (44). Importantly, no σ factors were
detected either in M. smegmatis or in E. coli immunoprecip-
itations. We then isolated the coimmunoprecipitated RNA
and visualized this RNA either on PAGE gels (Figure 4C,
lane 7) or measured its amount by RT-qPCR (Figure 4D).
We found that almost 40% of the Ms1 in stationary cells
was bound to mycobacterial core RNA polymerase (Fig-
ure 4D, the input represents the total amount of Ms1 iso-
lated from the cell lysate; note that the amount of detected
Ms1 depends on the amount of the antibody used). No
other small RNAs such as 5S rRNA, tRNAs or the <100
nt and ∼130 nt RNAs identified in Figure 1A were bound
to the RNAP core (Figure 4C, lane 7), indicating that the
Ms1-RNAP core interaction is specific. Accordingly, three
control RNAs (two mRNAs: mysA encoding σ A, rpoC en-
coding RNAP subunit � and 16S rRNA) also did not in-
teract with RNAP (Figure 4D). In agreement with previous
results ((17) and glycerol gradient ultracentrifugation, Fig-
ure 2B), we did not see any binding of Ms1 to σ A or the
RNAP-σ A holoenzyme (Figure 4C, lane 6, Figure 4D). This
is in sharp contrast with the situation in E. coli, where al-
most all 6S RNA was pulled down with the antibody against
σ 70, as 6S RNA interacts with the RNAP-σ 70 complex (21)
(Figure 4C, lane 2, Figure 4D). Furthermore, in E. coli no
6S RNA coimmunoprecipitated with the anti-RNAP anti-
body (Figure 4C, lane 3). Thus, in contrast to 6S RNA, Ms1
interacts specifically with the RNAP core devoid of σ fac-
tors, representing a novel type of RNAP–sRNA interaction
module.
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Figure 2. Ms1 is present in a large protein complex. Lysates from stationary phase Mycobacterium smegmatis (A) or Escherichia coli (C) cells were
fractionated by ultracentrifugation in glycerol gradients; individual fractions (1–20; top to bottom) were collected and the RNAs present in each fraction
were resolved on denaturing polyacrylamide gels and stained with GelRed. The RNAP � subunit and primary σ factors were visualized by western blotting.
Relative amounts of sRNAs (Ms1 and 6S RNA visualized by GelRed) and proteins detected by western blotting are shown below. (B) Proteins from Ms1
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fractions. For details on the mass spectrometry analysis, see Supplementary Table S2. This experiment was performed 3× with identical results.
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Ms1 overexpression in exponential phase does not affect σ A

binding to RNA polymerase

We asked whether Ms1 sRNA overexpression in exponen-
tial phase could disrupt the association of the RNAP core
with σ A. To investigate this, we transformed M. smegmatis
with a plasmid carrying Ms1 under the control of a ribo-
somal RNA promoter (rrnB) that is strongly active in ex-
ponential phase (9,33). In vitro, Ms1 with a deleted inter-
nal bubble (Ms1nb) interacted much less with core RNA
polymerase compared to the intact Ms1 (Figure 3C). There-
fore we also prepared a strain with Ms1nb under the rrnB
promoter to test the importance of this predicted struc-
tural element in vivo. Both RNAs were expressed in high
amounts in exponential phase (Figure 5A). Next, we deter-
mined whether the artificially overexpressed Ms1 could in-
teract with the RNAP core in exponential phase. Ms1 inter-
acted with the RNAP core in a similar manner to endoge-
nous Ms1 in stationary phase (Figure 5B, ∼20% of total
Ms1 present in bacterial cell was pulled down with RNAP
when 2 �g of anti-RNAP antibody (8RB13) were used). In
addition, <5% of the total Ms1nb associated with RNAP,
indicating that the presence of the central bubble increases
binding to RNAP. In contrast to the previous observations
with a M. tuberculosis strain with an overexpressed Ms1 ho-
molog (8), Ms1 overexpression did not slow the growth of
M. smegmatis. Strains with elevated levels of Ms1 or Ms1nb
did not exhibit any significant difference in growth rate
from the strain carrying an empty control vector (pJAM2)
(Figure 5C). Moreover, the overexpression of Ms1 did not
seem to affect the amount of the RNAP � subunit (i.e. the
amount of RNAP core) that was bound to σ A, indicating
that the level of RNAP holoenzyme is unchanged despite
the elevated Ms1 level (Figure 5D).

Increased level of σ A in stationary phase of growth diminishes
the amount of Ms1-RNA polymerase complex

As Ms1 seems to not influence the level of RNAP in com-
plex with σ A, we asked the reverse question: Can σ A affect
the amount of Ms1 bound to the RNAP core? To test this in
vivo, we overexpressed σ A in stationary phase cells from the
pJAM2-σ A plasmid, which contains the σ A (mysA) gene un-
der an inducible acetamidase promoter (31). As a control,
we used cells with an empty pJAM2. Acetamide was added
at the entry into stationary phase (OD600 ∼1.6) to induce
σ A expression, cells were harvested after 6 h and the in-
crease in the σ A protein level was confirmed by western blot-
ting (Figure 6A). Interestingly, overexpression of σ A also in-
creased the expression of Ms1 ∼2.5-fold (Figure 6B), which
is in agreement with the presence of the putative σ A-like
promoter sequence upstream of Ms1 in the genome (Fig-
ure 1C). We then immunoprecipitated the RNAP core and
measured the amount of Ms1 coimmunoprecipitated from
cells with pJAM2-σ A overexpressing σ A and compared it to
cells with pJAM2. In cells overexpressing σ A we observed
an ∼8-fold reduction in the amounts of Ms1 bound to the
RNAP core (Figure 6C). Although this reduction can be
partially explained by the increase in the total amount of
Ms1 in pJAM2-σ A cells, the 8-fold decrease in Ms1 bound
to core RNA polymerase suggests that σ A negatively affects
the Ms1–RNAP interaction.

The amount of RNA polymerase holoenzyme decreases in sta-
tionary phase

Finally, we asked why mycobacterial Ms1 interacts with
core RNAP whereas 6S RNA, which is present in the ma-
jority of other species, binds to the RNAP holoenzyme. A
possible explanation could be that mycobacteria may dif-
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fer in their amounts of the RNA polymerase holoenzyme
in stationary phase. Therefore we compared the amounts
of the RNAP core that coimmunoprecipitated with σ 70/σ A

(the ratio of RNAP to σ A) in exponential versus station-
ary phase both in M. smegmatis and in E. coli by analyz-
ing the data from Figure 4A. While in E. coli, a similar
amount of RNAP (monitored by the level of �) coimmuno-
precipitated with σ 70 both in exponential and stationary
phases (compare lanes 2 and 6 in Figure 4A), in M. smeg-
matis fewer RNAPs coimmunopreciptated with σ A after the
transition from exponential to stationary phase (lanes 10
and 14 in Figure 4A). Thus, in M. smegmatis there was a
smaller amount of the σ A-containing holoenzyme in sta-
tionary phase when compared to exponential phase, while
in E. coli the amount of the holoenzyme was about the same.

Furthermore, in late stationary phase (12 h into it), the
RNAP core had an even lower chance to form a holoenzyme
with σ A in M. smegmatis as we observed a decrease in the
total amount of σ A in the cells (relative to the RNAP � sub-
unit, Figure 7A) whereas in E. coli the total level of σ 70 did
not change even 16 h after entering stationary phase (com-
pare the amount of σ 70 to the RNAP � subunit, Figure 7A),
suggesting that the decline in σ A was specific for M. smeg-
matis. This difference in the σ A level in M. smegmatis is not
visible when the cells are harvested in the early stationary
phase (Figure 4A). This means that the adaptation to sta-
tionary phase (with respect to σ A association with RNAP)
in M. smegmatis is 2-fold: the binding of σ A to RNAP is de-
creased and the total level of σ A drops. Thus, M. smegmatis
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rying the empty vector. (B) Ms1 sRNA expression increases ∼2.5-fold after
the overexpression of σA (Ms1 RNA level was measured by RT-qPCR and
normalized to 16S rRNA). (C) The amount of Ms1 coimmunoprecipitated
with RNAP core decreased more than 8-fold after the overexpression of σA

(coimmunoprecipitated Ms1 was first normalized to the input and then to
control cells with the empty pJAM2; the graph shows the averages from
two independent experiments and the error bars indicate the range).
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Figure 7. Modes of interaction of sRNAs with bacterial RNAP. (A) The
level of σA relative to � dropped in Mycobacterium smegmatis cells har-
vested 12 h after entry into stationary phase. In Escherichia coli, the relative
protein level of σ 70 to � remained unchanged even after 16 h in stationary
phase of growth. The experiment was repeated 3× with identical results.
(B) 6S RNA (e. g. E. coli, Bacillus subtilis) binds to RNAP containing the
main σ factor. (C) Ms1 (mycobacteria) binds to the RNAP core in the ab-
sence of σ factors and the presence of σA decreases this interaction.
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significantly differs from E. coli in the composition of the
transcription machinery in stationary phase.

DISCUSSION

Protein binding partners of Ms1

In this study we characterized Ms1, a highly abundant
sRNA from M. smegmatis. We determined that Ms1 binds
to the RNAP core devoid of σ factors. Until now, only
6S RNA was shown to bind to RNAP and the presence
of the main σ factor is essential for this interaction. Thus,
the Ms1–RNAP complex represents a novel type of sRNA–
RNAP interaction. Moreover, we detected no other sRNA
to interact either with the RNAP core or holoenzyme, sug-
gesting that M. smegmatis likely does not contain a 6S
RNA. This reflects the difference between mycobacteria
and other bacterial species (see ‘The difference between my-
cobacteria and other bacteria in their interaction of RNAP
with sRNAs’ section).

In addition to the RNAP core, two other proteins were
found to potentially interact with Ms1. One of them was
the transcription termination factor Rho (Figure 3C). It
was recently shown that Rho associates with free RNAP
as well as with the RNAP/DNA complex (45), which sug-
gests that the Rho factor might be able to associate with
the RNAP–Ms1 complex. Future experiments will have to
determine whether there is a direct interaction between Ms1
and Rho. Further, Ms1 pulled down polyribonucleotide nu-
cleotidyltransferase (or polynucleotide phosphorylase, PN-
Pase), an enzyme playing both synthetic (as RNA poly-
merase) and degradative roles (as RNase) in M. smegma-
tis RNA metabolism (46). In Streptomyces coelicolor, which
belongs to the group of actinobacteria like M. smegma-
tis, PNPase affects the processing of structured RNAs (47).
Thus, PNPase could affect the stability of Ms1.

Ms1 structure

By comparing available homologs, we bioinformatically
predicted the secondary structure of Ms1. This secondary
structure resembles an open promoter-a long hairpin struc-
ture with a single-stranded central bubble. In this respect,
Ms1 resembles 6S RNA (13,17,20). Moreover, we showed
that the central bubble is important for the interaction with
the RNAP core (Figures 3C and 5B). We envisage that Ms1
may interact with RNAP in a similar manner as RNAs of
viral origin containing unpaired regions that were shown
to be efficiently bound to, and extended by the RNAP core
in the absence of σ factors (48). Similarly, the RNAP core
was reported to bind to artificial DNA templates containing
open (bubble) regions without the aid of σ factors (49,50).
The σ factor is not required because the DNA is already
open (48–50). The structural details that distinguish Ms1
from 6S RNA will be addressed by future studies.

Expression of Ms1

The Ms1 level in the cell increases ∼130-fold in station-
ary phase compared to exponential phase of growth. Al-
though the putative Ms1 promoter sequence resembles a
σ A-dependent promoter, it is not clear which σ factor is

required for its expression. We observed the accumulation
of Ms1 after the overexpression of σ A in stationary phase
(Figure 6B). However, this still does not prove that the Ms1
promoter is σ A–dependent and we cannot exclude that the
accumulation of Ms1 after the increase in the level of σ A

in stationary phase is not a secondary effect due to the
changed expression of an unknown transcription regulator.
An example is the LexA repressor protein that was recently
shown to bind at the MTS2823 (Ms1 homolog) locus in the
genome of M. tuberculosis (51). Other proteins may also as-
sociate with the Ms1 genomic locus and participate in the
regulation of its expression.

The quantity of Ms1 in the cell

By two independent methods, we calculated that each sta-
tionary phase cell contains several hundred Ms1 molecules
(∼400 or ∼600). In stationary phase, almost 40% of to-
tal Ms1 sRNA interacts with RNA polymerase, which sug-
gests that ∼200 Ms1 molecules bind around 200 molecules
of core RNA polymerase. As a control, we calculated that
the number of ribosomes (based on 5S rRNA) is ∼2800 per
cell. This is a lower number than what was reported for E.
coli (52–56) but it likely reflects the presence of only two
rRNA operons in M. smegmatis (57,58) as well as its rel-
atively slow growth rate (59). The number of RNA poly-
merase molecules/cell was calculated to be 1400–1500 in
slowly growing E. coli or B. subtilis and the slower the
growth rate, the less RNA polymerase was present (53,60–
62). In E. coli, the majority of RNA polymerase is bound to
the DNA and only ∼17% of the molecules are free (63), rep-
resenting around ∼250 molecules/cell. If similar numbers
are applicable to M. smegmatis, it would mean that almost
all nontranscribing RNA polymerase in the cell is stored in
the form of the core enzyme associated with Ms1.

Connection between Ms1, RNAP core and σ A

We were able to express Ms1 sRNA in exponential phase
in a comparable quantity to the amount of Ms1 present in
stationary phase (see Figures 1A and 5A, in both gels the
Ms1 sRNA accumulation relative to 5S rRNA was simi-
lar). Interestingly, Ms1 expressed in exponential phase in-
teracted with RNA polymerase in comparable amounts to
the endogenous Ms1 in the stationary phase (compare % of
input in Figures 4C and 5B). This means that ∼200 Ms1
molecules interacted with RNA polymerase in each cell
upon Ms1 overexpression. However, cells could efficiently
cope with the increase in RNAP-bound to Ms1 because the
overexpression of Ms1 did not change the growth rate (Fig-
ure 5C). This is in contrast to the situation in M. tuberculo-
sis, where overexpression of the Ms1 homolog resulted in a
moderate reduction of the growth rate (8). It is possible that
under our experimental conditions (M. smegmatis grown
in rich medium) the cells contain enough free RNA poly-
merase and thus are not affected by the presence of Ms1,
or, there might be different levels of free core RNAP in these
two species.

The overexpression of Ms1 in exponential phase did not
alter the amount of RNAP holoenzyme containing σ A. On
the other hand, the overexpression of σ A in stationary phase
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decreased the amount of Ms1 bound to RNAP. Taken to-
gether, this suggests that Ms1 does not displace σ A from
RNAP but σ A can either prevent the binding of Ms1 to
RNAP or help displace Ms1 from the RNAP core. Hence,
in the presence of a low concentration of σ A Ms1 might sta-
bilize the RNAP core in stationary phase and during dor-
mancy, which is important for the long-term survival of the
cell (64). Upon encountering favorable conditions, Ms1 may
be released from RNAP and replaced with σ A (Figure 7C).
Alternatively, by binding to the RNAP core, Ms1 might af-
fect transcription dependent on alternative σ factors; this
could be important for mycobacteria as they have a higher
number of σ factors than e.g. E. coli.

The difference between mycobacteria and other bacteria in
their interaction of RNAP with sRNAs

We inspected the PAGE gels (Figure 4B) and could not
find any RNAs that associated with mycobacterial σ A or
the RNAP-σ A complex in stationary phase (see the empty
lane with anti-σ A). In addition, no sRNA peaks were de-
tected with the RNAP-σ A holoenzyme in M. smegmatis
stationary phase glycerol gradients (Figure 2A, fractions
7–8). This suggests that, in contrast to E. coli and many
other bacterial species, M. smegmatis does not have a 6S
RNA that interacts with the RNAP-σ A complex. In ad-
dition, no abundant sRNA of similar length to 6S RNA
(150–210 nt) was present in M. smegmatis in either the sta-
tionary or exponential phase (in some species 6S RNA can
also be expressed in exponential phase (65,66)). Although
M. smegmatis highly expresses unknown sRNAs <100 nt
in stationary phase and ∼130 nt in exponential phase (Fig-
ure 1A), we do not assume them to be 6S RNAs because
they are relatively short. If M. smegmatis possesses any 6S
RNA, it is present in significantly smaller amounts than in
other species or it must be expressed under specific condi-
tions that we have not tested. Interestingly, 6S RNA was
not found in Corynebacterium glutamicum, which belongs
to the actinobacteria group like M. smegmatis (67). Why,
then, are mycobacteria different from other bacteria, such
as E. coli and B. subtilis, with respect to the mode of in-
teraction between their respective sRNA and RNAP? The
simplest explanation is that they do not need 6S RNA to
bind to RNAP-σ A because stationary M. smegmatis cells
contain relatively few RNAP-σ A holoenzymes (Figure 4A)
and the low level of σ A in the cell (Figure 7A) (68). In fact,
mycobacteria even need a dedicated RNAP binding pro-
tein, RbpA, to stabilize the interaction between RNAP and
σ A (69). RbpA was shown to be essential in M. tuberculosis
(70), and until now it has only been found in mycobacteria
and other related species within the group of actinobacte-
ria (71,72), indicating a principal difference in the formation
and maintenance of the RNAP-σ A complex in these species
compared to other bacteria. This difference appears to be
highlighted by the two types of sRNA interacting in differ-
ent ways with the transcription machinery (Figure 7B and
C). Thus, the regulation of transcription during stationary
phase of growth can significantly vary in individual bacte-
rial species and there is no general rule applicable to all bac-
teria.
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34. Krásný,L. and Gourse,R.L. (2004) An alternative strategy for
bacterial ribosome synthesis: Bacillus subtilis rRNA transcription
regulation. EMBO J., 23, 4473–4483.

35. Ignatov,D., Malakho,S., Majorov,K., Skvortsov,T., Apt,A. and
Azhikina,T. (2013) RNA-Seq analysis of Mycobacterium avium
non-coding transcriptome. PLoS One, 8, e74209.

36. Newton-Foot,M. and Gey van Pittius,N.C. (2013) The complex
architecture of mycobacterial promoters. Tuberculosis (Edinb), 93,
60–74.

37. Kingsford,C.L., Ayanbule,K. and Salzberg,S.L. (2007) Rapid,
accurate, computational discovery of Rho-independent transcription
terminators illuminates their relationship to DNA uptake. Genome
Biol., 8, R22.1–R22.8.

38. Altschul,S.F., Gish,W., Miller,W., Myers,E.W. and Lipman,D.J.
(1990) Basic local alignment search tool. J. Mol. Biol., 215, 403–410.

39. Thompson,J.D., Higgins,D.G. and Gibson,T.J. (1994) CLUSTAL W:
improving the sensitivity of progressive multiple sequence alignment
through sequence weighting, position-specific gap penalties and
weight matrix choice. Nucleic Acids Res., 22, 4673–4680.

40. Hofacker,I.L. (2004) RNA secondary structure analysis using the
Vienna RNA package. Curr. Protoc. Bioinformatics, Chapter 12, Unit
12.12.

41. Stalder,E.S., Nagy,L.H., Batalla,P., Arthur,T.M., Thompson,N.E.
and Burgess,R.R. (2011) The epitope for the polyol-responsive
monoclonal antibody 8RB13 is in the flap-domain of the beta-subunit
of bacterial RNA polymerase and can be used as an epitope tag for
immunoaffinity chromatography. Protein Expr. Purif., 77, 26–33.

42. Thompson,N.E., Foley,K.M., Stalder,E.S. and Burgess,R.R. (2009)
Identification, production, and use of polyol-responsive monoclonal
antibodies for immunoaffinity chromatography. Methods Enzymol.,
463, 475–494.

43. Werner,F. (2012) A nexus for gene expression-molecular mechanisms
of Spt5 and NusG in the three domains of life. J. Mol. Biol., 417,
13–27.

44. Cosgriff,S., Chintakayala,K., Chim,Y.T., Chen,X., Allen,S.,
Lovering,A.L. and Grainger,D.C. (2010) Dimerization and
DNA-dependent aggregation of the Escherichia coli nucleoid protein
and chaperone CbpA. Mol. Microbiol., 77, 1289–1300.

45. Epshtein,V., Dutta,D., Wade,J. and Nudler,E. (2010) An allosteric
mechanism of Rho-dependent transcription termination. Nature,
463, 245–249.

46. Unciuleac,M.C. and Shuman,S. (2013) Distinctive effects of domain
deletions on the manganese-dependent DNA polymerase and DNA
phosphorylase activities of Mycobacterium smegmatis polynucleotide
phosphorylase. Biochemistry, 52, 2967–2981.

47. Jones,G.H. and Mackie,G.A. (2013) Streptomyces coelicolor
polynucleotide phosphorylase can polymerize nucleoside
diphosphates under phosphorolysis conditions, with implications for
the degradation of structured RNAs. J. Bacteriol., 195, 5151–5159.

48. Pelchat,M., Grenier,C. and Perreault,J.P. (2002) Characterization of a
viroid-derived RNA promoter for the DNA-dependent RNA
polymerase from Escherichia coli. Biochemistry, 41, 6561–6571.

49. Fredrick,K. and Helmann,J.D. (1997) RNA polymerase sigma factor
determines start-site selection but is not required for upstream
promoter element activation on heteroduplex (bubble) templates.
Proc. Natl. Acad. Sci. U.S.A., 94, 4982–4987.

50. Komissarova,N., Kireeva,M.L., Becker,J., Sidorenkov,I. and
Kashlev,M. (2003) Engineering of elongation complexes of bacterial
and yeast RNA polymerases. Methods Enzymol., 371, 233–251.

51. Smollett,K.L., Smith,K.M., Kahramanoglou,C., Arnvig,K.B.,
Buxton,R.S. and Davis,E.O. (2012) Global analysis of the regulon of
the transcriptional repressor LexA, a key component of SOS response
in Mycobacterium tuberculosis. J. Biol. Chem., 287, 22004–22014.

52. Nilsson,M., Birnbaum,S. and Wahlund,K.G. (1996) Determination
of relative amounts of ribosome and subunits in Escherichia coli
using asymmetrical flow field-flow fractionation. J. Biochem. Biophys.
Methods, 33, 9–23.

53. Bremer,H. and Dennis,P.P. (1996) Modulation of chemical
composition and other parameters of the cell by growth rate. 2nd edn.
ASM Press, Washington, D.C.

54. Liveris,D., Klotsky,R.A. and Schwartz,I. (1991) Growth rate
regulation of translation initiation factor IF3 biosynthesis in
Escherichia coli. J. Bacteriol., 173, 3888–3893.

55. Bakshi,S., Siryaporn,A., Goulian,M. and Weisshaar,J.C. (2012)
Superresolution imaging of ribosomes and RNA polymerase in live
Escherichia coli cells. Mol. Microbiol., 85, 21–38.

56. Vendeville,A., Larivière,D. and Fourmentin,E. (2011) An inventory
of the bacterial macromolecular components and their spatial
organization. FEMS Microbiol. Rev., 35, 395–414.

57. Bercovier,H., Kafri,O. and Sela,S. (1986) Mycobacteria possess a
surprisingly small number of ribosomal RNA genes in relation to the
size of their genome. Biochem. Biophys. Res. Commun., 136,
1136–1141.

58. Bercovier,H., Kafri,O., Kornitzer,D. and Sela,S. (1989) Cloning and
restriction analysis of ribosomal RNA genes from Mycobacterium
smegmatis. FEMS Microbiol. Lett., 48, 125–128.

59. Cox,R.A. and Garcia,M.J. (2013) Adaptation of mycobacteria to
growth conditions: a theoretical analysis of changes in gene
expression revealed by microarrays. PLoS One, 8, e59883.
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Supplementary Figure 1. Quantification of Ms1 in stationary phase cells. (A) The 

amount of Ms1 was compared to the 300 nt band of RiboRuler Low Range RNA Ladder 

(Thermo Scientific) of known concentration. The same approach was used to quantitate 5S 

rRNA (control). M.s. ST is total RNA sample from M. smegmatis stationary phase cells. The 

PAGE was stained with GelRed. (B) The amount of Ms1 in total RNA sample from exponential 

(EX) and stationary (ST) phase was compared to in vitro transcribed Ms1 by northern blot 

analysis. Relative increase of Ms1 in stationary phase is ~130-fold, the graph shows the 

averages from two independent experiments and the error bars indicate the range. 

2 



Supplementary Figure 2

Supplementary Figure 2. Phylogenetic tree of Ms1 homologs and their positions in 

bacterial genomes. (A) The phylogenetic tree of Ms1 sRNAs created by the program Clusta-

lW (1) is shown. (B) The position of Ms1 homologs in the genome is conserved in the majority 

of other species and is independent of genome length. The positions indicated with black 

squares show the relative position within the genome. The size of the genome is indicated 

with grey circles.   
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Supplementary Figure 3

secondary structure conservation:

high

medium

low

Supplementary Figure 3. Ms1 secondary structure 

alignment. Secondary structures of 33 Ms1 sRNA 

candidates predicted with RNAsubopt program were 

aligned by RNAforester program (2). The alignment is 

shown as a consensus secondary structure with 

structural conservation indicated by a gray to red color 

scale (red for the strongest conservation). 
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Supplementary Figure 4
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Supplementary Figure 4. Interaction of Ms1 with RNAP containing a FLAG-tagged 

subunit. (A)  RNAP subunits were pulled down from the strain carrying FLAG-tag RpoB (  

subunit), but not from the wt control strain. (B) RNA that was pulled together with FLAG-tag 

RpoB was isolated and the presence of Ms1 quantified by RT-qPCR. Ms1 was pulled down in 

the strain with RpoB-FLAG, but not in the wt strain. In addition, no control mRNA - mysA ( A  

mRNA), rpoC (RNAP ´ subunit mRNA) nor 16S rRNA were pulled down in either the wt or 

RpoB-FLAG strain. 
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List of Primers 

Ec – primers used to amplify sequences from E. coli; Ms - primers used to amplify 
sequences from M. smegmatis; the identity of the gene that was amplified with a 
particular primer is included in the name of the primer

Primers used for qPCR  (5' to 3'): 

Ms_Ms1_ F         GCCGGAAGAGAAGGCTAGAT 
Ms_Ms1_ R  CGTCCGCTTTTCGAAACTAC 
  these primers amplify both Ms1 and Ms1nb with similar efficiency 

Ms_MysA_F  CCAAGGGCTACAAGTTCTCG 
Ms_Mys_R  CTTGTTGATCACCTCGACCA 
Ms_RpoC_F  CGACGAGATCTGGAACACCT 
Ms_RpoC_R  GGTGAAGTACTCGCCGTAGC 
Ms_16SrRNA_F                 TCATGTTGCCAGCACGTTAT 
Ms_16SrRNA_R                 AAGGGGCATGATGACTTGAC 

Ec_6SRNA_F  AGTCCCCTGAGCCGATATTT 
Ec_6SRNA_ R  CGCAGTTTTAAGGCTTCTCG 
Ec_RpoD_ F  TTCGTACGCAAGAACGTCTG 
Ec_RpoD_ R  AGGTATCGCTGGTTTCGTTG 
Ec_RpoC_F  GAAACCAACTCCGAAACCAA 
Ec_RpoC_R  CGGTCAGGATCATCCACTCT 
Ec_16SrRNA_F                 CAGAAGAAGCACCGGCTAAC 
Ec_16SrRNA_R                 CGGGGATTTCACATCTGACT 

Primers used to amplify template for T7 RNA polymerase in vitro transcription (5' to 3'): 

Ms1_IVT_F  TACGTAATACGACTCACTATAGGAGAACGGAAGCTTGGCGAGGC 
Ms1_IVT_R  AAAAGAAATCGGGCGGCGTCCCGGACAATGTCCGG 

DNA Sequences used to create the rrnB-Ms1 and rrnB-Ms1nb fusions (5' to 3')

The DNA sequences listed below were synthesized by Invitrogen (GeneArt Strings 

DNA Fragments). The sequence highlighted in grey was not part of the commercially 

synthesized sequences and was added subsequently by PCR (the sequence is 

included in the Ms1_pJAM2_R primer – see next page). (2)

rrnB ribosomal promoter initiation nucleotide 

GTGACCGCGTCTGACCAGGGAAAATAGCCCTCTGACCTGGGGATTTGACTCCCAGTTT
CCAAGGACGTAACTTATTCCAGG 
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Ms1nb 

ACGGAAGCTTGGCGAGGCCAAGACCCAGCCGGAAGAGAAGGCTAGATCTCCCGACCC
AAGCTCCTAGCACGGATACCGAGCACCCACGCGGAGCGTTGCGGACCTGCGTAGTTTC
GAAAAGCGGACGGCCACGACGGCCCTTTGGGTGGGGTTGCAGCCGTAGCGCATCGCA
AAGACGCCGAGGTCACCCACGCAACGCACGCTTGGTCACTCGGGGTCCGTGCTAGCG
GGCGGCGAACCGGACATTGTCCGGGACGCCGCCCGATTTCTTTT 

Ms1 

ACGGAAGCTTGGCGAGGCCAAGACCCAGCCGGAAGAGAAGGCTAGATCTCCCGACCC
AAGCTCCTAGCACGGATACCGAGCACCCACGCGGAGCACATGCCGCGGAATAGGCAAA
AGTGTTGCGGACCTGCGTAGTTTCGAAAAGCGGACGGCCACGACGGCCCTTTGGGTGG
GGTTGCAGCCGTAGCGCATCGCAAAGACGCCGAGGTCACCCACGCAACCCACATCGCA
CGCTTGGTCACTCGGGGTCCGTGCTAGCGGGCGGCGAACCGGACATTGTCCGGGACG
CCGCCCGATTTCTTTT 

The commercially obtained DNAs were then used as templates for PCR (Phusion 

High-Fidelity DNA Polymerase, New England Biolabs) with primers carrying ~20 nt 

overlaps (primers were designed according to manufacturer´s instructions for 

GeneArt Seamless Cloning and Assembly Kit, Invitrogen) in these combinations:  

rrnB sequence: 
pJAM2_rrnB80_F  5‘-ATAAAGCTAGTCACGGTGACCGCGTCTGACCAGGG-3´ 
rrnB_Ms1_R  5´-CCTCGCCAAGCTTCCGTCCTGGAATAAGTTACGTCCTTG-3´ 

Ms1 and Ms1nb sequence: 
Ms1_F  5´-ACGGAAGCTTGGCGAGGC-3´ 
Ms1_pJAM2_R 5´-TGTCTAGAAGTACTGAAAAGAAATCGGGCGGCGTCCCGGACAATGTCCGG-3´ 

The obtained PCR products were purified by QIAquick PCR Purification Kit (Qiagen) 

and recombined together with linearized pJAM2 with deleted acetamidase promoter 

according to manufacturer´s instructions (GeneArt Seamless Cloning and Assembly 

Kit, Invitrogen) and transformed into One Shot TOP10 chemically Competent E. coli.  
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Enzymatic digestion, MALDI mass spectrometry and protein identification 

Coomassie Brilliant Blue-stained protein spots were excised from the gel, cut into 

small pieces and destained using 50 mM 4-ethylmorpholine acetate (pH 8.1) in 50% 

acetonitrile (MeCN). The proteins were further reduced with 30 mM TCEP in 100 mM 

Tris-HCl pH 8.0 at 65°C for 30 min and alkylated with 30 mM iodacetamide in 100 

mM Tris-HCl pH 8.0 for 60 min in the dark. The gel was washed with water, shrunk 

by dehydration in MeCN and reswelled again in water. The supernatant was removed 

and the gel was partly dried in a SpeedVac concentrator. The gel pieces were then 

incubated overnight at 37 °C in a cleavage buffer containing 25 mM 4-

ethylmorpholine acetate, 5% MeCN and trypsin (100 ng; Promega). The resulting 

peptides were extracted to 40% MeCN/0.1% TFA. An aqueous 50% MeCN/0.1% 

TFA solution of α-cyano-4-hydroxycinnamic acid (5 mg/ml; Sigma Aldrich) was used 

as a MALDI matrix. One µl of the peptide mixture was deposited on the MALDI plate, 

allowed to air-dry at room temperature and overlaid with 0.4 µl of the matrix. Mass 

spectra were measured on an Ultraflex III MALDI-TOF instrument (Bruker Daltonics, 

Bremen, Germany) in the mass range of 700-4000 Da and calibrated internally using 

the monoisotopic [M+H]+ ions of trypsin autoproteolytic fragments (842.5 and 2211.1 

Da). The peak lists created using the flexAnalysis 3.3 program were searched using 

the in-house MASCOT search engine against the SwissProt 2013_09 or NCBInr 

20130918 database subset of bacterial proteins with the following search settings: 

peptide tolerance of 30 ppm, missed cleavage site value set to one, variable 

carbamidomethylation of cysteine, oxidation of methionine and protein N-terminal 

acetylation. Proteins with a MOWSE score over the threshold of 56 (SwissProt) or 77 

(NCBInr) calculated for the settings used were considered to have been identified. If 

the score was lower or only slightly higher than the threshold value, the identity of the 

protein candidate was confirmed by MS/MS analysis. 
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Supplementary Table 1. Genomic characterization of Ms1 homologs.  

E-value 5' 3' genome 
length 

5' 
relative 

3' 
relative 

strand 5' flank. gene 3' flank. gene

    Mycobacterium smegmatis str. 
MC2 155 

5,00E-153 6242368 6242671 6988209 0,89327 0,89331 + morphological 
differentiation-

associated 
protein 

transcriptional 
regulator, IclR 
family protein 

    Mycobacterium rhodesiae 
NBB3 

3,00E-87 2176136 2175834 6415739 0,33919 0,33914 - ? ? 

    Mycobacterium sp. MCS 1,00E-73 5092319 5092618 5705448 0,89254 0,89259 + HAD-
superfamily 
subfamily IB 
hydrolase, 

TIGR01490 

hypothetical 
protein 

    Mycobacterium sp. KMS 1,00E-73 5129977 5130276 5737227 0,89416 0,89421 + HAD-
superfamily 
subfamily IB 
hydrolase, 

TIGR01490 

hypothetical 
protein 

    Mycobacterium sp. JLS 1,00E-73 5444334 5444633 6048425 0,90012 0,90017 + HAD-
superfamily 
subfamily IB 
hydrolase, 

TIGR01490 

hypothetical 
protein 

    Mycobacterium chubuense 
NBB4 

3,00E-73 5021204 5021510 5583723 0,89926 0,89931 + HAD-
superfamily 
subfamily IB 
hydrolase, 

TIGR01490 

hypothetical 
protein 

    Mycobacterium vanbaalenii 
PYR-1 

5,00E-65 5804185 5804455 6491865 0,89407 0,89411 + ? ? 

    Mycobacterium gilvum PYR-
GCK 

7,00E-63 1437598 1437327 5619607 0,25582 0,25577 - hypothetical 
protein 

HAD-
superfamily 
subfamily IB 
hydrolase, 
TIGR01490 

    Mycobacterium intracellulare 
ATCC 13950 

8,00E-56 421306 421017 5402402 0,077985 0,077931 - hypothetical 
protein 

HAD-
superfamily 
subfamily IB 
hydrolase, 
TIGR01490 

    Mycobacterium indicus pranii 
MTCC 9506 

8,00E-56 595492 595203 5589007 0,10655 0,1065 - hypothetical 
protein 

HAD-
superfamily 
subfamily IB 
hydrolase, 
TIGR01490 

    Mycobacterium sp. MOTT36Y 1,00E-54 415046 414757 5613626 0,073935 0,073884 - hypothetical 
protein 

HAD-
superfamily 
subfamily IB 
hydrolase, 
TIGR01490 

    Mycobacterium avium 104 2,00E-51 458797 458507 5475491 0,083791 0,083738 - hypothetical 
protein 

HAD-
superfamily 
subfamily IB 
hydrolase, 
TIGR01490 

    Mycobacterium avium subsp. 
paratuberculosis str. k10               

2,00E-51 438510 438220 4829781 0,090793 0,090733 - hypothetical 
protein 

hypothetical 
protein 

    Mycobacterium kansasii ATCC 
12478 

3,00E-48 2811382 2811648 6432277 0,43707 0,43712 - Inhibition of 
morphological 
differentiation 

protein 

hypothetical 
protein 

    Mycobacterium sp. JDM601 1,00E-47 4192229 4192522 4643668 0,90278 0,90285 + phosphoserine 
phosphatase 

SerB 

hypothetical 
protein 

    Mycobacterium marinum M 4,00E-47 6233431 6233734 6636827 0,93922 0,93926 + ? ? 

    Mycobacterium africanum
GM041182  

5,00E-46 4076624 4076920 4389314 0,92876 0,92883 + hypothetical 
protein 

hypothetical 
protein 

    Mycobacterium canettii CIPT 
140010059  

5,00E-46 4170632 4170928 4482059 0,93052 0,93058 + hypothetical 
protein 

hypothetical 
protein 
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    Mycobacterium bovis BCG str. 
Tokyo 172 DNA 

5,00E-46 4071048 4071344 4371711 0,93123 0,93129 + hypothetical 
protein 

hypothetical 
protein 

    Mycobacterium tuberculosis 
H37Rv 

6,00E-45 4100862 4101158 4411709 0,92954 0,92961 + HAD-
superfamily 
subfamily IB 
hydrolase, 

TIGR01490 

hypothetical 
protein 

    Mycobacterium ulcerans Agy99 2,00E-44 4707988 4708291 5631606 0,83599 0,83605 + ? ? 

    Mycobacterium liflandii 128FXT 2,00E-44 5839498 5839801 6208955 0,9405 0,94054 + ? ? 

    Nocardia nova SH22a 1,00E-32 431354 431076 8348532 0,051668 0,051635 - ? ? 

    Nocardia brasiliensis ATCC 
700358 

2,00E-31 429932 429652 9436348 0,045561 0,045532 - hypothetical 
protein 

putative 
hydrolase 

    Mycobacterium massiliense str. 
GO 06 

8,00E-31 432566 432303 5068807 0,085339 0,085287 - Glutathione 
import ATP-

binding protein 
GsiA 

Uncharacterized 
protein 

    Mycobacterium abscessus 
subsp. bolletii 50594 

8,00E-31 486041 485778 5000473 0,097199 0,097146 - hypothetical 
protein 

hypothetical 
protein 

    Nocardia cyriacigeorgica GUH-
2 chromosome  

2,00E-20 383868 383586 6194645 0,061968 0,061922 - conserved 
protein of 
unknown 
function 

putative 
hydrolase 

    Nocardia farcinica IFM 10152 
DNA 

8,00E-18 367388 367133 6021225 0,061015 0,060973 - hypothetical 
protein 

hypothetical 
protein 

    Rhodococcus opacus B4 DNA 1,00E-15 4576105 4575820 7913450 0,57827 0,57823 - hypothetical 
protein 

hypothetical 
protein 

    Rhodococcus erythropolis 
CCM2595 

8,00E-12 526261 526022 6281198 0,083784 0,083745 - hypothetical 
protein 

hypothetical 
protein 

    Rhodococcus erythropolis PR4 
DNA 

8,00E-12 556109 555870 6516310 0,085341 0,085304 - hypothetical 
protein 

hypothetical 
protein 

    Rhodococcus jostii RHA1 3,00E-11 4570369 4570084 7804765 0,58559 0,58555 - NaN NaN 

    Rhodococcus equi 103S 
chromosome 

3,00E-11 560162 559909 5043170 0,11107 0,11102 - hypothetical 
protein 

putative 
haloacid 

dehalogenase-
like hydrolase 

E-value - BLAST Expect value of the listed sequences relative to the Mycobacterium smegmatis Ms1. 
E-value is a statistical parameter, which characterizes the significance of an alignment. The 
lower the E-value, the lower the probability that the alignment is a random result. 

5‘, 3‘ – first and last nucleotides of the aligned sequences 

Genome length – the length of the relevant genome in bp 

5‘, 3‘ relative – relative position within the genome whose size (starting at ori) was taken as 1 

Strand – orientation of the strand (either + or -) 

5‘, 3‘ flank. gene – genes flanking Ms1 homologs, ? – no annotated ORF exists for these regions in 
the database 

The Ms1 sRNA candidates were detected by BLASTing (3) the M. smegmatis Ms1 

sequence against NCBI nr collection using the default parameters except of Word 

size that was set to 7 to obtain even less similar sequences. The obtained hits could 

be divided into two classes according to E-value. The first class contained hits with E-

value < 10-11 and the corresponding sequences were considered to be Ms1 
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candidates. Then, there was a large gap in E-value where we did not obtain any hits 

(from 10-11 to 10-3). The second class contained hits with E-value > 10-3 and these 

were considered unlikely to be Ms1 homologs. The sequences of the Ms1 candidates 

were then retrieved from the NCBI bacterial genome collection according to BLAST 

hits genomic loci. 

Supplementary Table 2. Mass spectrometric identification of M. smegmatis
abundant proteins in Ms1 glycerol gradient fractions. 

Accession 

number 

Protein No.

pept. 

SC 

[%] 

MS/MS analysis

MSMEG_1368 rpoC, DNA-directed RNA polymerase subunit 

beta' 

11 10 TFHQGGVTGGADIVGGLPR 

VTIIDSGSTEFLPGSLTER 

MSMEG_1367 rpoB, DNA-directed RNA polymerase subunit beta 12 11 VNPFGFIETPYR 

MSMEG_5049 sucA, Multifunctional 2-oxoglutarate metabolism 

enzyme 

14 11 IGDAHLALPEGFTVHPR 

MSMEG_4954 transcription termination factor Rho 8 15 AGILDVLDNYAFVR 

MSMEG_1807 acetyl-/propionyl-coenzyme A carboxylase subunit 

alpha  

15 29 SVAVYAEPDADAPHVR 

VSLPGDLAIGGGGGAAAPGVVR 

MSMEG_1813 propionyl-CoA carboxylase subunit beta 6 15 GYVDAVIPPSHTR 

AGYAGNIVVGFGR 

LQQTYEDTLVNPYIAAER 

MSMEG_4290 GlnA1, Glutamine synthetase 1 7 21 SVFEDGLAFDGSSVR 

LVPGYEAPINLVYSQR 

SGWWNTGEPFESDGSANR 

MSMEG_6242 alcohol dehydrogenase 5 12 LAQDVGIPDNFSQVR  

FHPFPR 

MSMEG_1524 rpoA, DNA-directed RNA polymerase subunit 

alpha 

9 28 SFALPIDDLDLTVR 

MSMEG_1878 S30AE family protein, RafS 4 13 NVEVPDHFR 

HAFDYGLIR 

No. pept. = Number of matched peptides, SC = Sequence coverage in % 
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Supplementary Table 3. Mass spectrometric identification of M. smegmatis proteins 
interacting with in vitro transcribed Ms1 RNA. 

Accession 

number

Protein No. 

pept.

SC 
[%]

MS/MS analysis

MSMEG_2656 Polyribonucleotide 
nucleotidyltransferase, guanosine 
pentaphosphate synthetase I, gpsI

10 20 AVFDMVVAGR TTDFGAFVSLLPGR 
ALVPVLPSIEEFPYAIR 
IALIDGTWVAFPTVEQLER

MSMEG_4954 transcription termination factor Rho 10 23 VFPAVDVNPSGTR TTILQDIANAITR 
VLSGLDSHQAIDLLISQLR 
TAEASSPATADAQTGEQAAEAPAPR

No. pept. = Number of matched peptides, SC = Sequence coverage in %

Supplementary Table 4. Mass spectrometric identification of proteins interacting 
with E.coli RNA polymerase imunoprecipitated by the 8RB13 antibody. 

Protein No.
pept.

SC 
[%]

MS/MS analysis

CbpA, Curved DNA-binding protein 16 56 FKEVAEAWEVLSDEQR 
ESILLTIPPGSQAGQR 

NusG, Transcription antitermination protein NusG 10 55 WYVVQAFSGFEGR 

No. pept. = Number of matched peptides, SC = Sequence coverage in % 
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List of strains and plasmids

Strain/plasmid Relevant characteristics Source 

Bacillus subtilis

168 wt Laboratory strain 

Escherichia coli   

K12 KW72 wt  (4), Tamas Gaal, 
University of 
Wisconsin-Madison, 
USA 

LK1270 

LK1282 

pJAM2 kan

pJAM2mysA kan

(5) 

(6) 

LK1314 

LK1315 

Mycobacterium 

smegmatis 

pJAM2-rrnB-Ms1nb kan

pJAM2-rrnB-Ms1 kan                                               

This study 

This study 

mc2155 wt  Laboratory strain 

MR-sspB rpoB-FLAG hyg kan (7) 

LK1302 

LK1304 

mc2 155 pJAM2 kan

mc2 155 pJAM2mysA kan

This study 

This study 

LK1323 mc2 155/pJAM2-rrnB-Ms1 kan This study 

LK1337 mc2 155/pJAM2-rrnB-Ms1nb kan This study 
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