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The I sigma factor from Bacillus subtilis is a  factor associated with RNA
polymerase (RNAP) that was previously implicated in adaptation of the cell to elevated
temperature. Here, we provide a comprehensive characterization of this transcriptional
regulator. By transcriptome sequencing (RNA-seq) of wild-type (wt) and I-null strains at
37°C and 52°C, we identiﬁed ⬃130 genes affected by the absence of I. Further analysis
revealed that the majority of these genes were affected indirectly by I. The I regulon,
i.e., the genes directly regulated by I, consists of 16 genes, of which eight (the dhb and
yku operons) are involved in iron metabolism. The involvement of I in iron metabolism
was conﬁrmed phenotypically. Next, we set up an in vitro transcription system and deﬁned and experimentally validated the promoter sequence logo that, in addition to ⫺35
and ⫺10 regions, also contains extended ⫺35 and ⫺10 motifs. Thus, I-dependent promoters are relatively information rich in comparison with most other promoters. In summary, this study supplies information about the least-explored  factor from the industrially important model organism B. subtilis.
ABSTRACT

IMPORTANCE In bacteria,  factors are essential for transcription initiation. Knowledge about their regulons (i.e., genes transcribed from promoters dependent on
these  factors) is the key for understanding how bacteria cope with the changing
environment and could be instrumental for biotechnologically motivated rewiring of
gene expression. Here, we characterize the I regulon from the industrially important model Gram-positive bacterium Bacillus subtilis. We reveal that I affects expression of ⬃130 genes, of which 16 are directly regulated by I, including genes encoding proteins involved in iron homeostasis. Detailed analysis of promoter
elements then identiﬁes unique sequences important for I-dependent transcription.
This study thus provides a comprehensive view on this underexplored component of
the B. subtilis transcription machinery.
KEYWORDS RNAP, RNA-seq, iron metabolism, promoter, sigma factor

B

acillus subtilis is a Gram-positive microorganism that belongs to the bacterial
phylum Firmicutes. Its main habitat is soil, but it is also found in the gastrointestinal
microbiomes of many organisms, including that of humans. In these habitats, B. subtilis
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encounters a wide range of conditions. Adaptation to these conditions depends on
changes in gene expression. The ﬁrst step in gene expression is transcription of DNA
into RNA, which is mediated by RNA polymerase (RNAP) (1). The bacterial RNAP
(␣2␤␤=) consists of several subunits. The ␣ dimer holds together ␤ and ␤=, which form
the catalytic center. The small  subunit mainly binds to the C-terminal part of ␤= and
helps with assembly and structural integrity of the enzyme (2, 3). Furthermore, in
Firmicutes RNAP associates with additional small proteins, ␦ and , which are considered
to be additional subunits, although the role of ␦ has recently been debated (4–6). The
core enzyme (␣2␤␤=␦) must associate with a  factor to initiate transcription. 
factors endow RNAP with the ability to recognize promoters—speciﬁc sequences in
DNA where transcription initiates. Depending on diverse environmental signals, bacterial gene expression is controlled by various  factors that control different sets of
genes (7, 8).
B. subtilis has one primary  factor, A, responsible for transcription of housekeeping
genes. The A factor consists of four domains, of which domain 1.1 autoinhibits this
factor in free form, preventing its binding to promoter DNA (9, 10). Furthermore, B.
subtilis has 17 alternative  factors and one -like factor (11–14). While most B. subtilis
 factors have been systematically studied, I remains poorly characterized, with a
nearly unknown regulon.
The I factor was discovered in 2001 by Zuber and colleagues (15). It is encoded by
the nonessential gene sigI (ykoZ) that is cotranscribed with rsgI, which encodes the
cognate anti- factor RsgI. Transcription of the sigI-rsgI operon is driven by a Idependent promoter (16) and also by a A-dependent promoter (17). The predicted
molecular weight of I is 29.04 kDa, and it has a theoretical isoelectric point of 8.31. RsgI
is a transmembrane protein that sequesters I under favorable growth conditions and
releases it when appropriate stimuli—for example, heat shock—appear (16). Degradation of RsgI by proteases ClpC and ClpP then provides a posttranslational layer of
regulation of I activity (18).
A I deletion strain was reported to be unable to grow on agar plates at 54° to 55°C
(15). This temperature-sensitive phenotype of strains lacking I was also implied in
other studies (16, 19–21). Moreover, it was shown that, along with heat shock response,
I was involved in cold shock response (20).
Currently, there are only seven genes, organized in ﬁve operons known to be I
dependent in B. subtilis: the sigI-rsgI operon itself (16), bcrC, the mreBH-ykpC operon
(21), lytE (22), and gsiB (15). Expression of some of these genes was shown to be
stimulated by WalR. WalR is the response regulator of the WalRK two-component
system that controls cell wall metabolism (23).
BcrC helps protect the cell against bacitracin (24) and paraquat (25), and it is also
needed for production of the carrier lipid for cell wall synthesis (26). MreBH participates
in formation of straight rod-shaped cells, and its depletion or overexpression in B.
subtilis leads to the appearance of malformed cells (27–30). Moreover, MreBH is
required for the lytic activity of a cell wall hydrolase, LytE, that is important for cell
elongation and separation (31–33). The function of the ykpC gene, which is located in
the same operon as the mreBH gene, is still unknown. GsiB is a general stress protein
that prevents inactivation of cellular enzymes upon freeze-thaw treatments and is
involved in responses to nutrient deprivation (34, 35).
In summary, information concerning I in B. subtilis is still fragmentary and incomplete. As B. subtilis is an extensively studied and industrially important organism, we
decided to ﬁll this gap in our knowledge. In this report, we use transcriptome sequencing (RNA-seq) to reveal the impact of B. subtilis I on gene expression. Based on the
transcriptomic data, we subsequently demonstrate that I is involved in iron metabolism. Finally, using recombinant I, we set up a I-dependent in vitro transcription
system to describe its promoter speciﬁcity, as well as to test the promoter regions of
selected genes for their dependence on I.
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FIG 1 Spot assays of B. subtilis wt, ΔsigI-rsgI, and ΔrsgI strains on agar plates at 37°C and 52°C. (a) Serial
dilutions of mid-logarithmic phase cultures (OD600, ⬃0.45) of wt, ΔsigI-rsgI, and ΔrsgI strains were spotted
on LB agar plates and incubated at 37°C and 52°C for 40 h. The experiment was repeated three times with
the same result. (b) Colony morphology of wt and ΔsigI-rsgI strains.

RESULTS
The I factor is important for growth at elevated temperature. We used B.
subtilis 168 trp⫹ (BaSysBio) as the genetic background to create ΔsigI-rsgI and ΔrsgI
strains (for details, see Materials and Methods). Under standard conditions (aerobic
cultivation in LB broth at 37°C), ΔsigI-rsgI and ΔrsgI strain growth was indistinguishable
from that of the wild-type (wt) strain (see Fig. S1 in the supplemental material).
Subsequently, we determined whether the ΔsigI-rsgI strain was sensitive to elevated
temperature. We grew ΔsigI-rsgI, ΔrsgI, and wt strains in LB at 37°C, spotted serial
dilutions of cell suspensions on agar plates, and let them incubate at 37°C and 52°C for
40 h (Fig. 1). All three strains displayed the same pattern of growth when cultivated at
37°C. In contrast, the ΔsigI-rsgI strain displayed impaired growth at 52°C, while wt and
ΔrsgI strains cultivated at this temperature had the same pattern of growth as that at
37°C. Thus, I was essential for efﬁcient growth when the cells were chronically exposed
to elevated temperature. This result was in agreement with previously published
observations (15, 16, 34).
Deletion of I changes cell morphology during heat stress. During the spot
assays described above, we noticed that the ΔsigI-rsgI colonies grown at 52°C displayed
different morphology in comparison to that of the wt and ΔrsgI strains (Fig. 1b). Hence,
we looked at the cells in close detail by scanning electron microscopy (SEM) of
mid-logarithmic phase ΔsigI-rsgI, ΔrsgI, and wt strains cultivated at 37°C and 52°C (Fig.
2). The results correlated with those of the spot assays; cells of all three strains grown
at 37°C had the typical rod shape of B. subtilis. In contrast, the ΔsigI-rsgI cells grown at
52°C displayed a previously unreported phenotype; that is, cells were bent and their
shape was irregular even compared to that of the same cells grown at 37°C, as well as
to that of ΔrsgI and wt cells grown at 37°C and 52°C. Finally, we tested whether the loss
of MreBH expression could be responsible for the growth defect at 52°C. We performed
the same type of experiment as in Fig. 1 using a ΔmreBH strain. The absence of mreBH
did not result in impaired growth at any temperature tested when the cells were
cultivated on LB agar plates (see Fig. S2 in the supplemental material).
I inﬂuences expression of 131 genes. To identify the genes regulated by I, we
used ΔsigI-rsgI and wt strains and RNA-seq as the ﬁrst approach. We cultivated the
strains at 37°C and 52°C to mid-logarithmic phase and performed Illumina-based
September 2018 Volume 200 Issue 17 e00251-18
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FIG 2 Cell shapes of the B. subtilis wt, ΔsigI-rsgI, and ΔrsgI cells imaged by scanning electron microscopy
(SEM). (a) wt cells grown in LB at 37°C. (b) wt cells grown in LB at 52°C. (c) ΔsigI-rsgI cells grown in LB
at 37°C. (d) ΔsigI-rsgI cells grown in LB at 52°C. (e) ΔrsgI cells grown in LB at 37°C. (f) ΔregI cells grown
in LB at 52°C. The experiment was performed twice with identical results. Bars, 5 m.

RNA-seq, with subsequent comparison of the ΔsigI-rsgI and wt transcriptomes to
identify differentially expressed genes (DEGs).
First, we identiﬁed DEGs between ΔsigI-rsgI and wt cells grown at 37°C (⬎1.5-fold
difference, ⬍5% false discovery rate). Expression of 13 genes was decreased in the
ΔsigI-rsgI strain relative to that of the wt (Fig. 3a, blue circle [i.e., genes positively
regulated by I]). Proteins encoded by these genes are mainly involved in transcription,
translation, and coping with stress (see Fig. S3 and Table S2 in the supplemental
material). Moreover, expression of 63 genes was increased (upregulated) in the ΔsigIrsgI strain (Fig. 3b, blue circle [i.e., genes negatively regulated by I]). They are mainly
involved in the regulation of cell metabolism and in coping with stress (Fig. S3 and
Table S2). Thus, at 37°C, I positively affects 13 genes and negatively affects 63 genes.
Second, at 52°C we detected 55 downregulated and eight upregulated genes in the
ΔsigI-rsgI strain compared to in the wt (Fig. 3, red circles). The majority of the affected
genes are involved in the regulation of the cell metabolism (e.g., iron metabolism). In
addition, upregulated genes included those involved in cell wall turnover (see Fig. S4
and Tables S4 and S5 in the supplemental material). Thus, at 52°C, I positively affected
55 genes and negatively affected eight genes. A considerable portion of these genes
encoded membrane-associated proteins (Fig. S3 and S4).
Six genes were downregulated at both temperatures, namely, lytE, sigI, rsgI,
mreBH, ykpC (previously known to be I dependent), and spoVD. Two genes—ykrP

FIG 3 Genes in B. subtilis affected by I. B. subtilis ⌬sigI-rsgI and wt strains were grown at 37°C and 52°C in LB broth
to an OD600 of ⬃0.45. RNA was extracted and libraries were prepared for transcriptome sequencing (RNA-seq). (a)
Genes positively regulated by I. These genes were downregulated in the ΔsigI-rsgI strain compared to in the wt
strain. (b) Genes negatively regulated by I. These genes were upregulated in ΔsigI-rsgI compared to wt.
September 2018 Volume 200 Issue 17 e00251-18
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FIG 4 The I factor is involved in iron metabolism in B. subtilis. Growth curves of the ΔsigI-rsgI
(triangles), ΔrsgI (squares), and wt (circles) strains grown in deﬁned MOPS medium at 37°C in the
presence (ﬁlled shapes) or absence (empty shapes) of FeCl3. The experiment was repeated three
times. The error bars show ⫾ standard deviation (SD).

and yrkH—were upregulated at both temperatures in the ΔsigI-rsgI strain compared
to those in the wt.
Taking these results together, based on the RNA-seq data, we ﬁnd that I affected
expression of 131 genes organized in 90 operons (Fig. 3; see also Tables S2 to S5 in the
supplemental material). We note here that the identiﬁed DEGs could be regulated by
I either directly (the bona ﬁde I regulon) or indirectly.
Genes affected by I in the context of the heat stimulon. To assess the importance of I for the cell, we compared genes affected by I with the genes stimulated
by heat in wt (52°C versus 37°C) and investigated where among these genes the
I-affected genes ranked (see Fig. S5 and Tables S6 and S7 in the supplemental
material). According to our RNA-seq data, the wt heat stimulon contained ⬎370 genes
(DEGs, ⬎2-fold difference). Seven genes that were stimulated by I (either directly or
indirectly) belonged among the top 10% of the heat-stimulated genes (e.g., malA,
carbon metabolism; mreBH, cell shape; and dhb genes, iron metabolism). We concluded
that I was involved in the regulation of expression of genes whose stimulation was
prominent at elevated temperature.
I is involved in iron metabolism. The RNA-seq data revealed that a signiﬁcant
number of genes inﬂuenced by I (23 genes organized in 11 operons) were involved in
iron metabolism (see Tables S3 and S4 in the supplemental material). Two of these
genes were misregulated at 37°C and 21 genes were misregulated at 52°C.
The absence of I increased expression of zosA (pfeT) [Fe(II) efﬂux pump] and mrgA
(iron storage protein) at 37°C. We speculated that a combination of increased iron efﬂux
and increased iron retention by MrgA in the ΔsigI-rsgI strain could affect iron homeostasis under limiting iron conditions. To test this hypothesis, we cultivated wt, ΔsigI-rsgI,
and ΔrsgI strains in a deﬁned 3-(N-morpholino)propanesulfonic acid (MOPS) medium
containing or lacking iron. While the doubling time of all strains was comparable, the
results repeatedly showed that at 37°C, the ΔsigI-rsgI strain had a markedly prolonged
lag phase in the absence of iron (Fig. 4).
The presence of I increased expression of 21 genes associated with iron metabolism at 52°C (Table S4), including genes involved in iron uptake (e.g., enzymes participating in siderophore [iron-chelating compound] synthesis and ABC transporters of
siderophores). However, the ΔsigI-rsgI strain did not grow at 52°C in the deﬁned MOPS
medium, regardless of the presence or absence of iron (see Fig. S6 in the supplemental
material).
The I regulon is small. To start distinguishing between direct and indirect effects
of I, we cloned and puriﬁed recombinant I by nickel afﬁnity chromatography via the
introduced C-terminal His tag (see Fig. S9 in the supplemental material). Next, we set
up an in vitro transcription system to assess the ability of I to directly regulate selected
genes. We used 25 promoter regions identiﬁed in our RNA-seq analysis (including three
September 2018 Volume 200 Issue 17 e00251-18
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FIG 5 Multiple-round in vitro transcription assays with promoter regions of I-regulated genes and RNAPI. (a) Alignment of I-dependent
promoters. The ⫺10 and ⫺35 elements and ⫹1 position for PsigI (16), PmreBH, and PbcrC (21) are in red. (b) Transcription was performed with
the RNAPI holoenzyme and the RNAP core. Transcription with the RNAP core was used to assess potential contamination of the RNAP core with
 factors. Promoter PsigI was used as a control and its transcription was set as 1. Pveg (A dependent) was used as a negative control for RNAPI.
Primary data (radioactively labeled transcripts resolved on polyacrylamide [PAA] gels) are shown below the graph. The error bars show averages
from three independent experiments ⫾ SD. (c) The I consensus logo was created from the 8 promoter sequences shown in panel a. Conserved
promoter elements are indicated above the logo.

promoter regions of genes previously demonstrated to be I dependent) and the
promoter regions of bcrC and gsiB, which were previously shown to be affected by I
but which did not appear in our transcriptomic screen (27 promoter regions in total).
We performed transcription assays with these templates both with RNAPA (see Fig. S7
in the supplemental material) and with RNAPI (Fig. 5). RNAPA was active on Pveg
(positive control) and also on promoter regions of the lytE, sigI, and dhb operon. These
genes were previously known to contain A-dependent promoters; our results conﬁrmed these ﬁndings (Fig. S7). The experiments were done at 37°C. In addition, we also
performed experiments with RNAPI at 52°C, and the results were similar to those
obtained at 37°C (data not shown).
RNAPI was active on eight out of the 27 tested promoter regions, namely, bcrC,
gsiB, sigI-rsgI, lytE, mreBH-ykpC, dhb, yku, and fabI. The ﬁrst ﬁve promoter regions
September 2018 Volume 200 Issue 17 e00251-18
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FIG 6 Multiple-round in vitro transcription assays with mutated PsigI promoter region. (a) Fragments of
the PsigI promoter region used for evaluating the importance of the identiﬁed sequence elements.
Fragment 1 contains the native PsigI promoter region. Fragments 2 to 9 contain mutations in ⫺10, ⫺35,
extended ⫺35 (Ext ⫺35), extended ⫺10 (Ext ⫺10) elements, and their combinations. Mutations are
highlighted in red. Fragments 10 and 11 contain control neutral (N) mutations highlighted in blue boxes.
The ⫺10 and ⫺35 regions and ⫹1 position are in bold and underlined. Extended elements are in bold.
(b) In vitro transcription with speciﬁc double substitutions in PsigI ⫺10 and ⫺35 I binding sites,
extended ⫺10, and extended ⫺35 elements. Transcription was performed with the RNAP core (lane B,
blank assay) and RNAPI holoenzyme on PCR products as a template. The blank assay was used to
demonstrate that the RNAP core was devoid of contaminating  factors. Primary data (radioactively
labeled transcripts resolved on PAA gel) are shown below the quantiﬁcation graph; the vertical black line
indicates the border between two PAA gels used for illustration. The dotted lines indicate lanes from the
same gel electronically positioned next to each other. Error bars show averages from three independent
experiments ⫾ SD.

corresponded to genes/operons known to be regulated by I. Thus, among the newly
identiﬁed putative 22 promoter regions, RNAPI was active on only three of them
(promoter regions of dhb and yku operons and the fabI gene). Although we did not test
the remaining 37 promoter regions that were positively affected by I according to
RNA-seq, this result strongly implied that the I regulon is small.
Characterization of the I promoter sequence. We aligned all of the known and
newly identiﬁed I promoter regions and created a I promoter sequence logo (Fig. 5a
and c). In comparison with the previously published I promoter logo created from
I-dependent promoter regions from Bacillales (21, 36), in addition to the ⫺10, ⫺35 and
“extended ⫺35” elements, we also identiﬁed an “extended ⫺10” element, which was
dissimilar to the well-studied extended ⫺10 element of A-dependent promoters (37).
A bioinformatic search for the I consensus sequence among promoter regions of the
I-affected genes yielded no obvious additional hits.
As the I logo was information rich (compared to that of, e.g., A), we wished to
determine the importance of the individual sequence elements for promoter activity.
For this purpose, we used the PsigI promoter and systematically mutated these
elements (Fig. 6). The results showed that double substitutions in ⫺35 and ⫺10
elements drastically reduced transcription (constructs 2 and 5, by ⬃90% and ⬃97%,
respectively), and their combination (construct 8) virtually abolished transcription.
Interestingly, the experiments revealed that the extended ⫺35 element is highly
September 2018 Volume 200 Issue 17 e00251-18
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FIG 7 Phylogenetic tree of B. subtilis I homologs. The list of the homologs is in Fig. S8 in the
supplemental material. The phylogenetic tree was inferred with RAxML, and the best-scoring maximum
likelihood tree is shown. Numbers denote bootstrap values (percent), as reported by RAxML. The scale
bar represents expected number of substitutions per site. Cbo, Clostridium botulinum; Csa, Clostridium
saccharobutylicum; Chy, Carboxydothermus hydrogenoformans; Rth, Rumuniclostridium thermocellum; Cce,
Clostridium cellulolyticum; Dha, Desulﬁtobacterium hafniense; Ban, Bacillus anthracis; Bth, Bacillus thuringiensis; Bce, Bacillus cereus; Gth, Geobacillus thermodenitriﬁcans; Bsu, Bacillus subtilis; Bam, Bacillus
amyloliquefaciens; Spn, Streptococcus pneumoniae; Bli, Bacillus licheniformis; Bme, Bacillus megaterium;
Cab, Chlamydia abortus; Sth, Symbiobacterium thermophilum; Hmo, Heliobacterium modesticaldum.

important, as its mutation almost completely canceled transcription (construct 3). The
extended ⫺10 element then led to an approximately 40% decrease in transcription
activity (construct 6), suggesting that it is still required for optimal performance of the
promoter (Fig. 6). Control “neutral” mutations without expected large effects on
transcription conﬁrmed that the “extended” elements are bona ﬁde promoter regulatory sequences that are involved in I-dependent transcription (Fig. 6b, constructs 10
and 11).
I in different bacterial species. Finally, to identify I homologs in other bacterial
species, we performed BLAST (38) searches and created a phylogenetic tree (Fig. 7)
from the most related amino acid sequences (see Fig. S8 in the supplemental material).
The closest relatives of B. subtilis I were proteins from Bacillus amyloliquefaciens, a
putative I from Streptococcus pneumoniae, and I from Bacillus licheniformis.
DISCUSSION
In this study, we performed a comprehensive characterization of I from B. subtilis.
We determined the effect of its presence/absence on gene expression during exponential growth in a rich medium at 37°C and 52°C, identiﬁed its involvement in iron
metabolism, and deﬁned its transcriptional properties.
Effect of I on gene expression. The I factor affected expression of 131 genes.
Nevertheless, the majority of these genes appear to be indirectly affected by I. Of the
seven genes that had been known or proposed to be regulated by I, we identiﬁed ﬁve
by RNA-seq, which gave us conﬁdence in the credibility of the transcriptomic data. We
also demonstrated the direct ability of RNAPI to initiate transcription from upstream
regions of these genes. In addition, we detected I-dependent promoter activity for the
bcrC and gsiB genes in vitro. However, we did not identify these genes in our RNA-seq
analysis. This could be due to the very weak transcriptional activity of the I-dependent
promoters of these genes (Fig. 5b) and, perhaps, to the speciﬁc experimental conditions
used; i.e., chronic heat stress (this study) versus temperature shift (15, 21).
Out of the 22 tested putative new promoter regions, in vitro transcription analysis
revealed three I-dependent promoters driving transcription of nine genes (dhbAdhbC-dhbE-dhbB-dhbF, ykuN-ykuO-ykuP, and fabI). The ﬁrst two operons are involved in
September 2018 Volume 200 Issue 17 e00251-18

jb.asm.org 8

I from Bacillus subtilis

Journal of Bacteriology

September 2018 Volume 200 Issue 17 e00251-18

Downloaded from http://jb.asm.org/ on December 2, 2018 by guest

iron metabolism. The dhb operon is involved in bacillibactin siderophore synthesis (39).
The yku operon encodes ﬂavodoxins that replace ferredoxin under conditions of iron
limitation and catalyze the O2-dependent desaturation of the acyl chain of membrane
phospholipids (40). In our transcriptomic data (in SigI-null relative to wt), we observed
decreased expression of ykuO and ykuP genes at 52°C, but their I-dependent promoter
was identiﬁed in in vitro transcription within a DNA fragment preceding the ﬁrst gene
of the operon, ykuN. Careful inspection of the RNA-seq data revealed that also the ykuN
gene was affected (⬃2⫻ 2) by the absence of I in the same way as ykuO and ykuP,
but this change in expression was not deemed signiﬁcant by the DESeq2 algorithm,
due to the low level of ykuN expression. The product of the fabI gene is enoyl-acyl
carrier protein reductase, which participates in fatty acid biosynthesis (41). Expression
of the fabI gene was affected at 37°C, suggesting that this effect is heat shock
independent.
In summary, the I regulon, as of now, is one of the smallest known B. subtilis
regulons, currently containing 16 genes. A search for I promoter sequences within the
upstream regions of genes that did not function in in vitro transcriptions revealed, in all
cases but one (feuA), the ⫺10 GAAA motif and the absence of ⫺35 regions. Hence, it
is possible that some of these genes are still regulated by I, and the presence of an
unknown regulator is required. Moreover, as there are still 37 promoter regions with
putative activation by I untested, a few more genes may be added to the list in the
future.
I-dependent promoters. We used all eight known promoter regions to create the
I promoter sequence logo (Fig. 5). Our logo revealed that I-dependent promoters are
information rich in the spacer region; besides ⫺35 and ⫺10 elements, extended ⫺35
and ⫺10 elements were identiﬁed. Importantly, functional analysis of extended ⫺35
and ⫺10 elements demonstrated their signiﬁcance for the promoter activity (Fig. 6).
The importance of the spacer region sequence for efﬁcient promoter utilization was
demonstrated in a number of previous studies. In Gram-negative Escherichia coli, it was
shown that an AT-rich spacer could both stimulate and inhibit transcription initiation,
depending on the promoter (42, 76). In Gram-positive B. subtilis it was demonstrated for
extracytoplasmic function (ECF)  factor-dependent promoters that the homopolymeric T-tract motif, proximal to the ⫺35 element, functioned in combination with the
core promoter sequences to determine selectivity of ECF  factors (43). This homopolymeric T-tract is reminiscent of, and might be analogous to, the I extended ⫺35
element described here. The sequence and position of the I extended ⫺10 element
then differs from the TRTGn motif that was described for A/70-dependent promoters
(44), where it precedes the ⫺10 element by 2 to 5 bp and interacts with domain 3 of
A/70 (45, 46). The extended ⫺10 element of I, however, is positioned 7 to 8 bp
upstream of the ⫺10 element, and may thus not interact with domain 3. It is possible
that the A·T pairs within the “extended” promoter elements increase conformational
ﬂexibility (47, 48) of the relatively long spacer (18 to 20 bp; compared to ⬃17-bp A
promoters [49]) and thus contribute to promoter accommodation onto RNAP and to
proper interactions of ⫺35 and ⫺10 elements with I. Future studies will be required
to address the detailed roles of the extended elements in recognition of these promoters by RNAP.
Cellular role of I. Despite the relatively small number of genes directly regulated
and indirectly affected by I, this  factor is important for proper functioning of the cell.
No single gene directly regulated by I is likely to be solely responsible for the growth
defect at elevated temperature. Nevertheless, some of the indirectly affected genes
could be responsible for this phenotype. The growth defect might be, at least in part,
due to downregulation of genes involved in carbon uptake and central metabolism,
such as malA, which encodes NAD(H)-dependent phospho-␣-1,4-glucosidase (50)
(the 3rd most upregulated gene in wt 37°C¡52°C), and odhA, which encodes
2-oxoglutarate dehydrogenase, an essential enzyme of the tricarboxylic acid (TCA)
cycle (51).
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TABLE 1 List of strains and plasmids
Strain or plasmid
B. subtilis
LK#1432 (BSB1)
LK#1550
MGNA-A781 (LK#1435)
LK#1456
MH5636 (LK#1275)
DK5247 (LK#2181)
LK#2191

Relevant characteristicsa

Source or reference

BaSysBio wt 168 trp⫹
ΔsigI-rsgI::spc, BaSysBio
ΔrsgI::MLS
ΔrsgI::MLS, BaSysBio
Bsu RNAP rpoC-10⫻His
ΔmreBH::kan
ΔmreBH::kan, BaSysBio

13
This work
72
This work
66
73; gift from D. Kearns
This work

Escherichia coli
LK#278
LK#475
LK#1242
LK#805 (LK22)
LK#180 (pRLG770)
LK#1177 (LK7558)
LK#1236
LK#1230
LK#1238
LK#1453
LK#1452
LK#1766

pET-22b, DH5␣
pGEX-5X-3
BL21/pSigI-6⫻His, BL21(DE3)
pCD2/Bsu_sigA, BL21(DE3)
pRLG770, DH5␣
pRLG770 with Pveg (⫺38/⫹1, ⫹1G), DH5␣
pRLG770 with PbcrC, DH5␣
pRLG770 with PgsiB, DH5␣
pRLG770 with PlytE, DH5␣
pRLG770 with PmreBH, DH5␣
pRLG770 with PsigI, DH5␣
pRLG770 with PdhbA, DH5␣

This
This
This
67
74
75
This
This
This
This
This
This

Downloaded from http://jb.asm.org/ on December 2, 2018 by guest

work
work
work

work
work
work
work
work
work

aMLS,

macrolide-lincosamide-streptogramin B resistance; kan, kanamycin resistance gene; spc, spectinomycin
resistance gene.

Furthermore, we observed a previously unreported malformed cell shape of ΔsigIrsgI at 52°C. This malformation might be attributed to pronounced downregulation of
mreBH and lytE, as it was previously demonstrated that both MreBH and LytE were
required for proper cell shape (27, 52). Moreover, these two proteins were shown to
interact in the cell (19, 27). The downregulation of both mreBH and lytE in the ΔsigI-rsgI
strain at 52°C was quite pronounced (⬃16⫻ 2 for both genes), whereas at 37°C it was
rather moderate (⬃3⫻ 2 for both genes), suggesting why the change in cell morphology was observed only at the higher temperature. The downregulation of mreBH
alone, then, was not responsible for the impaired growth, as a ΔmreBH strain did not
display this growth phenotype in spot assays (Fig. S2). In addition, yﬁY and yjeA, which
are involved in cell wall metabolism, were also downregulated, and this might have
contributed to the distorted cell shape.
A signiﬁcant fraction of the affected genes in the ΔsigI mutant were genes involved
in iron metabolism. Accordingly, a growth defect, prolonged lag phase, was observed
in the absence of iron at 37°C (Fig. 4). This could be due to altered iron homeostasis,
as iron uptake during the lag phase is important for preparing the cell for subsequent
exponential growth (53).
Finally, homologs of I from B. subtilis exist in other Bacillus and Clostridium spp., as
well as in some other species, such as Heliobacterium spp. and Geobacillus spp. (54). A
phylogenetic tree of I factor homologs is shown in Fig. 7. Interestingly, in different
organisms, these factors regulate divergent sets of genes (thermotolerance [15, 22],
virulence [55], and polysaccharide sensing [36]), although the promoter consensus
sequences, at least between Bacillus and Clostridium species, are similar (36), illustrating,
analogously to, e.g., eukaryotic Tcf7l1 (56), how different species tailored the use of a
transcription factor to their speciﬁc needs.
MATERIALS AND METHODS
Bacterial strains and DNA manipulations. The strains and plasmids used in this study are listed in
Table 1. For the study, we used B. subtilis 168 trp⫹ (BaSysBio) as the model organism (13). Competent
E. coli cells were prepared as described previously (57); competent B. subtilis cells were prepared as
described previously (58). PCR analysis was performed using the Expand High Fidelity PCR system
(Roche). The list of the primers is shown in Table S1 in the supplemental material.
The ΔsigI-rsgI::spc knockout strain was prepared via double crossover. The upstream (primers
1478/sigI_rsgI_LA_F and 1479/sigI_rsgI_LA_R) and downstream (primers 1480/sigI_rsgI_RA_F and 1481/
September 2018 Volume 200 Issue 17 e00251-18
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sigI_rsgI_RA_R) regions of the sigI-rsgI operon were cloned into the pGEX-5X-3 plasmid vector bearing
an inserted spectinomycin cassette (LK#475). The resulting plasmid (LK#1549) was transformed into
BaSysBio competent cells. The ﬁnal ΔsigI-rsgI::spc strain (LK#1550) was selected on spectinomycin plates.
In the ΔrsgI::MLS strain (MGNA-A781; source, National BioResource Project [NBRP] B. subtilis, Japan), the
rsgI gene is disrupted and not expressed. The ΔrsgI::MLS BaSysBio strain (LK#1456) was obtained by
transformation of genomic DNA (gDNA) from the purchased MGNA-A781 strain into BaSysBio competent
cells.
For overproduction of I, the sigI gene was ampliﬁed with the primers 1164/sigI_For and
1166/sigI_Rev_His and cloned using NdeI and XhoI restriction enzymes into expression vector
pET-22b (comprising the 6⫻His tag). The resulting plasmid, named pSigI-6⫻His (LK#1242), was
transformed into BL21(DE3) competent cells. All promoter regions of A- and I-dependent genes
were ampliﬁed from genomic DNA of B. subtilis BaSysBio with the primers 1067/PgsiB_For to
1897/PxlyA_R (Table S1) and cloned into the pRLG770 plasmid using EcoRI and HindIII restriction
enzymes. Puriﬁed supercoiled plasmids for multiple-round in vitro transcription assays were obtained using the Wizard Plus Midipreps DNA puriﬁcation system (Promega) with subsequent
phenol-chloroform extraction and ethanol precipitation. The plasmids were dissolved in water. All
constructs were veriﬁed by sequencing.
Media and growth conditions. For all experiments (with the exception of those testing iron requirement), precultures were inoculated from single colonies from LB agar plates and grown overnight in LB at
37°C. Overnight precultures were inoculated to fresh room temperature (RT) media to an optical density at
600 nm (OD600) of 0.03 and grown at 37°C and 52°C, respectively. Precultures of ΔsigI-rsgI, ΔrsgI, and ΔmreBH
strains were supplemented with spectinomycin (100 g/ml), lincomycin (12.5 g/ml) plus erythromycin (0.5
g/ml), or kanamycin (10 g/ml), respectively.
To monitor iron requirements, ΔsigI-rsgI, ΔrsgI, and wt strains were inoculated from a single colony
on LB agar plates to MOPS medium containing or lacking iron and grown overnight at 37°C. Overnight
precultures were inoculated to a fresh MOPS medium to an OD600 of 0.03; cultures were grown at 37°C
for 24 h. Afterwards, cultures were inoculated into fresh MOPS medium at room temperature (RT) at an
OD600 of 0.03 and grown at 37°C and 52°C. Growth was monitored at OD600. MOPS medium containing
iron consisted of 50 mM MOPS [3-(N-morpholino)propanesulfonic acid], 10 mM (NH4)2SO4, 1 mM KH2PO4,
2 mM MgCl2, 2 mM CaCl2, 5 M MnCl2, 0.5 M FeCl3, 50 g/ml of each amino acid, and 0.4% glucose.
MOPS medium lacking iron consisted of 50 mM MOPS, 10 mM (NH4)2SO4, 1 mM KH2PO4, 2 mM MgCl2,
2 mM CaCl2, 5 M MnCl2, 25 M 2,2=-bipyridine, 50 g/ml of each amino acid, and 0.4% glucose. To
chelate iron, 2,2=-Bipyridine was added.
Spot assays. ΔsigI-rsgI, ΔrsgI, and wt strains were grown in LB broth at 37°C to mid-logarithmic phase
(OD600 ⫽ 0.5). Serially diluted aliquots (1 l; 10⫻ dilutions between spots) were spotted on 1.5% LB agar
plates lacking antibiotics and allowed to dry. Plates were incubated at 37°C and 52°C for 40 h. Bacterial
colonies were visualized using an SZX10 stereomicroscope (Olympus) and photographed using an
Olympus E-600 digital camera.
Electron microscopy. Cells were grown to exponential phase (OD600 ⫽ 0.5) at 37°C and 52°C and
ﬁxed in buffered 3% glutaraldehyde at 4°C. The extensively washed cells were then sedimented onto
poly-L-lysine-coated glass coverslips at 4°C overnight. The coverslips were dehydrated through an alcohol
series followed by absolute acetone and critical point dried in a K850 critical point dryer (Quorum
Technologies Ltd., Ringmer, UK). The dried samples were sputter coated with 3 nm of platinum in a
Q150T turbo-pumped sputter coater (Quorum Technologies Ltd., Ringmer, UK). The ﬁnal samples were
examined in an FEI Nova NanoSEM scanning electron microscope (FEI, Brno, Czech Republic) at 5 kV,
using concentric backscatter (CBS) and through-the-lens (TLD) detectors. The cells were imaged according to a protocol described previously (59).
Bacterial growth for RNA sequencing. Bacillus subtilis ΔsigI-rsgI and wt strains (LK#1550 and
LK#1432, respectively) were inoculated from a single colony to 10 ml of LB medium. Cultures were
grown overnight at 37°C. The next day, the cultures were inoculated into 20 ml of LB medium (RT)
to an OD600 of ⬃0.01 and grown at 37°C and 52°C, respectively. Cells were harvested in exponential
phase (OD600, ⬃0.5). Three ml of the culture were immediately treated with a double volume of
RNAprotect bacteria reagent (Qiagen) for 5 min at RT to prevent degradation of RNA. Cells were
pelleted and frozen immediately. In all steps of cultivation (with the exception of the last step of
cultivation for total RNA isolation), the medium for the ΔsigI-rsgI strain was supplemented with
spectinomycin (100 g/ml). The experiment was repeated three times.
RNA extraction protocol. RNA was extracted using the RNeasy minikit 50 (Qiagen) according to the
manufacturer’s protocol. Finally, RNA was treated twice with DNase (Turbo DNA-free kit, Ambion).
RNA library construction. Two micrograms of total RNA were rRNA-depleted with RiboMinus
transcriptome isolation kit, bacteria (Invitrogen). A strand-speciﬁc library was prepared for each sample
with an Illumina-compatible NEXTﬂex rapid directional RNA-seq kit (Bioo Scientiﬁc) used according to the
manufacturer’s protocol.
Library sequencing. Transcriptome proﬁling with RNA-seq was performed at the Molecular Biology
Laboratory (EMBL) Genomics Core Facility (Heidelberg, Germany). The pooled barcoded library (four
samples in biological triplicates) was sequenced in a single lane using an Illumina HiSeq 2000 instrument
(50 bp single end; ⬃8 to 16 million reads per sample regime). The quality of sequencing reads was
checked with FastQC 0.11.2 (www.bioinformatics.babraham.ac.uk/projects/fastqc).
Alignment. Reads were aligned to the Bacillus subtilis subsp. subtilis strain 168 genome (NCBI
nucleotide accession no. NC_000964) using Burrows-Wheeler Aligner (BWA) 0.7.9a-r786 (60) and
samtools 0.1.19 (61). Alignment quality was checked using QualiMap 2.1.3 (62) and the Integrative
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Genomics Viewer (IGV) 2.3 (63). B. subtilis genome annotation was obtained from the NCBI Assembly
database (accession no. GCF_000009045.1). Analysis of differential gene expression was performed using
R (www.r-project.org) and the Bioconductor package DESeq2 (64, 65) at a 5% false discovery rate (FDR).
Data from RNA-seq can be found at https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-6314.
Protein puriﬁcation. B. subtilis RNAP with a 10⫻His-tagged ␤= subunit was puriﬁed from the
MH5636 strain, as described previously (66). I protein puriﬁcation was performed from the BL21/pSigI6⫻His, BL21(DE3) strain (LK#1242) as described previously (66), with some modiﬁcations. Brieﬂy, induction of I was carried out at an OD600 of 0.6 with 0.05 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) for
3 h at RT. Cells were harvested by centrifugation, and the pellet was resuspended in P buffer (30 mM
NaCl, 50 mM Na2HPO4, 3 mM 2-mercaptoethanol, and 1 mM PMSF [pH 7.3]) to avoid subsequent
precipitation of the protein. The cells were then disrupted by sonication for 20 ⫻ 10 s on ice. Figure S9a
in the supplemental material shows cell lysates before/after induction and soluble/insoluble fraction. The
protein was puriﬁed from the soluble fraction by afﬁnity chromatography using Ni-nitrilotriacetic acid
(NTA)–agarose (Qiagen). After elution with 400 mM imidazole in P buffer, fractions containing I were
pooled and dialyzed against storage buffer (Fig. S9b in the supplemental material). The A subunit of
RNAP was overproduced from the pCD2 plasmid (67) (LK22) and puriﬁed as described previously (68).
Proteins were dialyzed against storage buffer containing 50 mM Tris-HCl (pH 7.3 and 8.0 for I and A,
respectively), 100 mM NaCl, 50% glycerol, and 3 mM 2-mercaptoethanol, and stored at ⫺20°C. Proteins
were visualized in NuPage 4 to 12% Bis-Tris gels (Invitrogen) with Novex Sharp prestained protein
standard as a marker (Invitrogen).
In vitro transcription assays. The B. subtilis RNA polymerase core was reconstituted with a
saturating concentration of A or I (ratio 1:5) in storage buffer (50 mM Tris-HCl [pH 8.0], 0.1 M NaCl, and
50% glycerol) for 10 min at 37°C. Multiple-round transcription reactions were carried out in 10-l reaction
volumes with 30 nM RNAP holoenzyme and 100 ng of supercoiled plasmid DNA templates containing
speciﬁc promoters (Fig. 5) or 100 ng of PCR-product templates containing promoter regions (Fig. 6). The
transcription buffer contained 40 mM Tris-HCl (pH 8.0), 10 mM MgCl2, 1 mM dithiothreitol (DTT), 0.1
mg/ml bovine serum albumin (BSA), and 60 mM NaCl. ATP, CTP, and GTP were at 200 M, and UTP was
at 10 M plus 2 M radiolabeled [␣-32P]UTP. All transcription experiments were done at 37°C. Transcription reaction was started with RNAP and allowed to proceed for 15 min. Transcription was stopped
with equal volumes (10 l) of formamide stop solution (95% formamide and 20 mM EDTA [pH 8.0]).
Samples were loaded onto 7 M urea-7% polyacrylamide gels and electrophoresed. Dried gels were
scanned with Molecular Imager FX (Bio-Rad) and visualized and analyzed using Quantity One software
(Bio-Rad). The strong constitutive A-dependent Pveg promoter cloned into pRLG770 was used as a
control.
Sequence logo creation. The promoter sequence logo (Fig. 5d) was created from eight promoter
regions (Fig. 5a) using the WebLogo 3 tool available online (http://weblogo.threeplusone.com/create
.cgi).
Phylogenetic tree creation. Selection of I homologs was based on the BLAST search (https://blast
.ncbi.nlm.nih.gov/). The selected sequences were aligned using MUSCLE 3.8.31 (69) with default parameters (70). The phylogenetic tree was inferred using the RAxML BlackBox Web server (71); settings for
protein sequences and maximum likelihood search were chosen, and other settings were left as default
(Jones-Taylor-Thornton [JTT] substitution matrix).
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This study describes the meta-analysis and kinetic modelling of gene expression control by sigma factor SigA of
Bacillus subtilis during germination and outgrowth based on microarray data from 14 time points. The analysis
computationally models the direct interaction among SigA, SigA-controlled sigma factor genes (sigM, sigH, sigD,
sigX), and their target genes. Of the > 800 known genes in the SigA regulon, as extracted from databases, 311
genes were analysed, and 190 were conﬁrmed by the kinetic model as being controlled by SigA. For the remaining genes, alternative regulators satisfying kinetic constraints were suggested. The kinetic analysis suggested another 214 genes as potential SigA targets. The modelling was able to (i) create a particular SigAcontrolled gene expression network that is active under the conditions for which the expression time series was
obtained, and where SigA is the dominant regulator, (ii) suggest new potential SigA target genes, and (iii) ﬁnd
other possible regulators of a given gene or suggest a new mechanism of its control by identifying a matching
proﬁle of unknown regulator(s). Selected predicted regulatory interactions were experimentally tested, thus
validating the model.

1. Introduction
Bacillus subtilis is a model soil-dwelling, spore-forming organism. Its
gene expression is controlled by various sigma factors [1] that, depending on the conditions, associate with RNA polymerase (RNAP).
Sigma factors allow RNAP to recognize speciﬁc promoter sequences to
initiate transcription of target genes. B. subtilis contains 19 diﬀerent
sigma factors, including the main sigma factor, SigA [2].
The past several years have witnessed an explosion in the amount of
available experimental evidence from transcriptomic studies [3]. Much
of the information contained in these studies is still under-exploited,
and our understanding of regulatory networks in B. subtilis is far from
complete. Mining transcriptomic databases oﬀers an opportunity to
provide new insights into sigma factor-controlled networks.
A crucial task involved in inferring gene regulatory networks in
bacteria is the identiﬁcation of the target genes of sigma factors. There
are two main methods to discover such target genes: chromatin immunoprecipitation (ChIP) experiments and gene expression analysis.
ChIP methods (ChIP-chip and ChIP-seq) test for physical interactions
between sigma factors and gene promoter sequences. However, it has
been shown that this static binding information may also include silent

⁎

binding events that do not directly enhance transcription [4,5]. To increase certainty, ChIP experiments are complemented with RNAseq
experiments in strains with deletions in the sigma factors of interest.
However, these deletions are not possible for essential sigma factors, for
which a diﬀerent approach must be employed.
One such approach is the kinetic modelling of gene expression,
which is a highly useful tool for discovering regulatory networks.
Various methods to infer gene regulatory networks from gene expression data have been suggested, based on ordinary and stochastic differential equations, neural networks, dynamic Bayesian networks, and
information theoretic- or correlation-based methods, which have been
reviewed by Bansal et al., Penfold and Wild [6,7] and Bar-Joseph [8].
Similar to ChIPseq, kinetic modelling alone is not suﬃcient to reliably
determine regulation networks, and multiple sources of information
have to be combined.
Currently, in addition to experimental papers, several databases of
regulatory interactions based on literature mining have emerged. These
databases are non-speciﬁc in the sense of particular developmental
processes of bacteria. They collect information about regulatory interactions between the regulator and its targets, regardless of the conditions under which the particular experiment was made. A combination
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the assumption that the mRNA level of a gene controlled by a sigma
factor is determined by the concentration of the sigma factor binding in
complex with RNA polymerase to the promoter region. The probability
of the sigma factor binding to the gene promoter is determined by the
sigma factors' binding strength and the number of molecules around the
promoter. Transcription is a discontinuous process that depends on the
actual binding of the holoenzyme to the promoter. When the number of
sigma factors molecules is low, the probability of triggering transcription of a given gene is also low. With increasing amounts of sigma factor
molecules, the probability of a gene transcription event increases until
the promoter is saturated and the expression rate becomes constant.
The relation between the accumulation of transcribed mRNA and sigma
factor concentration can thus be described mathematically by a sigmoid
with parameters reﬂecting the strength of binding, reaction delay and
mRNA degradation rate. The sigmoidal shape of the function was also
conﬁrmed by the results of stochastic simulations (e.g., [16–19]). The
model used in this study has the following form:

of kinetic expression modelling obtained for particular experimental
conditions with static and databased data may provide new insight into
the kinetics of the control of sigma factors and their target genes and
consequently allow modelling of gene expression kinetics in the sigma
factor-controlled network.
In this study, we focused on the regulatory network of the B. subtilis
primary sigma factor SigA, which has been reported to control over 800
genes, including genes for 8 alternative sigma factors. SigA is the main,
vegetative, and essential sigma factor that is active mainly in the exponential phase and is responsible for transcription of housekeeping
genes [9]. Here, based on 14 data points from germination and subsequent outgrowth of B. subtilis cells [10] we created a kinetic model of
the SigA-controlled regulatory network under these conditions. The
goal was to provide insight into how many and which genes are directly
regulated by this sigma factor without the need to invoke additional
regulatory layers. We also predicted new potential targets of SigA and
provided experimental veriﬁcation for some of them. For genes that did
not match the SigA kinetic proﬁle (mRNA encoding SigA), we suggested
alternative sigma factors that were capable of modelling their expression proﬁles.

dyi
k1i
=
− k2i yi
dt
1 + exp[−wi R (t + Δt )j + bi ]

(1)

where yi represents the concentration of the genes mRNA and Rj is the
concentration of the j-th sigma factor modulated by parameter wi,
which corresponds to binding strength to the promoter. The bi and Δt
parameters correspond to the reaction delay. The accumulation of the
mRNA of the gene i is diminished by degradation described by the term
k2iyi.
Since the expression data were noisy, we smoothed the data prior to
computation with a piecewise cubic spline with 6 knots (the best
number of knots was determined empirically) [20]. By smoothing, the
results were more robust with respect to the low-frequency phenomena
expected in gene expression data. A further advantage of smoothing is
that it lets us subsample the ﬁtted curve at arbitrary resolution. We
subsampled the proﬁles at 1-minute time steps, which allowed us to
integrate (Eq. (1)) accurately with a computationally cheap Euler
method. The parameters of the model for individual sigma factortranscribed gene combinations were optimized using a simulated annealing scheme by minimizing an objective function

2. Materials and methods
2.1. Data acquisition
2.1.1. Time series of gene expression
We downloaded the B. subtilistranscriptomic microarray data from
14 time points (0, 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90 and
100 min) obtained during germination and outgrowth as previously
reported [10] from GEO http://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE6865. Brieﬂy, the generation of Bacillus subtilis 168 spores
was induced by the depletion of deﬁned MOPS medium during 4 days
of shaking at 37 °C. Subsequently, spores were activated in the germination medium by thermal treatment at 70 °C for 30 min. The release of
dipicolinic acid in the medium during spore germination was monitored
using the terbium ﬂuorescence assay. During germination and outgrowth, samples for RNA isolation were drawn at regular intervals.
RNA was isolated from spores and outgrowing spores and then reverse
transcribed to cDNA. Cy-labelled cDNA was made by the direct incorporation of Cy-labelled dUTP. Samples were hybridized to microarray slides, and microarrays were scanned using an Agilent G2505
scanner. Data were averaged over repeated samples. For further processing, the original log2-based data were exponentiated.

E=

∑ (y − ∼y )2

(2)

2.1.2. Sigma factor regulons
The sigA regulon genes were downloaded from SubtiWiki (http://
www.subtiwiki.uni-goettingen.de/) [2] and DBTBS (dbtbs.hgc.jp) [11].
The database contains a collection of experimentally validated gene
regulatory relations of B. subtilis genes constructed by surveying literature references. Among the SigA target genes (850), eight other
sigma factors were found (SigD, SigH, SigM, SigX, YlaC, SigE, SigF and
SigG). SigE, SigF, SigG and YlaC were excluded from the analysis because their expression proﬁles were too low and could therefore be
subject to high experimental variance, which could lead to misinterpretations of the modelling results. For the other alternative sigma
factors, their regulons were downloaded from SubtiWiki — SigD (73
genes), SigH (48 genes), SigM (84 genes) and SigX (31 genes). Some
genes were members of more than one regulon. Altogether, a list of
1087 genes was compiled. The dataset contains time series of 4008
genes.

where y represents the measured mRNA concentration time series
proportional value and ỹ represents the time series computed using the
model Eq. (1). For each proﬁle, optimization was repeated 100 times
with random values as estimates of the initial parameters, and those
parameters that gave the smallest E were selected from the 100 runs.
The expression values of the sigma factor-transcribed genes from the 14
time points were provided. This data set was subsequently analysed.
The goal was to identify parameters that would give the best ﬁt of the
model to the actual proﬁle of a given regulated gene with the sigA (or
other considered sigma factor) proﬁle as the regulator. The regulatory
interaction between a sigma factor and a gene was accepted; i.e., the
control of the transcribed gene by the given sigma factor was considered possible, if the proﬁle ỹ computed with the best set of parameters was within the conﬁdence interval of the measured proﬁle (y) in
at least 12 measured time points of the proﬁle (this constraint was
chosen to minimize the inﬂuence of the ﬁrst and last time points that
have the highest experimental and spline ﬁtting errors). When the
conﬁdence interval could not be determined from the experimental
data, a ﬂat value of 20% of proﬁles maximum was used as the conﬁdence interval.

2.2. Kinetic model of gene expression

2.3. Experimental validation

A kinetic model of gene expression controlled by a sigma factor that
was originally developed by Vohradsky [12] and further revised and
extended [13–15] was used in this study. The model was derived from

In the following two sub-sections, the strains, plasmids and experimental conditions used for experimental veriﬁcation of computational predictions are listed.
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Tables 6 and 7.

Table 1
List of strains and plasmids.
Strain/plasmid

Relevant characteristics

Source

B. subtilis
BSB1
MH5636

wt BaSysBio
rpoC-His10

[3]
[22]

E. coli
LK22
LK1

BL21 pCD2/Bsu_sigA
pRLG770 with Pveg (−38/−1, + 1G)

[23]
[24]

3. Results
3.1. SigA regulon
To begin describing the SigA regulatory network in B. subtilis, we
used transcriptomic microarray data from 14 time points (0, 5, 10, 15,
20, 25, 30, 40, 50, 60, 70, 80, 90 and 100 min) obtained during germination and outgrowth as previously reported [10]. Subsequently, we
extracted the known SigA regulon genes from SubtiWiki and DBTBS,
and created and analysed their kinetic proﬁles based on the gene expression time series from the work of Keijser et al. [10] and the model
of gene expression presented in Materials and methods.
The list of all SigA regulon genes analysed, together with the model
parameters and analysis results, are shown in Supplemental Table 2.
The analysis was performed on respective mRNAs, but for more intuitive understanding, we refer in the text to the regulators (sigma
factors) as proteins. Prior to the modelling step, the expression proﬁles
of the SigA regulon were checked for consistency, and genes with low
values of maximal expression were excluded. This was necessary because proﬁles with low expression values had high experimental variance, and further analysis of these proﬁles could lead to misinterpretation. Additionally, 65 genes with a ﬂat proﬁle, i.e., those that
were constitutively expressed, were excluded. Altogether, we excluded
539 genes. These genes may or may not be controlled by SigA, but we
could not perform a reliable kinetic analysis on them.
The remaining 311 proﬁles were subjected to a kinetic analysis, as
described in the Materials and methods. The parameters of the model
allowed us to deﬁne the mode of action of SigA (and other studied
sigma factors) according to the value and sign of the parameter w. The
parameter w characterizes how much and in which direction (positive,
negative) a given sigma factor aﬀects the expression of a target gene.
The sign of w determines how the controlled gene responds to the
changing expression level of the sigma factor. If the sign is positive, the
expression level of the controlled gene increases with increasing levels
of the sigma factor; if the sign is negative, the expression level of the
controlled gene decreases, and the expression proﬁle is inversely correlated with the expression proﬁle of the sigma factor (for examples, see
Fig. 1).
Mechanistic explanations can be arbitrary, and include other regulatory eﬀects that occur pre- or post-transcriptionally. Although such
mechanisms can, in some cases, be included in the model if their nature
is known, such events are generally not covered by the model and are
only reﬂected in the sign of the parameter w. Possible models of negative control (w < 0) are discussed for speciﬁc cases below. The ﬁt of
the model to the measured expression of the controlled gene was assessed for goodness of ﬁt, and those model parameters ﬁtting the experimental proﬁle of the regulated gene within the conﬁdence interval
were selected. The results of the kinetic analysis revealed two principal
groups of genes: (i) those whose proﬁles could be modelled with SigA as
the regulator (the model expression proﬁle ﬁtted the measured expression proﬁle within conﬁdence interval, Table 2) and (ii) those
which could not (the model could not ﬁt the measured expression
proﬁle, Table 3). A total of 190 genes associated with 113 operons
could be modelled using SigA as the regulator, and 121 (from 56 operons) could not be modelled. Of the 190 genes that were found to be
controlled by SigA, 156 genes (organized in 89 operons) were found to
be positively controlled by SigA, and 35 genes (organized in 22 operons) were negatively controlled by SigA (see Table 2).
The expression proﬁles of those genes found to be positively controlled by SigA are shown in Fig. 2A, those that were found not to be
controlled by SigA are shown in Fig. 2B. The proﬁles in Fig. 2 were, for
display purposes, normalized to have zero mean and the same standard
deviation.
Either the expression proﬁles of the positively controlled group

2.3.1. Bacterial strains and plasmids
Strains and plasmids are listed in Table 1.
Competent E. coli cells, protein-expression strain BL21 (DE3), were
prepared according to methods described by Hanahan [21].
2.3.2. Media and growth conditions
For protein puriﬁcation, the strains were cultured in Luria-Bertani
(LB) medium at 37 °C with continuous shaking.
2.3.2.1. Proteins puriﬁcation. Bacillus subtilis RNAP with a His10-tagged
β′ subunit was puriﬁed from the MH5636 strain. The puriﬁcations were
performed as described previously [22].
SigA was overexpressed from plasmid pCD2 [23] and puriﬁed as
described previously [25].
2.3.2.2. Transcription template preparation
Linear PCR products of putative promoter sequences were used as
templates for in vitro transcription assays. The primers are listed in
Table 1 and in Supplemental Table 1. Putative promoter sequences
were PCR-ampliﬁed using wt B. subtilis gDNA as the template. The only
exception was the control Pveg promoter, which was ampliﬁed from the
LK1 plasmid containing a cloned Pveg fragment. The wt Pveg promoter
starts with an adenosine. Here, we used a variant that starts with
guanosine. This alteration does not change the properties of the promoter [24]. All PCR reactions were performed using the Expand High
Fidelity System (Roche). The puriﬁcation of PCR constructs was performed using Agencourt AMPure XP beads (Beckman Coulter) according to the manufacturer's protocol. All constructs were veriﬁed by
sequencing.
2.3.2.3. In vitro transcription assays. The RNAP holoenzyme was
reconstituted with a saturating concentration of SigA. Reconstitutions
were performed in a glycerol storage buﬀer (50 mM Tris–HCl, pH 8.0,
0.1 M NaCl, 50% glycerol) for 10 min at 37 °C.
Multiple round transcription reactions were carried out in 10-μl
reaction volumes with 30 nM RNAP holoenzyme and 50 ng of linear
DNA template. The transcription buﬀer contained 40 mM Tris-HCl
(pH 8.0), 10 mM MgCl2, 1 mM dithiothreitol (DTT), 0.1 mg/ml BSA
(bovine serum albumin) and 60 mM NaCl. ATP, CTP, and GTP were at
200 μM, and UTP was at 10 μM plus 2 μM radiolabelled [α-32P]UTP.
All transcription experiments were done at 37 °C. Transcription was
induced by adding reconstituted RNAP holoenzyme and allowed to
proceed for 15 min. Transcription was stopped with equal volumes
(10 μl) of formamide stop solution (95% formamide, 20 mM EDTA
[pH 8.0]). Samples were loaded onto 7 M urea–7% polyacrylamide gels
and electrophoresed. The dried gels were scanned with Molecular
Imager FX (Bio-Rad) and were visualized and analysed using the
Quantity One software (Bio-Rad).
2.4. Creation of promoter sequence logos
The promoter sequence logos (Fig. 7) were created using WebLogo 3
tool available online (http://weblogo.threeplusone.com/create.cgi).
Sequences that served as templates for the logos are in Supplemental
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Fig. 1. An example of positively (left, clpY) and negatively
(right, glpK) controlled genes during germination and
outgrowth. Red — sigA mRNA proﬁle; blue — primary
values (relative RNA levels) for target gene proﬁles; green
— modelled proﬁles of the target gene.
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Table 2
List of two groups of genes found to be controlled by SigA consistent with the literature
and the results of modelling. The two groups diﬀer in the sign of the parameter w (positive or negative). Complete operons are listed; genes found by modelling are shown in
bold. The genes that are not in bold did not satisfy the modelling constraints.

a
2
1.5

Positive control w > 0
adhA-yraA, aroF-aroB-aroH-trpE-trpD-trpC-trpF-trpB-trpA-hisC-tyrA-aroE, cggR-gapApgk-tpi-pgm-eno, citG, citZ-icd-mdh, ctsR-mcsA-mcsB-clpC-radA-yacK, codV-clpQclpY-codY, clpX, comA-yuxO, comEA-comEB-comEB, comQ-comX, cymR-yrvOtrmU, cspB, ctaA, drm-punA, epsA-epsB-epsC-yveN-epsE-epsF- -epsG-epsH-epsIepsJ-epsK-epsL-epsM-epsN-epsO, fadF-acdA-rpoE, rpsD, ftsA-ftsZ, ftsH, fabHAfabF, fbp, fur, galE, gcaD-prs-ctc, glnR-glnA, gltA-gltB, gudB, gyrA, gyr-recFyaaB-gyrB, hemA-hemX-hemC-hemD-hemB-hemL, htpG, ilvB-ilvH-ilvC-leuA-leuBleuC-leuD, infC-rpmI-rplT-ysdA, lepA-hemN-hrcA-grpE- -dnaK-dnaJ-yqeT-yqeUyqeV, lcfA-ysiA-ysiB-etfB-etfA, lonA-ysxC, lytA-lytB-lytC, lytR, med-comZ,
menF-menD-ytxM-menB-menE-menC, mtrA-mtrB, murE-mraY-murD-spoVEmurG-murB-divIB-ylxW-ylxX-sbp, nifS-yrxA, nfrA-ywcH, opuAA-opuAB-opuAC,
pabB-pabA-pabC-sul-folB-folK-yazB-yacF-lysS, pheS-pheT, ppiB, pssA-ybfM-psd,
ptsG-ptsH-ptsI, pucA-pucB-pucC-pucD-pucE, pyrG, recA, resA-resB-resC-resD-resE,
rnc-smc-ftsY, rpmH, rpoB, secA-prfB, sigX-rsiX, sigM-yhdL, sinI-sinR, sipS, speEspeB, gapB-speD, spo0A, spo0B-obg, spo0E, spoIIIJ-jag, spoVFA-spoVFB-asddapG-dapA, thrS, thyB-dfrA-ypkP, veg, valS-folC, ydjM, yfhQ-fabL-sspE, yfkJyfkI-yfkH, ykuJ-ykuK-ykzF-ykuL-ccpC, ykuN-ykuO-ykuP, yocH, ylpC-plsX-fabDfabG-acpA, ylxM-ﬀh, ylxS-nusA-ylxR-ylxQ-infB-ylxP-rbfA, ymaA-nrdE-nrdFymaB, ypuE-ribD-ribE-ribA-ribH-ribT, yusM-yusL-yusK-yusJ, yuxH, yqxD-dnaGsigA, yvcE

1
0.5
0
-0.5

normalized chip reads [ ]

-1

Negative control w < 0
arsR-yqcK-arsB-arsC, citB, citZ-icd-mdh, ctsR-mcsA-mcsB-clpC-radA-yacK, cysH-cysPsat-cysC-ylnD-ylnE-ylnF, glpF-glpK, iolR-iolS, odhA-odhB, pbpD-yuxK, pckA,
pheS-pheT, pucA-pucB-pucC-pucD-pucE, pucR-pucJ-pucK-pucL-pucM, purT, rsbRrsbS-rsbT-rsbU-rsbV-rsbW-sigB-rsbX, sdhC-sdhA-sdhB, xylA-xylB, ycdH-ycdI-yceA,
ykrT-ykrS, ytrG-ytrA-ytrB-ytrC-ytrD-ytrE-ytrF, yusM-yusL-yusK-yusJ, yvgR-yvgQ
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Table 3
List of genes of the SigA regulon identiﬁed in the literature that could not be modeled
with SigA as regulator. Complete operons are listed, and the genes found by modelling are
shown in bold. The genes that are not in bold did not satisfy the modelling constraints.

-1

ackA, ahpC-ahpF, ald, alsS-alsD, ansA-ansB, clpE, clpP, gcaD-prs-ctc, ctsR-mcsAmcsB-clpC-radA-yacK, cysK, degS-degU, dnaA-dnaN, gltX-cysE-cysS-yazC-yacOyacP, glyA, groES-groEL, gtaB, guaA, guaD, hemA-hemX-hemC-hemD-hemBhemL, hemZ, lepA-hemN-hrcA-grpE-dnaK-dnaJ-yqeT-yqeU-yqeV, lmrA-lmrB,
mecA, murE-mraY-murD-spoVE-murG-murB-divIB-ylxW-ylxX-sbp, nadE, opuAAopuAB-opuAC, pabB-pabA-pabC-sul-folB-folK-yazB-yacF-lysS, pta, ptsG-ptsH-ptsI,
pucR-pucJ-pucK-pucL-pucM, purA, purE-purK-purB-purC-purS-purQ-purL-purFpurM-purN-purH-purD, pyrR-pyrP- -pyrB-pyrC-pyrAA-pyrAB-pyrK-pyrD-pyrFpyrE, rbsR-rbsK-rbsD-rbsA-rbsC-rbsB, rnc-smc-ftsY, rsbR-rsbS-rsbT-rsbU-rsbVrsbW-sigB-rsbX, secA-prfB, tagA-tagB, tagD-tagE-tagF, xpt-pbuX, ycdA, ycdHycdI-yceA, yceC-yceD-yceE-yceF-yceG-yceH, yhaG, yhcL, yjbC-yjbD, yjeA, ylxMﬀh, ylxS-nusA-ylxR-ylxQ-infB-ylxP-rbfA, yoeB, ylpC-plsX-fabD-fabG-acpA, ypuEribD-ribE-ribA-ribH-ribT, yrrT-mtnN-yrhA-yrhB-yrhC, yvbA-yvaZ, yxeK-yxeLyxeM-yxeN-yxeO-yxeP-yxeQ, wapA-wapI-wapA-yxxG
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-3
0

10
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Fig. 2. Normalized expression proﬁles of (A) genes found to be under control of SigA (red
thick line), and (B) genes that might not be under control of SigA.

(Fig. 2A) followed the proﬁle of SigA mRNA, or their reaction to the
SigA mRNA concentration was prolonged or delayed. Compared to
genes of the set that might not be controlled by SigA (121 genes,
Fig. 2B), the proﬁles in Fig. 2A were consistent in shape. Interestingly,
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previously proposed, consistent with our prediction [27]. Additionally,
the genes of the “genetics” group were more abundant in the predicted
set than in the conﬁrmed SigA regulon. The important cellular functions
of the newly predicted SigA-dependent genes from this group were
consistent with their regulation by SigA (e.g., genes involved in DNA
synthesis and manipulation: polC — DNA polymerase III (alpha subunit)
[28], ligA — DNA ligase [29], or topB — DNA topoisomerase III [30]).

Fig. 2B also shows that some genes had proﬁles consistent with the SigA
mRNA only during roughly the ﬁrst half of growth and could thus be
modelled and consequently may be controlled in this period by SigA.
Although their control by SigA was potentially possible, such genes
were excluded from the list of SigA-controlled genes because the control did not aﬀect the whole period. The 121 genes (organized in 56
operons) that might not be controlled by SigA are listed in Table 3.
From the kinetic point of view, the sigA gene itself could be regulated by SigI. Whether this interaction is possible needs to be tested
experimentally. A literature search did not conﬁrm or refute this hypothesis.

3.3. Alternative regulators of the SigA regulon
For the 121 genes that were found not to be controlled by SigA by
kinetic modelling, we tried to ﬁnd possible alternative sigma factors
that could control their expression. These alternative sigma factors
were SigB, SigD, SigH, SigI, SigL, SigM, SigW, SigX, and SigY. Other
sigma factors were not considered because either their proﬁles were
missing in the time series dataset or their overall expression was too
low to be reliably used in the model. In some cases, equivalent ﬁts for
the expression proﬁles of particular target genes were achieved with
more than one sigma factor. In these cases, we listed all sigma factors
for given target genes that could ﬁt the expression proﬁle of the gene.
Such regulations (sigma factor-target gene interactions) should be
considered as equivalent. A summary of the results, including model
parameters, is given in Supplemental Table 4. The results showed that
SigB was the most frequently predicted alternative regulator, regulating
81 genes, 16 of which were negatively regulated by SigB (we found
experimental evidence for control of the comQ-comX operon by SigB;
data not shown). The second most frequent alternative regulator was
SigX (77 genes). The other regulators were SigL (73 genes), SigM (46
genes), SigW (43 genes), SigH (39 genes), SigD (37 genes), SigY (36
genes), and SigI (33 genes).
Literature searches for the alternative interactions suggested in
Supplemental Table 4 provided evidence for the following sigma factorregulated gene pairs:
SigB (18 genes): gtaB [31], nadE [32], yceC [33], ctc [34], yjbD [35],
guaD [36], mcsA [37], rsbV [33], rsbW [33], rsbX [33], yceD [36], yjbC
[38], clpC [37], clpP [39], mcsB [37], yfkH, yfkI and yfkJ [40]. SigM (2
genes) — ylxW and ylxX [41]. SigW (2 genes) — yceD [42], yjbD [38].

3.2. New SigA targets
To identify novel putative SigA-controlled genes, we identiﬁed all
genes that were not identiﬁed in databases as members of the SigA
regulon and extracted their kinetic proﬁles. Altogether, we selected
3158 genes. Then, we modelled their expression proﬁle with SigA (sigA
mRNA) as the regulator. Of the 3158, 2582 gene expression proﬁles
were excluded because their expression proﬁles were too low to make
reliable conclusions. Of the remaining proﬁles, 575 satisﬁed general
goodness of ﬁt criteria (the model curve was within the conﬁdence
interval of the measured expression proﬁle of the given gene). From this
set, 214 gene expression proﬁles with a minimal sum of square diﬀerences between measured and modelled expression proﬁle were selected
as the most likely novel targets of SigA. The genes of this set, sorted
according to increasing error of ﬁt are shown in Table 4.
For the selected genes from Table 4, we analysed their ontologies
and identiﬁed functional characteristics that were more abundant
among these genes than in the whole set of genes. The results are
summarized in Fig. 3 (lists of speciﬁc genes in individual categories are
in Supplemental Table 3).
Fig. 3 shows that most of the newly predicted SigA-dependent genes
are involved in essential functions of the cell, such as DNA repair,
transcription, and translation. The enriched functional groups of predicted and conﬁrmed groups of genes were mostly similar and diﬀered
mainly in the groups related to “nucleotide metabolism,” “cell envelope
and cell division,” and “phosphoproteins”. For these functional groups,
the number of genes in the predicted group was only about half of those
in the known SigA regulon. “Homeostasis” genes were present only
among the newly predicted SigA regulated genes. These predicted
homeostasis genes are mainly involved in iron transport (e.g., [26]),
and for one of them, ytpQ, a putative SigA-dependent promoter was

3.4. Sigma factors from the SigA regulon
The SigA regulon also contains several sigma factors, SigE, SigD,
SigH, SigM, SigX, SigF (SigH regulon), YlaC, and SigG (SigF regulon).
SigE, SigG, SigF and YlaC were excluded from the analysis because their
expression proﬁles had very low overall values and a high variance that
might have caused false results during modelling. The expression proﬁles (respective mRNAs) of the sigA, sigD, sigH, sigM, and sigX genes are
shown in Fig. 4, illustrating the prominent role of SigA. We analysed the
regulons of these sigma factors and modelled the kinetic interactions
between individual sigma factors and their regulons. The expression
proﬁles of each gene and regulators suggested by the model, together
with the parameters of the model and regulators found by the model,
are summarized in Supplemental Table 5 for all genes mentioned
below. Fig. 5 shows examples of genes/operons conﬁrmed to be controlled by a given sigma factor, together with proﬁles where the control
was not conﬁrmed. In the next paragraph, we summarize the modelling
results for the above sigma factors. Detailed descriptions of individual
genes of the respective regulons together with literature references
supporting our ﬁndings can be found in Supplemental ﬁle 4.

Table 4
Potential target genes of SigA. Genes whose expression proﬁles were best ﬁtted by the
model with SigA as the regulator. Whole operons are listed, and genes that were identiﬁed
by modelling are shown in bold. The genes that are not in bold did not satisfy the
modelling constraints.
yqzB-yqfL, fbaA-ywjH, yyaF-rpsF-ssbA-rpsR, acpA, yprA, yloC, ahrC-recN, efp,
ymfK, smpB, fmt, prpC-prkC-yloQ, proS, hepS, ruvA-ruvB, ykpA, rpmGA, yrrC,
ypjQ, yrhP, ykaA-pit, yloI, dinG, yloN, mrpA-mrpB-mrpC-mrpD-mrpE-mrpFmrpG, yycC-yycB, alsT, yloH, yugI, yprB, recQ, yrrS, ywiB, yneF, rnpA, priA,
yncD, mutS-mutL, yloU-yloV, mobA-moeB-moeA-mobB-moaE-moaD, ylzA, def,
yaaD-yaaE, rpsO, recG, ynbA, aroA, nudF, ylmG-ylmH, ylmB, rpsT, ylbB-ylbC,
ylbG, ylbH, ylbF, ylbI, yqhQ-yqhP, yqhL, ypbD, rluB, menA, menH, ywzC, yfkB,
yclN-yclO-yclP, yfmL, ygaF, pnpA, yqfF, accD-accA, opuD, ybbP, gmk, ytpQ,
secDF, yvoF, yocJ, yvcI-yvcJ-yvcK-yvcL-crh-yvcN, tgt, yobF, yrzD, sdaAB-sdaAA,
ypdA, ytzA, ymcB, ripX, ask, hepT, ytxC, yncF, ywiE, yrpC, yrzL, ypmA, ybaL,
yabA-yabB-yazA-yabC, mutSB, pcrB-pcrA-ligA-yerH, alaR-alaT, rpsB-tsf-pyrHfrr, tmk, metS, ytcI, senS, dltA-dltB-dltC-dltD-dltE, ytpA, ytpS, ytpT, zwf, hisJ,
yqfO, yqxC, divIC, yhaJ, yneS, rocE-rocF, panD, yccF, yoaA, dgk, ytxB, polC,
ytoP, yrzC, mbl, yybN, ylaI, ysmB, ytlQ, ytqI, atpI, yjzD, kamA, ykvY, ykkD,
yheA, ypmP, proA, yojG, ykuQ, yqzC, gid, yrrB, yckJ, yloS, ymfL, ykbA, yhaK,
yfkA, yusV, ykvL, mlpA, yhfQ, ytkP, queA, mutM, yrvC, serA, yshE, ytiA, ytbJ,
ywdF, ykvK, yerB, topB, uppS, ygxA, parE, rpmB, dxs-yqxC-ahrC-recN, penP,
spo0J, yqfN, ykvM, yfhC, asnB, rnmV-ksgA, ymzA, birA, ymfC, ymfG, ypmT,
leuS

3.4.1. SigM regulon
SigM is an ECF-type sigma factor and is required for adaptation to
inhibitors of peptidoglycan synthesis and survival at high salt concentration [43,44]. SigM has been reported to be controlled by SigA and
by itself in a feedback loop [44]. Kinetic modelling conﬁrmed control of
SigM by SigA. Control of SigM by itself is, from the point of view of the
model, trivial. We analysed the kinetics of 72 of the 84 SigM-regulated
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Fig. 3. Gene ontologies for potential SigA targets (red) compared with the group of genes known to be positively regulated
with SigA (blue, Table 2). The bars show relative enrichment of
the respective functional group within the subset compared to
the number of genes in this functional group among all genes.
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operons, we observed a phenomenon mentioned also for other regulons;
i.e., the overall expression (parameter k1) decreased with the distance
from the promoter. This phenomenon was particularly apparent for the
dltA operon.

5000
4500

sigA

chip reads [ ]

4000
3500

3.4.2. SigH regulon
SigH in Bacillus subtilis directs the transcription of genes in early
stationary phase and is essential for sporulation [45,46]. SigH itself has
been reported to be controlled by SigA [47], and we found that the ﬁt of
its proﬁle could be achieved only if SigD is taken as a second regulator
controlling the later phase of growth. According to SubtiWiki, the SigH
regulon is formed by 42 genes in 12 operons. Of the 42 genes suggested,
only 8 were conﬁrmed by kinetic modelling. These genes were hbs,
spoIIAB, spo0M, lytE, phrC, phrI, rapK, and spoVG. Possible alternative
regulators for the remaining genes are listed in Supplemental Table 5,
sheet sigH.
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3.4.3. SigD regulon
SigD is involved in regulation of ﬂagella synthesis, motility, and
chemotaxis [48,49]. sigD has been reported to be controlled by itself
[50] and SigA [51]. However, for the regulation of sigD by SigA, we
could not ﬁnd parameters that would make a satisfactory ﬁt for the data
set used; the shapes of SigA and SigD mRNA proﬁles are almost opposite (see Fig. 4). However, sigD expression is also regulated by CodY
[52]. CodY is a transcription factor that responds to intracellular GTP
concentration. CodY is a repressor, and at higher [GTP], it dissociates
from DNA, thus relieving the repression [53]. Cells going into stationary phase and sporulation have markedly decreased GTP levels,
which increase during outgrowth [54]. The CodY-dependent regulation
of SigD may, in part, explain the absence of its immediate response to
SigA.
According to SubtiWiki, the SigD regulon is formed by 70 genes in
12 operons, exhibiting two principal proﬁles: the ﬁrst similar to the
proﬁle of the SigD, and the second exhibits a peak at diﬀerent time

t [min]
Fig. 4. Expression proﬁles (mRNAs) of sigma factors of the SigA regulon during germination and outgrowth. Red — SigA, green — SigD, blue — SigH, cyan — SigM, magenta
— SigX. Horizontal axis — time in minutes, vertical axis — microarray units.

genes. The expression proﬁles of the sigM regulon exhibited quite a
large variety of proﬁles, and not all of them could be modelled with the
sigM mRNA proﬁle as the regulator because the peaks of expression of
SigM and the incident genes diﬀered too much to be explained by
posttranscriptional events (e.g., for the yceC operon, the diﬀerence was
ca. 40 min); in some cases, the peak of a regulated gene preceded the
peak of the regulator (e.g., secDF or yebC, see Supplemental Table 5).
We found that of the 72 analysed kinetic proﬁles, we found parameters
for 24 that allowed us to model the proﬁles with SigM mRNA. The other
proﬁles could be modelled with proﬁles of sigma factors other than
sigM (see Supplemental Table 5, sheet sigM). For most of the large
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points (for an example see Fig. 5). The proﬁles of these genes were
successfully modelled with SigD for 42 of the 70 genes in its regulon.
For the remaining genes, alternative regulators were suggested (see
Supplemental Table 5, sheet sigD). For most of the operons, the parameter k1 decreased with the distance from promoter.

precedes that of SigX (see Fig. 5). This simple observation was also
conﬁrmed by modelling, which showed that of the 29 analysed expression proﬁles of the databased SigX regulon, 25 could be modelled
better with a proﬁle other than that of SigX (see Supplemental Table 5,
sheet sigX).

3.4.4. SigX regulon
SigX is an extracytoplasmic sigma factor (ECF) that helps the bacterial cell survive at high temperature, participates in the regulation of
peptidoglycan synthesis and turnover, and coordinates antibiotic stress
response [55–57]. sigX has been reported to be controlled by SigA [55].
Modelling conﬁrmed this observation, with a relatively low decay rate
constant in the model.
According to SubtiWiki, the SigX regulon is formed by 29 genes,
including 6 operons. The kinetics of the SigX regulon genes are quite
diverse, and a brief comparison with the SigX proﬁle shows that many
of the genes cannot be controlled by SigX; their peak of expression

3.5. Validation of selected predictions
We assessed the robustness of the model by experimentally testing
selected interactions. To gauge the validity of these predictions, we
selected the upstream regions of 10 genes that were predicted to be
SigA-dependent and whose kinetic proﬁles correlated perfectly with the
SigA proﬁle (see Supplemental Table 1 for the full list). The upstream
regions belonged to genes that were either monocistronic or positioned
as the ﬁrst genes of respective operons. Subsequently, for each upstream region, we prepared two PCR fragments. The shorter fragment
lacked approximately 30 bp from the 3′ end in the direction of expected
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Fig. 6. In vitro multiple round transcriptions of DNA fragments derived from upstream regions of genes predicted to be SigA-dependent. (A) Representative primary data. Each reaction
was performed with the RNAP core and SigA-containing holoenzyme to demonstrate that the core had not been contaminated with sigma factors prior to its reconstitution with SigA.
Radioactively labelled samples were loaded onto polyacrylamide gels. Pveg was used as a positive control. Transcript length was calculated with an RNA ladder (data not shown). The
diﬀerences in length between the long and shortened fragment variants were in the 29–36 bp range. The distance between the long and shortened transcript variants in the gel diﬀered for
diﬀerent promoters because each transcript had a unique length. Asterisks indicate the speciﬁc transcripts. The upper part of the ﬁgure shows respective kinetic modelling results. Red,
SigA mRNA; black, speciﬁc gene. The scaling between boxes varies to accommodate the graphs as the levels of speciﬁc transcripts diﬀered over a wide range. (B) Alignment of putative
promoter sequences identiﬁed by in vitro transcription assays. The −35 and − 10 hexamers and the transcription start sites (+ 1) are indicated in red. Spacer regions between −35 and
− 10 hexamers are indicated.

experiments (data not shown). Nevertheless, we found an additional, so
far unknown SigA-dependent promoter upstream of the already known
promoter of the acpA gene (Fig. 6).
The lack of transcription from the remaining 5 upstream regions
(data not shown) might be a consequence of a requirement for additional transcription factor(s), diﬀerent reaction conditions or the absence of SigA-dependent promoters in these DNA fragments.

transcription. This was to distinguish the direction of transcription from
the DNA fragments. Subsequently, we performed in vitro transcriptions
in a deﬁned system with B. subtilis RNAP-SigA holoenzyme with these
fragments as templates.
As a positive control, we used the strong constitutive SigA-dependent Pveg promoter [58]. As a negative control, we used the RNAP core
without sigma factors. Transcription signals were then obtained with
RNAP complexed with SigA for 5 of the 10 tested gene upstream regions, thus suggesting the presence of SigA-dependent promoters for
acpA, fbaA, rpmGA, ykpA, and yyaF, in the expected orientation in each
case (Fig. 6). The ﬁrst two transcribed genes are involved in fatty acid
biosynthesis [59] and carbon core metabolism [60]; the next encodes
ribosomal protein L33a [61]; and the last two are a putative ABC
transporter [62] and a putative GTP-binding protein [63], respectively.
The upstream region of the acpA gene was one of the 5 that were
experimentally veriﬁed. According to DBTBS, the acpA gene was not
present in the list of known SigA-dependent genes. However, we subsequently found that the acpP gene is synonymous with the acpA, gene
for which a SigA-dependent promoter had been previously reported
[64]. Indeed, we detected this promoter in our in vitro transcription

3.6. Analysis of promoter sequences
Finally, we performed sequence analysis of SigA-dependent promoters of genes that had been, or had not been veriﬁed by our kinetic
analysis to be regulated by SigA during germination and outgrowth
(Tables 2 and 3, Supplemental Table 6 and 7). A sequence logo, based
on 70 known promoters for genes from Table 2 (those consistent with
our kinetic analysis), is shown in Fig. 7B. A sequence log, based on 43
known promoters for genes from Table 3 (those inconsistent with our
kinetic analysis) is shown in Fig. 7C. Both these logos resemble the M14
consensus sequence of SigA-dependent promoters as reported by Nicholas and colleagues [3] (Fig. 7A). A sequence logo created from the
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Fig. 7. Comparisons of sequence logos. (A) The M14 motif of SigAdependent promoters according to Nicolas and colleagues [3]. (B)
The sequence motif of known SigA-dependent promoters veriﬁed by
the kinetic model. The logo was created from sequences listed in
Table 2 (Supplemental Table 6). The numbering of the horizontal
axis was done according to Nicolas and colleagues. (C) The sequence
motif of known SigA-dependent promoters that were not veriﬁed by
the kinetic model. The logo was created from sequences listed in
Table 3 (Supplemental Table 6). (D) The sequence logo for the experimentally veriﬁed SigA dependent promoters from Fig. 6.
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ﬁve newly identiﬁed promoters (Fig. 7C) is consistent with the M14
logo, but we note that the size of the sample was too small for reliable
analysis.

other possible regulators of speciﬁc genes or suggest a new mechanism
of control of a gene by computing the proﬁle of an unknown regulator
that could explain the observed expression proﬁle, (iv) suggest new
SigA-dependent genes (selected predictions were subsequently validated experimentally), (v) create a speciﬁc SigA-controlled gene expression network that is active under the conditions measured by the
microarray time series, and (vi) identify promoter sequence logos associated with the SigA-dependent promoters that are, or are not,
dominantly regulated by SigA during germination and outgrowth.
Of the 850 genes in the SigA regulon suggested by SubtiWiki, we
kinetically analysed 311 expression proﬁles, 190 of which were conﬁrmed as possible target genes of SigA that also satisﬁed the kineticsbased criteria for the conditions covered by the microarray time series.
Consequent analysis of the remaining time series data suggested another 214 genes as putative targets of SigA. Using in vitro transcription
experiments we demonstrated that ﬁve of the ten newly predicted SigAdependent genes are indeed transcribed by RNAP with SigA. The dependence of these genes on the housekeeping sigma factor was

4. Discussion
Here, we analysed the expression of B. subtilis genes during spore
germination and outgrowth, as measured by microarrays in a unique
time course experiment consisting of 14 time points spaced at 5- to 10min intervals (see Materials and methods; [10]). This experiment allowed us to create a time series of gene expression for SigA, other sigma
factors from the SigA regulon, and their target genes. The time series
were then subjected to kinetic analysis based on a computational model
of gene expression (see Materials and methods). The modelling was able
to (i) discriminate for possible regulatory interactions among the sigma
factors and their putative target genes, (ii) optimize parameters of the
model that could be used to computationally simulate the accumulation
of mRNA of a gene under the control of a speciﬁc sigma factor, (iii) ﬁnd
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Formatting of funding sources

consistent with their cellular roles (fatty acid biosynthesis, carbon core
metabolism, and ribosomal protein) and core promoter sequence
(Figs. 6B and 7D). The data complemented the information of the SigA
regulation network in B. subtilis during germination and outgrowth and
extended the list of known SigA-dependent genes.
Further, a promoter sequence logo was determined for SigA-dependent genes that were found to be controlled by SigA during germination and outgrowth (Fig. 7B), closely matching the M14 logo reported by Nicholas and colleagues [3]. However, the promoter logo of
SigA dependent genes that were found not under control of SigA was
almost identical (Fig. 7C), indicating additional level of control for the
genes whose proﬁles could not be modeled with SigA. Taken together,
the results show that for the SigA regulon, ~ 60% of the gene expression
proﬁles analysed were consistent with the kinetic analysis and directly
regulated by SigA without the requirement for additional regulators or
modulators. The remaining 40% displayed more complex kinetics. This
kinetics was not dependent on the core promoter sequence but rather
could be explained by additional layers of regulation, such as alternative sigma or/and transcription factors (e.g. gene/regulator gtaB/
SigB [31] cysK/CymR + Spx [65,66]; ackA/CcpA + CodY [67,68]).
Thus, the kinetic analysis is clearly able to distinguish between genes
where the dominant regulator is the sigma factor and where other
regulators must be involved.
Of the alternative sigma factor regulons, the SigD regulon displayed
the best ﬁt between modelling and experimental evidence (42 of the 73
genes could be modelled satisfactorily). For the remaining sigma factors
(SigM, H, X) the ﬁt was less successful, pointing perhaps to other modes
of regulation of these genes during germination and outgrowth. In the
cases where a suggested sigma factor did not model the proﬁles of the
genes of its regulon, alternative sigma factors satisfying the kineticsbased criteria were suggested. Nevertheless, the genes from the alternative sigma factors' regulons that were conﬁrmed by our analysis
suggest that the respective sigma factors play a role also during germination and outgrowth. Finally, for most of the large operons, we
observed that the overall expression decreased with the distance from
the promoter. This phenomenon was also observed for Streptomyces
coelicolor and is discussed in the paper of Laing et al. [69].
A visualization of the regulatory network can be found online at
https://cas-bioinf.github.io/bsubtilis-web/. The graph contains both
the regulatory network derived from the literature and the network of
regulations we determined as kinetically plausible.
Alternative modes of control such as anti- and anti-anti-sigma factors [70] or others (e.g., attenuation, additional transcription factors)
were ignored in this study, although such modes of control could help
explain some of the observed kinetics. However, for such complex
analysis, additional information, which is not always available, would
be required; this exceeds the scope of this study, which focused on the
direct regulatory interactions between a regulator (SigA) and its target
genes. Nevertheless, an alternative and thus far uncharacterized control
is most likely involved in sigma factor-target gene interactions, where a
negative value of the parameter w of the model was found. This implies
a putative repressive role for sigma factors that will require further
study to be understood in detail.
Finally, over the last several years, the amount of available data
from massively parallel experiments has grown exponentially, and most
data are evaluated only within the narrow focus of the paper for which
they were prepared. The huge amount of information contained in data
in public repositories remains unexplored, although studies are emerging that focus on their exploitation [71,72]. We believe that our
analysis of the system described here will contribute to addressing this
challenge.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagrm.2017.06.003.
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ABSTRACT
Bacterial RNA polymerase (RNAP) is an essential
multisubunit protein complex required for gene
expression. Here, we characterize YvgS (HelD)
from Bacillus subtilis, a novel binding partner of
RNAP. We show that HelD interacts with RNAPcore between the secondary channel of RNAP and
the alpha subunits. Importantly, we demonstrate
that HelD stimulates transcription in an ATPdependent manner by enhancing transcriptional
cycling and elongation. We demonstrate that the
stimulatory effect of HelD can be amplified by a
small subunit of RNAP, delta. In vivo, HelD is not
essential but it is required for timely adaptations of
the cell to changing environment. In summary, this
study establishes HelD as a valid component of the
bacterial transcription machinery.
INTRODUCTION
RNA polymerase (RNAP) in bacteria is the key enzyme
responsible for transcription of DNA into RNA. The bacterial RNAP core consists of a2bb’o subunits and it is
capable of transcription elongation but not initiation.
Binding of an appropriate sigma factor to RNAP core
enables the holoenzyme to recognize promoter DNA
and initiate transcription (1). Unlike in gram-negative
bacteria, RNAP from Bacillus subtilis and other grampositive bacteria contains an additional subunit, d. d
affects both transcription initiation and RNAP recycling,

the latter depending on the ability of RNAP to be
efﬁciently released from nucleic acids after transcription
termination (2,3).
Regulation of RNAP is a complex process involving
other factors besides the bona ﬁde subunits. These
factors (e.g. Gre, Nus and Rho factors) interact with
RNAP and affect its function under various conditions
and in various ways (4–6). Understanding the function
of these factors and identiﬁcation of new factors interacting with RNAP is imperative for understanding
transcription and gene expression regulation.
Recently, HelD (YvgS) was identiﬁed as a binding
partner of B. subtilis RNAP (7) and is the main
copurifying band in preparations of RNAP from this
organism. It is a putative helicase, and based on
sequence homology, belongs to the superfamily I of
DNA and RNA helicases, most closely related to HelIV
helicases from gram-positive bacteria. The best
characterized helicases, belonging to the same superfamily
but only distantly related to HelD or HelIV, are UvrD
and Rep helicases from Escherichia coli, or PcrA helicase
from Geobacillus stearothermophilus. These helicases
unwind DNA duplexes in an ATP-dependent manner,
inchworming along the nucleic acid (8). HelD is strongly
expressed during the exponential phase of growth with a
further increase in expression in stationary phase (9).
However, the cellular role(s) of HelD are poorly understood; it has been implicated in DNA repair and homologous recombination (10) but it has neither been
characterized biochemically nor has its role(s) in transcription been investigated.
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MATERIALS AND METHODS
Bacterial strains and plasmids
Strains and plasmids are listed in Table 1. Competent
E. coli cells [DH5a used for cloning or BL21 (DE3) used
for overproduction of proteins] were prepared according
to Hanahan (11). Competent B. subtilis cells were
prepared as described (12).
All polymerase chain reactions (PCRs) were performed
using the Expand High Fidelity System (Roche). All
constructs were veriﬁed by sequencing. Wild-type helD
was ampliﬁed by PCR from the genomic DNA of B.
subtilis MH5636 (forward primer: 50 -caccatgaatcagcaggataagg-30 , reverse primer: 50 -tcattcagcaatctgatataag30 ), and cloned into the expression vector pET151/
D-TOPO (Invitrogen) allowing in-frame fusion of a His6
tag at the N-terminus of HelD. The resulting plasmid was
named pHelD-His6 (LK800, see Table 1).

Table 1. List of strains and plasmids
Strain/plasmid
B. subtilis
MH5636
MGNA-A456
LK637
LK782
LK1032
LK1401
BSB1
E. coli
LK22
RLG770
LK1
LK1109
LK888
RLG7023
LK800
LK1413
pET151
pNG213
pNG490
pNG479
pNG480
pNG481
pNG482
pNG483
pNG484
pNG485
pNG492
pNG579
pNG613

Relevant characteristicsa

Source

rpoC-His10
helD::MLS
rpoC-10His, rpoE::kan
rpoC-10His, helD::MLS
rpoC-10His, rpoE::kan, helD::MLS
amyE::helD-His6, spc
wt BaSysBio

(13)
(14)
(15)
This work
This work
This work
(9)

BL21 pCD2/Bsu_sigA
pRLG770
pRLG770 with Pveg (38/+1,+1G)
pRLG770 with PhelD
pRLG770 with PglpD
BL21/pFL31/Bsu_rpoE
BL21/pHelD-His6
pSG1721-HelD-His6
pET151/D-TOPO
pETMCSIII/His6-rpoA
pETMCSIII/His6-rpoB1-608
pETMCSIII/His6-rpoB400-760
pETMCSIII/His6-rpoB750-1040
pETMCSIII/His6-rpoB950-1193
pETMCSIII/His6-rpoC1-433
pETMCSIII/His6-rpoC253-610
pETMCSIII/His6-rpoC600-915
pETMCSIII/His6-rpoC800-1199
pETMCSIII/His6-yloH (o2)
pETMCSIII/His6-ykzG (o1)
pETMCSIII/His6-rpoB750-846, 875-1040

(16)
(17)
(18)
This work
This work
(3)
This work
This work
Invitrogen
(6)
(6)
(6)
(6)
(6)
(6)
(6)
(6)
(6)
(6)
(6)
(6)

a
MLS, macrolide-lincosamide-streptogramin B resistance; kan, kanamycin; spc, spectinomycin.

The B. subtilis helD-null knockout strain (LK782) was
prepared by transformation of B. subtilis strain MH5636
containing a His10-tagged b’ subunit (13) with chromosomal DNA from MGNA-A456, kindly provided by the
National BioResource Project (Japan). A double knockout
strain LK1032 (for helD and rpoE encoding the d subunit of
RNAP) was obtained by transformation of strain LK637
(15) with MGNA-A456 chromosomal DNA.
Supercoiled plasmids and linear DNA for in vitro transcription assays were obtained using the Wizard Midiprep
Puriﬁcation System (Promega) and subsequently phenolchloroform extracted, precipitated with ethanol, and
dissolved in water. The plasmids used in in vitro
transcriptions contained promoter fragments cloned into
p770 (17). Transcription terminated at a Rho-independent
terminator. Linear DNA templates were prepared by PCR
from the plasmid containing Pveg (LK1). All linear templates started at 118 relative to the transcription start
site. The template containing the Rho-independent terminator (at +145) ended at +255. The template without
the Rho-independent terminator ended at +111. The
template with the short transcribed region (Figure 6D)
ended at +20.
For in vitro transcription assays, pRLG770 with Pveg
(38/1,+1G) was used (18) unless stated otherwise.
Media and growth conditions
For plasmid and protein puriﬁcations, appropriate strains
were grown in Luria-Bertani (LB) medium at 37 C. For
in vivo experiments, the cells were grown in deﬁned 3-(Nmorpholino)propanesulfonate (MOPS) - buffered medium
(18) supplemented with 0.4% glucose and all 20 amino
acids at 25 mg/ml.
Puriﬁcation of proteins
Bacillus subtilis RNAP with a His10-tagged b’ subunit or
His6-HelD was puriﬁed from the strain LK782 (strain
without helD), LK1032 (strain without helD and rpoE)
or LK1401 (strain with HelD-His6). The puriﬁcations
were performed as described (13). Induction of HelDHis6 in strain LK1401 was carried out at OD600 = 0.5
with 0.08% xylose for 2 h.
Plasmid pHelD-His6 was transformed into E. coli BL21
(DE3) and the production of HelD-His6 induced following
the addition of 1 mM IPTG for 2 h at room temperature.
Cells were harvested and protein was puriﬁed by afﬁnity
chromatography as described for RNAP.
The sA subunit of RNAP was overproduced from the
pCD2 plasmid (16) and puriﬁed as described (2).
The d protein was puriﬁed from RLG7023 as described
(3). Proteins were dialyzed against storage buffer containing 50 mM Tris–Cl, pH 8.0, 100 mM NaCl, 50% glycerol,
3 mM 2-mercaptoethanol and stored at 20 C. Proteins
were visualized on NuPAGE 4-12% Bis-Tris gels
(Invitrogen) with Novex Sharp Pre-Stained Protein
Standard as a marker.
Determination of experimental pI
The experimental pI of HelD was determined by isoelectric focusing (IEF) using precast 5% polyacrylamide
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In this study, we set out to characterize the function of
HelD in transcription. We conﬁrmed that HelD interacts
with RNAP, and we identiﬁed the form of RNAP with
which it interacts, and the region of RNAP to which it
binds. Importantly, we found a functional link between
HelD and d and showed that these two proteins act
synergistically to stimulate transcription.
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Vertical NovexÕ IEF Mini Gels pH 3–10 and XCell
SureLockTM mini-cell electrophoresis system (Life
Technologies Corp.). IEF was performed according to
the manufacturer’s instructions.

Proteins were analyzed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and
Coomassie blue staining (SimplyBlue, Invitrogen) and
detected by Western blotting using mouse monoclonal
antibodies to s70 [2G10] or to the b subunit of RNAP
[8RB13] (both from Santa Cruz) and secondary antibodies
conjugated with horseradish peroxidase. Signal was
created using SuperSignal West Femto Chemiluminiscent
Substrate (Thermo Scientiﬁc) and exposing blots to
photographic ﬁlm.
Far western blotting
Puriﬁed proteins were biotinylated using the EZ-Link
sulfo-NHS-biotinylation system (Thermo Scientiﬁc). Far
western blots were performed as detailed by Yang et al.
(6), except protein–protein interactions were detected
using Horseradish peroxidase-conjugated streptavidin
and the Opti4CN system (BioRad). Binding afﬁnity to
RNAP fragments was determined from digitized scans
of blots using ImageJ (NIH) where maximal binding
(100%) was set as the intensity of the signal of HelD
bound to the b’600–915 fragment. HelD binding sites on
RNAP were mapped onto the B. subtilis RNAP
homology model (19) and visualized using PyMol
(Schrödinger).
Native PAGE assays
Five picomoles of RNAP and 25 pmol of HelD, T4 DNA
ligase (TaKaRa) or MLV reverse transcriptase (Promega),
respectively, were used. Proteins tested for mutual interactions were incubated for 15 min at 30 C in 10 ml in the
storage buffer. After incubation samples were mixed with
3 ml of Native PAGE 4 Sample buffer (Invitrogen) and
loaded onto the Native PAGE 4-16% Bis-Tris Gel
(Invitrogen) and electrophoresed. The gels were subsequently Coomassie stained.
Enzymatic digestion for mass spectrometry
Coomassie blue-stained protein bands 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
tris(2-carboxyethyl)phosphine (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 re-swelled 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 cleavage buffer
containing 25 mM 4-ethylmorpholine acetate, 5% MeCN
and trypsin (100 ng; Promega). The resulting peptides were
extracted into 40% MeCN/0.3% triﬂuoroacetic acid

MALDI mass spectrometry and protein identiﬁcation
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 ﬂexAnalysis 3.3
were searched using an in-house MASCOT search engine
against the SwissProt 2013_09 database subset of B.
subtilis 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-term acetylation.
Proteins with MOWSE scores over the threshold value
of 56 calculated for the used settings were considered as
being positively identiﬁed. If the score was lower or only
slightly higher than the threshold value, the identity of
protein candidate was conﬁrmed by tandem mass
spectrometry analysis.
ATPase activity
ATPase activity was measured by the hydrolysis of inorganic phosphate from [g-32P] ATP. The reaction mixture
in 110 ml of 50 mM Tris–Cl, pH 8; 5 mM MgCl2, 1 M KCl
contained 550 pmol HelD or 550 pmol bovine serum
albumin (BSA) or 275 pmol Bacillus stearothermophilus
EF-Tu G-domain and 3450 pmol [g-32P] ATP (speciﬁc
activity 1800 cpm/pmol). The reaction was performed at
30 C and followed kinetically for 90 min at 30 C. Aliquots
of 20 ml were withdrawn at appropriate time intervals (0,
30, 60 and 90 min) and liberated Pi determined by the
charcoal method (20). Five microliter of the product was
spotted on Whatman 3MM ﬁlter paper, dried and scanned
using a Molecular Imager_FX (Bio-Rad). The amounts
were quantiﬁed with QuantityOne software (Bio-Rad).
Blank samples were run simultaneously to determine
background values of ATP hydrolysis. The experiments
were repeated three times. The amounts of hydrolyzed
ATP were calculated and plotted as the function of time.
In vitro transcription assays
Initiation competent enzyme was reconstituted using
RNAP isolated from LK782 or LK1032 with a saturating
concentration of sA in storage buffer (50 mM Tris–HCl,
pH 8.0, 0.1 M NaCl, 50% glycerol) for 15 min at 30 C.
Multiple round transcription assays were carried out
essentially as described by (13,18) unless stated otherwise.
Brieﬂy, reactions were carried out in 10 ml: 30 nM holoenzyme (RNAPsA), 2.5 nM supercoiled or 50 nM linear
DNA template unless stated otherwise, transcription
buffer (40 mM Tris–HCl, pH 8.0, 10 mM MgCl2, 0.1 mg/
ml BSA and 1 mM dithiothreitol (DTT)), 150 mM KCl

Downloaded from https://academic.oup.com/nar/article-abstract/42/8/5151/1067193 by AV CR Fyziologicky ustav SVI knihov user on 02 December 2018

Western blotting

(TFA). An aqueous 50% MeCN/0.1% TFA solution of
a-cyano-4-hydroxycinnamic acid (5 mg/ml; Sigma) was
used as a MALDI matrix. One microliter of the peptide
mixture was deposited on the MALDI plate, allowed to
air-dry at room temperature and overlaid with 0.4 ml of the
matrix.
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In vivo experiments: outgrowth from the lag phase
Wild type B. subtilis, d and HelD knockout, and the
double knockout strains (MH5636, LK637, LK782 and
LK1032, respectively) were cultivated in LB medium for

24 h at 37 C under continuous shaking to ensure entry
into stationary phase and then diluted into fresh LB
medium to OD600 = 0.03. OD600 was measured during
outgrowth to compare the duration of the lag phase of
the respective strains.
Protein sequence and domain analysis
Protein sequence searches were performed with the
BLAST protein–protein service (23,24). Sequence alignments were carried out with Clustalx, using the Gonnet
250 weight matrix (25).
RESULTS
HelD copuriﬁes with RNAP
In our preparations of B. subtilis RNAP by afﬁnity chromatography,
we
regularly
observed
a
major
contaminating band of 90 kDa (Figure 1A). This band
did not appear in control experiments where the lysate
made from B. subtilis cells containing no His-tagged
protein was incubated with the afﬁnity matrix, indicating
that the protein does not have an intrinsic ability to bind
the matrix (Figure 2A). This protein could not be removed
by gel ﬁltration and its level in the preparation decreased
only after ion exchange chromatography [(26) and data

Figure 1. HelD copuriﬁes with RNAP. (A) RNAP puriﬁed by
Ni-afﬁnity chromatography via the 10 N-terminal histidines on the
b’ subunit. Subunits of RNAP and the band corresponding to HelD are
indicated. (B) HelD puriﬁed by Ni-afﬁnity chromatography via the 6
N-terminal histidines. The apparent molecular weights are shown by
Novex Sharp Pre-Stained Protein Standard, M. Panel C, Putative
domain structure of B. subtilis HelD. Amino acid identity with respective protein fragments is indicated. The percent values show the level of
sequence identity to the marked protein segment.
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and NTPs (ATP, CTP and GTP were 200 mM; UTP was
10 mM plus 2 mM of radiolabeled [a-32P]-UTP).
RNAP was reconstituted with HelD at a 1:4 ratio unless
stated otherwise. The RNAP:d ratio used in experiments
where d was added was 1:4 (saturating concentration).
Reconstitution experiments were carried out in storage
buffer for 15 min at 30 C. When denatured HelD was
used, native HelD protein was denatured at 90 C for 5 min.
All transcription reactions were allowed to proceed for
15 min at 30 C (unless stated otherwise) and stopped with
equal volumes of formamide stop solution (95% formamide,
20 mM EDTA, pH 8.0). Transcription assays on 20 nt linear
templates were allowed to proceed for 30 min.
In single round transcription assays, and in the multiple
round assays (Figure 6), RNAP was preincubated with
plasmid DNA and HelD and d were subsequently added
and incubated for 10 min at 30 C. Reactions were carried
out in transcription buffer supplemented with 150 mM
KCl and started by the addition of NTPs (concentration
of NTPs was the same as in multiple round in vitro transcription assays) together with 600 nM double-stranded
DNA (dsDNA) competitor. The competitor dsDNA
with a full-consensus promoter sequence (21) was used
to sequester free RNAP and allow only one round of
in vitro transcription (22). Stock dsDNA competitor was
prepared by annealing equimolar amounts of complementary primers (LK 923: 50 -ccggaattcaaatatttgttgttaactcttgacaaaagtgttaaattgtgctatactgtattggttctcaagcttccg-30 and LK
924: 50 -cggaagcttgagaaccaatacagtatagcacaatttaacacttttgtcaagagttaacaacaaatatttgaattccgg-30 ) in 10 mM Tris–HCl,
pH 8.0, 1 mM EDTA, 50 mM NaCl, which were
denatured at 95 C for 5 min and then cooled down to
30 C (1 C per min). In negative controls, whole reaction
mix with plasmid DNA and competitor dsDNA was
started with RNAP to ensure that all RNAPs were sequestered by the dsDNA competitor.
In vitro transcription restart assays (Figure 5E and F)
were carried out in two steps. The ﬁrst 15-min step was
basically the same as described above for multiple round
reactions; KCl was used at 100 mM concentration. At the
beginning of step II, the main compounds (water, NTPs,
template DNA, d, HelD, both d and HelD, RNAP) were
added to respective reactions in the same amounts as they
were at the beginning of step I. Reactions were then
allowed to proceed for another 15 min and were stopped
with 10 ml of stop solution. In experiments with two templates (Figure 6A), 10 nM ﬁnal concentrations of the
plasmids were used.
Samples were loaded onto 7 M Urea 7% polyacrylamide gels and electrophoresed. The dried gels were
scanned with a Molecular Imager_FX (BioRad). The
amount of transcript (originating from the cloned promoters) was quantiﬁed with QuantityOne software
(BioRad). All calculations and data ﬁtting were carried
out using SigmaPlot (Jandel Scientiﬁc).
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tag (Figure 1B) and the experimentally determined pI of
the protein under native conditions was 7.1 (theoretical
pI = 6.1). HelD was able to bind DNA (Supplementary
Figure S1), and as it was predicted to be a helicase, we
attempted to detect this activity in strand displacement
assays. Using an array of DNA templates [50 or 30 overhangs, forked DNA or blunt-ended DNA; (28)] we
detected no strand-displacement activity for this protein
(data not shown).
Interaction of HelD with RNAP
To conﬁrm that HelD binds to RNAP and to establish to
which form (core or holoenzyme), we performed in vivo
and in vitro experiments. In vivo, we overproduced C-terminally His-tagged HelD in B. subtilis cells (strain
LK1401) and subsequently puriﬁed it via the His-tag. In
parallel, we puriﬁed RNAP that was His-tagged at b’
(MH5636) and we also performed a control puriﬁcation
from a strain without any His-tagged protein (BSB1).
Figure 2A shows that RNAP core subunits copuriﬁed
with the His-tagged HelD, and that RNAP is the main
interacting partner of this protein. Western blot analysis
(Figure 2B) showed that HelD interacts predominantly
with the core form of RNAP as virtually no sA was
detected.
To verify that puriﬁed HelD binds to RNAP in vitro we
performed gel-shift experiments under native conditions in
nondenaturing PAGE gels. Figure 2C lane 1 shows that
HelD forms oligomers in solution as also seen by size
exclusion chromatography (Supplementary Figure S2).
The addition of HelD to RNAP resulted in reduced
migration of RNAP, suggesting binding of HelD to

Figure 2. HelD interacts with RNAP core. (A) Coomassie stained gel of proteins puriﬁed by nickel afﬁnity chromoatography. Lane 1—proteins
puriﬁed from strain MH5636 containing His-tagged b’ subunit of RNAP; Lane 2—proteins puriﬁed from strain LK1401 containing His-tagged
HelD; Lane 3—proteins puriﬁed from strain (BSB1) without any His-tagged protein. (B) Western blot of the gel from (A). The antibodies used are
indicated. In the last lane puriﬁed sA was used as a marker. (C) Band shift assay on native PAGE gel. RNAP was incubated with potential
interacting partners: HelD, T4 DNA ligase (68 kDa), MLV reverse transcriptase (71 kDa). Samples were separated on 4–16% gradient native PAGE
Bis–Tris gels. Lane 1—HelD, lane 2—RNAP, lane 3—HelD with RNAP, lane 4—DNaseI-treated HelD+DNaseI-treated RNAP, lane 5—T4 DNA
ligase, lane 6—RNAP with T4 DNA ligase, lane 7—MLV reverse transcriptase, 6—RNAP with MLV reverse transcriptase. In all experiments,
RNAP was prepared from the helD strain (LK782).
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not shown]. This band was identiﬁed by MALDI mass
spectrometry as the HelD protein, which was recently
reported as a binding partner of RNAP (7).
The HelD protein is encoded by the yvgS (helD) gene and
consists of 774 amino acids (aa). Based on its aa sequence,
HelD is a putative UvrD-like helicase. Helicase from
Lactobacillus plantarum HelLp, with a sequence identity
of 39%, is the closest related protein for which any 3D
structure (C-terminal domain, PDB ID 3DMN, unpublished) is available. The closest structurally related
helicase of this class, UvrD from E. coli, for which the
complete 3D structure has been determined (27), shows
only 12% sequence identity with HelD. Based on domain
arrangement of HelLp and UvrD and sequence comparisons of these two proteins with HelD, it is postulated that
HelD comprises three domains (Figure 1C). The ﬁrst,
N-terminal domain (residues 1–204) may be involved in
DNA binding. The second domain (205–606) contains the
ATP-binding box and is related to the ATPase domain of
UvrD helicase (residues 1–281 in UvrD, domain marked as
UvrD1). The C-terminal domain (607–774) is related to the
domain of UvrD helicase involved in DNA unwinding and
shares signiﬁcant similarity with the C-terminal domain of
HelLp. However, in the case of UvrD this domain is
formed by two distant parts of the protein chain, whereas
the HelLp C-domain is formed by a single section of
the protein chain. In summary, HelD is a unique protein only part of which resembles proteins characterized
to date.
For further studies, we prepared recombinant HelD.
The recombinant protein was puriﬁed by nickel afﬁnity
chromatography via the introduced N-terminal 6xHis
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(probably in different oligomeric states). As an additional
control to exclude the possibility that HelD binds to
RNAP via traces of DNA remaining in complex with
the proteins, DNaseI was added to the RNAP and HelD
preparations before the experiment and we obtained the
same result (Figure 2C, lane 4). As speciﬁcity controls, we
used T4 ligase and murine reverse transcriptase and
neither of these proteins bound to RNAP (Figure 2C,
lanes 5–8).
We conclude that HelD interacts with RNAP core
in vivo and that puriﬁed HelD interacts directly with
RNAP in vitro.

Figure 3. HelD binds on the downstream side of RNAP. (A) Coomassie blue stain of RNAP subunits and fragments showing approximate equal
loading in all lanes. (B) Negative control blot containing all components except biotinylated ligand. (C) Blot performed using biotinylated HelD. (D)
Control blot using biotinylated sA. Molecular weights (kDa) are shown down the left hand side. Lane 1—a; lane 2—b1–606; lane 3—b400–760; lane 4—
b750–1040; lane 5—b950–1193; lane 6—b’1–433; lane 7—b’253–610; lane 8—b’600–915; lane 9—b’800–1199; lane 10—o2; lane 11—b750–1040 ﬂap; lane 12—o1.
(E) Quantiﬁcation of binding signal of HelD to b and b’ fragments normalized to the strongest binding fragment, b’600–915 (set at 100%). Dotted line
represents 30%. (F) Surface rendered model of B. subtilis RNAP with the strongest HelD binding fragments labeled in yellow (b400–760) and red
(b’600–915). a Subunits are shown in dark gray, b subunit in light gray and b’ subunit in medium gray. DNA is shown in blue; template strand in light
blue and nontemplate strand in dark blue. The approximate location of the secondary channel is indicated by the transparent gray circle.
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RNAP (Figure 2C, lane 3). To conﬁrm results from the
gel-shift experiment, we excised the two bands predicted to
be RNAP from lane 2 and lane 3 and determined the
protein identity by mass spectrometry. The analysis conﬁrmed the presence of the b, b’ and a subunits as well as
HelD in the bands in lane 3. It is not clear why RNAP and
RNAP-HelD complexes ran as two bands on the gel
(Figure 2C, lanes 2 and 3), but they appeared identical
by mass spectrometry analysis, and we speculate that
they may represent two conformational states of RNAP,
both capable of HelD binding. We also veriﬁed by mass
spectrometry that the bands in lane 1 consist of HelD
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Localization of HelD on RNAP

HelD affects transcription in vitro
Because HelD directly interacts with RNAP, we wished to
determine whether it was important for the DNAdependent synthesis of RNA. Therefore, we performed a
panel of in vitro transcription experiments with RNAP
puriﬁed from a HelD knockout strain, and studied the
effect of addition of HelD. As a model promoter, we
used Pveg, a strong constitutive promoter that is well
characterized (18). From this promoter RNAP transcribes
a 145 nt transcript and transcription is terminated at a Rhoindependent terminator (17,30). In in vitro multiple round
transcription assays HelD displayed a stimulatory effect on
transcription (Figure 4A, black columns; Supplementary
Figure S3). However, a large stoichiometric excess of
HelD over RNAP abolished transcription, possibly by
nonspeciﬁc binding of HelD to DNA, resulting in the formation of transcription roadblocks (31). Negative control
experiments using heat-denatured HelD failed to produce
any stimulatory effect on transcription activity (Figure 4A;
gray columns). We also tested the effect of HelD with two
other templates containing two other promoters, PhelD and
PglpD (32), and we obtained similar results to those
obtained with Pveg (Supplementary Figure S3AB).
Moreover the effect of HelD on transcription was saltconcentration dependent, as increasing the amount of salt
in the reaction rendered the effect more pronounced
(Supplementary Figure S4).
We conclude that HelD in low stoichiometric excess
over RNAP stimulates transcription.
The effect of HelD is ATP-dependent
As HelD contains an ATP binding motif, we investigated
whether the effect of HelD on transcription depends on
ATP. First, we tested whether HelD possesses an ATPase

HelD and d have a synergistic stimulatory effect on
transcription cycling
The next question was which part of the process of RNA
synthesis is affected by HelD. Even though Figure 2B
shows that HelD binds to core and not holoenzyme, we
wanted to test whether it has any effects on steps important for transcription initiation—RNAP association with
sA and promoter binding. Unsurprisingly, the presence or
absence of HelD had no effect either on the afﬁnity of sA
for RNAP or the afﬁnity of RNAP for promoter DNA
(Supplementary Figure S5A and B).
However, another putative helicase, the RapA protein
of E. coli, has been shown to associate with RNAP and
stimulate transcription by promoting cycling of RNAP by
enhancing the release of RNAP from nucleic acids after
termination and also by stimulating the dissociation of
RNA–DNA hybrids (30). HelD and RapA are not
sequence homologs; RapA belongs to the Swi2 family of
helicases, but we speculated that these two proteins may
be functional analogs. As the d subunit of RNAP was
previously also shown to enhance cycling of RNAP, we
included d as a positive control. We used RNAP from a
double knockout strain (d-null HelD-null, LK1032) in
in vitro transcription assays from a Pveg-based supercoiled
template. First, we tested the effects of HelD and d separately and observed moderate stimulatory effects for each
(2-fold increase) (Figure 5A and B; multiple rounds).
Surprisingly, when we combined HelD and d together,
we detected a strong increase in RNA synthesis. The
10-fold stimulation by HelD and d together was more
than the sum of the stimulatory effects of HelD and d
alone, suggesting a synergistic effect of these proteins.
Next, we decided to directly test whether the synergistic
effect of HelD and d is due to a more efﬁcient cycling of
transcription. If this was true, then limiting transcription
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Next, we addressed the topology of the binding of HelD to
RNAP. We used far western blot analysis using fragments
of subunits of B. subtilis RNAP probed with biotinylated
HelD (Figure 3). Controls were performed with no protein
(Figure 3B) and with biotinylated sA that bound to the
N-terminus of the b’ subunit as well as the fragment of the
b subunit containing the b-ﬂap tip (Figure 3D). These data
are consistent with previous far western blot results using
anti-sA antibodies (6) and structural data (29). When
using HelD as a probe, signal was observed for most of
the fragments of the b and b’ subunits (Figure 3C), but as
shown in Figure 3E and F, it bound most strongly to two
fragments that form the rim of the secondary channel by
which it is believed that NTPs enter the active site (gray
circle, Figure 3F). Mapping of the fragments to which
HelD bound weakly enabled us to identify portions that
all triangulated to the surface of RNAP close to the secondary channel (not shown) consistent with HelD forming
extensive contacts with RNAP on the downstream side in
close proximity to DNA (light and dark blue, Figure 3F).
Assuming HelD binds on the downstream side of RNAP it
is unlikely there is signiﬁcant steric hindrance preventing s
from being simultaneously bound.

activity. While none of the two control proteins, the
GTPase domain of B. stearothermophilus elongation
factor Tu or BSA, was able to hydrolyze ATP, HelD displayed signiﬁcant ATPase activity (Figure 4B and C). This
effect was independent of the presence of RNAP (data not
shown). Next, we performed transcription assays with
increasing concentrations of ATP either in the presence
or absence of HelD. As a control, we performed the
same type of experiment with increasing concentrations
of CTP. When ATP or CTP concentrations were increased
(from 1 to 200 mM), the other NTP concentrations were
kept constant (100 mM). Figure 4D and E shows that by
increasing the concentration of ATP from 1 to 20 mM
(where the effect plateaued) the level of transcription
increased 6-fold in the presence of HelD. When HelD
was not present, this stimulation was absent.
Furthermore, increasing the CTP concentration had no
signiﬁcant effect on transcription either in the presence
or absence of HelD. The overall higher level of transcription in the presence of HelD when CTP concentration was
being varied was due to the 100 mM ATP that was present
in the reaction.
We conclude that HelD is an ATPase and the stimulatory effect of HelD on transcription is ATP-dependent.

5158 Nucleic Acids Research, 2014, Vol. 42, No. 8

to a single round should abolish the effect. As shown in
Figure 5A and B, the pronounced stimulatory effect of
these factors was cancelled, consistent with the stimulatory effect of HelD and d being due to cycling of
transcription.
To examine the cycling in more detail, we performed multiple round transcription experiments where we followed
transcription in the presence/absence of d, HelD or d and
HelD as a function of time. In the absence of HelD or d,
transcription stopped at about the 5-min time point. The
addition of either protein modestly prolonged this time.
The addition of both proteins then markedly increased
the time with transcription still continuing at the ﬁnal
25-min point (Figure 5C and D).
This experiment raised two principal questions: (i) Why
does the cycling of transcription stop after 5 min in the
absence of d and HelD? and (ii) Why is the cycling more

efﬁcient with d and HelD? We address these questions in
the following two sections.
Transcription cycling stops because the template is not
functional
There are three possibilities to explain why transcription stops after 5 min: ﬁrst, depletion of NTPs prevents
RNA synthesis; second, RNAP is in complex with RNA
and/or DNA and inactive; third, the template DNA is not
functional either because it is blocked by RNAP, or
because it forms interactions with RNA [such as Rloops (33)].
To distinguish between these possibilities we allowed
the in vitro transcription assays to proceed for 15 min
without HelD and d and then divided the mixture into
several aliquots. Next, equal amounts of the main components (NTPs, template DNA, RNAP) were added as at the
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Figure 4. Effect of HelD on in vitro transcription. (A) RNAP (from HelD knockout strain LK782) was reconstituted with saturating concentrations
of sA. Holoenzyme was incubated with increasing amounts (molar ratio from 1:0 to 1:64) of HelD (black bars) or heat denatured HelD (gray bars)
and used to initiate transcription. Primary data are shown in the inserted box and show a representative experiment. The data were normalized to the
1:0 ratio set as 1. In this and the following experiments, the graphs represent data from three independent experiments ±SD. (B) HelD hydrolyzes
ATP. Primary data show spots with hydrolyzed g-32P (for details see ‘Materials and Methods’ section). (C) Graph showing the quantiﬁcation, with
the symbol key presented in the graph. (D) The effect of HelD is ATP-dependent- representative primary data. RNAP from HelD knockout strain
(LK 782) was tested in in vitro multiple round transcription assays in the presence/absence of HelD and increasing amounts of ATP (from 1 to
200 mM total ATP). As a control, CTP was varied. The concentration of CTP was 100 mM when [ATP] was varied and vice versa. (E) The effect of
HelD is ATP-dependent quantiﬁcation of the data normalized to transcription at 1 mM ATP or CTP. The color coding of the bars is deﬁned in the
graph.
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beginning of the reaction, or HelD, d or HelD and d were
added, and the reaction allowed to proceed for another
15 min. From the results (Figure 5E and F) we can exclude
the ﬁrst hypothesis: the addition of NTPs did not restart
transcription (Figure 5F, lane 3). We can also exclude
inactivation of all RNAP present in the experiment
(second hypothesis) as addition of RNAP did not restart

transcription (Figure 5F, lane 8). This is in agreement with
the fact that there was 12-fold molar excess of RNAP over
the template DNA already at the beginning of the
reaction. Finally, the addition of plasmid DNA resulted
in 2-fold increase in transcription, suggesting it is the
lack of an available template DNA that prevents further
transcription (third hypothesis).
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Figure 5. HelD and d stimulate cycling of transcription. (A) Multiple round transcription assays were conducted in the absence of a competitor
(dsDNA), whereas single round assays were conducted in its presence. In single round assays, the competitor was added to preform open complexes
together with NTPs that were used to initiate transcription. The negative control shows the efﬁciency of the dsDNA competitor at preventing
transcription of the 145-nt product when added to assay mixtures before formation of the open complex. (B) Quantiﬁcation of data from multiple
round (gray bars) and single round (black bars) transcription assays. Data from three independent experiments were quantiﬁed; the graph shows
averages ±SD. (C) Multiple round in vitro transcription is limited in time—representative data. RNAP was preincubated with/without d and/or
HelD. Reactions were started at time zero by NTPs. Aliquots were withdrawn at 5, 10, 15, 20 and 25 min, respectively, and stopped by formamide
stop solution. (D) Multiple round in vitro transcription is limited in time—quantiﬁcation. Data were quantiﬁed from two independent experiments
normalized to the value of transcription without d and HelD after 15 min (set as 1). The bars indicate the range. (E) HelD and d restart halted in vitro
transcription—a schematic drawing of the experiment. In step I, all the indicated components of the transcription reaction were combined together
and transcription reactions were allowed to proceed for 15 min. At this time point, the mixture was distributed to eight tubes containing the indicated
components, and the reactions (Step II) were allowed to proceed for further 15 min. (F) HelD and d restart halted in vitro transcription—a
representative result and quantitation of the data. The quantiﬁed data were normalized to lane 1, set as 1. The graph represents data from three
independent experiments ±SD.
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HelD and d release RNAP from DNA and affect
elongation

Figure 6. HelD liberates RNAP and affects elongation. (A) HelD liberates sequestered RNAPs—primary data. Transcription assays were
performed with two supercoiled templates, either Pveg (145-nt transcript) or PhelD (245 nt). Pveg was in all reactions from the beginning.
PhelD was added at the beginning (lane 1) or after 15 min (lanes 2–5)
and reactions were allowed to proceed for another 15 min. RNAP contained no HelD or d. These proteins were added after 15 min (lane 2—
no protein; lane 3—d; lane 4—HelD; lane 5—HelD+d). (B) HelD and d
increase transcriptional rate on linear templates regardless of the
presence/absence of a Rho-independent terminator—representative
primary data. Two templates both containing the Pveg promoter were
used (see ‘Materials and Methods’ section for details). One template
contained a Rho-independent terminator, while the other lacked this
terminator. With both templates, the experiment was conducted
±HelD+d. (C) Quantiﬁcation of the data (plus two more repeats)
from the experiment shown in (B). Panel (D), HelD stimulates transcription of 20 nt RNA. Multiple round in vitro transcription reactions
on a linear template with a 20 bp template were performed in the

The reason for the transcriptional inactivity of the plasmid
in the previous experiment could be due to the presence of
stalled (nonproductive) RNAP complexes either on the
Pveg template or elsewhere on the plasmid. Another possibility is an alteration of the plasmid by transcription (e.g.
a change of supercoiling), which would suggest an effect of
HelD on elongation. Finally, the plasmid could be in
complex with RNA (e.g. R-loops) and thus not functional
in transcription. Previous experiments have already ruled
out such possibilities as affecting promoter afﬁnity
(Supplementary Figure S5B) or afﬁnity of sA for RNAP
(Supplementary Figure S5A).
To test whether the presence of d and HelD releases
nonproductive RNAP from DNA we performed in vitro
transcription assays with two templates producing RNAs
of different length (from Pveg and PhelD promoters). A
subsaturating concentration of RNAP (with respect to the
plasmid template) was used. When both templates were
added at time zero, both were transcribed by RNAP in
the absence of d and HelD (Figure 6A, lane 1).
When transcription started only from Pveg, and PhelD
was added after 15 min, free RNAP appeared to be
unavailable, as only a small amount of transcript from
PhelD was generated (Figure 6A, lane 2), suggesting
that RNAP may be sequestered on the Pveg template
DNA. This effect was alleviated when HelD or HelD
with d were added together with the second template
(Figure 6A, lanes 4 and 5). The presence of d and HelD
enabled RNAP to be reused for transcription from both
templates. We note that d alone did not display a stimulatory effect with the PhelD template (Figure 6A, lane 3).
This could be due to an effect of d on transcription initiation at PhelD, as d is known to decrease transcription
from promoters that form relatively unstable open
complexes (important intermediates during transcription
initiation) (15).
Next, we tested whether HelD and d were able to release
RNAP from posttermination complexes as suggested for
RapA (30,34). We performed in vitro transcription reactions with linear templates containing or lacking Rhoindependent terminators. Figure 6B and C shows that
the presence or absence of the terminator had no effect
on the stimulatory effect of HelD and d. Interestingly,

Figure 6. Continued
presence/absence of HelD and/or d. The radioactively labeled transcripts were resolved on 20% polyacrylamide gels. The graph shows
a representative result and quantiﬁcation of the data. The quantiﬁed
data were normalized to lane 1, set as 1. The graph represents data
from three independent experiments ±SD.
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The addition of HelD or d alone had again a moderate
stimulatory effect on transcription. However, a pronounced
stimulatory effect was observed on the addition of HelD
and d together (Figure 5F, lane 7). This demonstrated that
the lack of transcription-competent template was not
caused by, for example, degradation or irreversible alteration of DNA.

Nucleic Acids Research, 2014, Vol. 42, No. 8 5161

HelD and d display similar phenotypes in vivo

Figure 7. HelD and d affect the growth phenotype. (A) wt, wild type
B. subtilis strain (MH5636): closed circles; HelD-null (LK782): closed
triangles; d-null (LK637): open circles; d-null HelD-null (LK1032):
open triangles. The strains were grown for 24 h at 37 C. After 24 h,
the cells were diluted into fresh LB medium at OD600 = 0.03 and the
growth curves after the dilution are shown. (B) Growth in deﬁned
MOPS medium supplemented with all 20 amino acids in the presence
0, 0.5 or 1.0 M KCl as stated in the ﬁgure legend. Cells were cultivated
in 1 ml of volumes at 37 C in 24-well EMSA plates in a TECAN
InﬁniteÕ 200 Pro and OD 600 was measured every 10 min.

transcription did not stop on the linear templates after
5 min in the absence of these two proteins but continued
throughout the duration of the experiment. However, the
overall level of transcription was less in the absence of
HelD and d. We tested the effect of HelD and d on
releasing RNAP from the linear template and detected
only a modest (20%) stimulation of this process
(Supplementary Figure S6A and B). Hence, the main
stimulatory effect of HelD on linear templates is most
consistent with an effect on elongation.
To test whether the elongation effect could be due to the
inability of RNAP to read through complexes of DNA
with RNA, as also suggested for RapA (34), we performed
experiments with a short linear DNA template where the
transcribed region was only 20 nt long. This short length
of transcribed template does not permit signiﬁcant interactions of the nascent RNA with DNA (35). As shown in
Figure 6D, HelD and d were still capable of stimulating

To assess the importance of HelD for the cell, we performed phenotypic experiments, using a HelD-null
strain. In comparison with wild type, no difference in
growth was observed in rich (LB) or nutritionally
deﬁned media (MOPS). Similarly, no difference was
observed in response to various stresses, such as heat
and ethanol (data not shown). However, the mutant
strain displayed a prolonged lag phase for stationary
cells diluted into fresh medium. This phenotype was reminiscent of the phenotype displayed by the d-null strain
(10,15). Therefore, we directly compared wild type,
d-null, HelD-null and the double knockout strain,
HelD-null and d-null (MH5636, LK637, LK782 and
LK1032, respectively). The cells were grown for 24 h and
then diluted into fresh LB medium. The outgrowth from
lag phase of the d-null strain was delayed compared with
wild-type cells for 30 min, as reported previously
(Figure 7A). Growth of the HelD-null strain was
delayed for 15 min and the double knockout strain displayed an identical delay to the d-null strain. The same
phenotype was observed for wild-type versus HelD-null
strain in deﬁned rich medium (MOPS supplemented with
all amino acids) and in poor M9 medium (Supplementary
Figure S7A). Further, we also observed a minor effect on
growth in the presence of increased amounts of salt
(Figure 7B and Supplementary Figure S7B). Albeit relatively small, these phenotypes were highly reproducible.
We concluded that the absence of HelD decreased the
ability of the cell to rapidly adapt to nutritional changes
in the environment.
DISCUSSION
In this study we conﬁrmed HelD as a new interacting
partner of RNAP from B. subtilis, we identiﬁed that it
binds to the core form of the enzyme, localized its approximate binding region on RNAP and provided insights into
the role of HelD in transcription. We have shown that
HelD hydrolyzes ATP independently of RNAP and stimulates transcription in an ATP-dependent manner. This
differs from RapA from E. coli where the ATPase
activity of RapA without RNAP was minimal (36).On
supercoiled templates, this effect can be enhanced by an
additional subunit called d and the two proteins promote
more efﬁcient cycling of RNAP. Furthermore, HelD
appears to increase the transcription rate by stimulating
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transcription. Interestingly, the effect of d with HelD was
decreased relative to the effect of HelD alone. A possible
explanation could be a parallel negative effect of d on, for
example, the afﬁnity of RNAP for the promoter located
on this short linear DNA fragment.
We conclude that the effect of HelD in conjunction with
d on transcriptional cycling on supercoiled templates
appears to be caused, at least in part, by liberating
nonproductive RNAPs from complexes with DNA. A
parallel stimulatory effect of HelD on the rate of elongation that is more apparent with linear templates seems to
also play a role.
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Further, it is possible that some other proteins, such as the
PcrA helicase (7,41), may have overlapping functions with
HelD and future studies will be required to decipher the
role of these RNAP-associated helicases or helicase-like
proteins in transcription. In conclusion, HelD is a novel
type of RNAP-associated protein with an important role
in transcription.
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elongation. Finally, we demonstrated that the absence of
HelD prolongs the lag phase of growth in a similar
manner as the absence of d does. This phenotype negatively affects the ability of the cell to rapidly react to
nutritional changes in the environment.
Far western blotting experiments indicate that HelD
binds to RNAP core on the downstream side, in close
proximity to the secondary channel (Figure 3F).
Interestingly, RapA, a putative helicase that stimulates
transcription in an ATP-dependent manner in E. coli
was found to cross-link to b’ and a subunits on E. coli
RNAP (37). These results are at low resolution but they
are consistent with the possibility that HelD and RapA
may bind to the same region of their respective RNAPs.
Future studies will have to address the exact mode of
binding of these two proteins.
RapA is a putative helicase, and, similarly to HelD, no
helicase activity was detected for this protein (38).
Further, both HelD from B. subtilis and RapA of
Pseudomonas putida (39) bind to core RNAP although
RapA of E. coli was shown to bind to the holoenzyme
containing the main sigma factor (37,39). HelD and
RapA, however, belong to different protein families with
no signiﬁcant amino acid sequence homology. Closer
sequence analysis suggests that even if both proteins use
ATP-binding domains, the structures of these domains
and also of the whole proteins are likely entirely unrelated.
The two proteins further differ in their effects during
UV-induced DNA damage when in B. subtilis the lack
of HelD was reported to have a negative effect (10),
whereas the lack of RapA had no effect in E. coli (37).
Nevertheless, both proteins stimulate transcription in an
ATP-dependent manner, and HelD can be further assisted
in this function by a small subunit of RNAP, d, which is
absent from gram-negative bacteria. Interestingly, both d
and HelD are conserved in the industrially and medically
important Firmicutes. The stimulatory effect of RapA was
shown to be caused by enhancing of the transcriptional
cycling by releasing RNAP from the DNA of posttermination complexes (30,34), and possibly also by assisting
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Ms1 RNA increases the amount of RNA polymerase in
Mycobacterium smegmatis

Summary
Ms1 is a sRNA recently found in mycobacteria and several other actinobacterial
species. Ms1 interacts with the RNA polymerase (RNAP) core devoid of sigma
factors, which differs from 6S RNA that binds to RNAP holoenzymes containing the
primary sigma factor. Here we show that Ms1 is the most abundant non-rRNA
transcript in stationary phase in Mycobacterium smegmatis. The accumulation of
Ms1 stems from its high-level synthesis combined with decreased degradation. We
identify the Ms1 promoter, PMs1, and cis-acting elements important for its activity.
Furthermore, we demonstrate that PNPase (an RNase) contributes to the differential
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accumulation of Ms1 during growth. Then, by comparing the transcriptomes of wt
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and Ms1 strains from stationary phase, we reveal that Ms1 affects the intracellular
level of RNAP. The absence of Ms1 results in decreased levels of the mRNAs
encoding  and ´ subunits of RNAP, which is also reflected at the protein level.
Thus, the Ms1 strain has a smaller pool of RNAPs available when the
transcriptional demand increases. This contributes to the inability of the Ms1 strain
to rapidly react to environmental changes during outgrowth from stationary phase.

Keywords
Ms1, transcriptome, mycobacteria, sRNA, RNA polymerase, RNA-seq, PNPase

Introduction
Bacterial growth, adaptation, and survival depend on accurate responses to

environmental changes. These responses result from changes in gene expression. A
key enzyme responsible for this process is RNA polymerase (RNAP), which
transcribes the genetic information from DNA into RNA.
The bacterial RNAP core (E) consists of two α subunits, two large catalytic

subunits, β and β’, and the small ω subunit. The RNAP core is capable of
transcription elongation but cannot initiate transcription. The RNAP core binds a 
factor (this complex is called RNAP holoenzyme, E). The  factor, then, helps
RNAP recognize the specific promoter sequence, open the transcription bubble, and
synthesize the first few nucleotides of the transcript (Browning & Busby, 2016). The
promoter specificity of RNAP thus depends on the associated  factor. Bacteria
contain one primary  factor (such as σ70 in Escherichia coli or σA in Mycobacterium
smegmatis), which is responsible for the majority of transcription during vegetative
growth, and various numbers of alternative  factors that recognize specific
promoters necessary to cope with stress (Feklístov et al., 2014). In mycobacteria,
two essential regulators of transcription initiation, RbpA and CarD, interact with
Eand stabilize its association with DNA (Rammohan et al., 2016, Hu et al., 2014,
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Hubin et al., 2015, Verma & Chatterji, 2014, Rammohan et al., 2015, Srivastava et
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al., 2013, Davis et al., 2015). 
Previously we identified a ~300 nt long small RNA (sRNA) in M. smegmatis

termed Ms1 (Pánek et al., 2011) that interacts with the RNAP core devoid of
factors (Hnilicová et al., 2014). An Ms1 homolog was also found in M. tuberculosis
(a sRNA named MTS2823) (Arnvig et al., 2011) and predicted in other mycobacterial
and actinobacterial species such as Nocardia or Rhodococcus (Hnilicová et al.,
2014). Both Ms1 and MTS2823 accumulate during stationary phase of growth
(Arnvig et al., 2011, Hnilicová et al., 2014).
Ms1 shares a similar predicted secondary structure with 6S RNA – the double

stranded hairpin interrupted with the central bubble. In addition, Ms1 has two short
hairpins at the 5´and 3´ends (Hnilicova et al., 2014). The main difference between
Ms1 and 6S RNA is that 6S RNA associates with RNAP holoenzyme - the complex
of RNAP with the primary  factor (Eσ) (Cavanagh & Wassarman, 2014, Trotochaud
& Wassarman, 2005, Wassarman & Storz, 2000), whereas Ms1 binds the RNAP
core devoid of factors (Hnilicová et al., 2014). 6S RNA regulates expression of
several hundred genes in E. coli (Cavanagh et al., 2008, Neusser et al., 2010) by
binding to Eσ70. Previously, artificial MTS2823 overexpression in exponential phase
in M. tuberculosis downregulated expression of 301 genes and upregulated 2 genes
(Arnvig et al., 2011). However, it is unclear how expression of Ms1 is regulated from
its natural locus, and importantly, what the role(s) of Ms1 are in stationary phase
when it is most abundant and physiologically relevant.
Here we identify the Ms1 promoter in M. smegmatis and M. tuberculosis and

characterize Ms1 expression and degradation in different growth phases.
Furthermore, with a Ms1 strain we demonstrate the effect of Ms1 on bacterial
survival and growth. Then, we compare the transcriptomes of the Ms1 strain versus
wild type (wt) both in exponential and stationary phase and we identify genes
regulated in Ms1-dependent manner. We show that Ms1 affects gene expression of
RNAP subunits  and ´. Based on Ms1‘s effect on mycobacterial transcription we
discuss hypotheses of how Ms1 functions mechanistically.
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Results
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Ms1 is the most expressed non-rRNA gene in stationary phase
To start characterizing Ms1, we performed RNA-seq experiments. We compared
transcriptomes of wt M. smegmatis in exponential and stationary phases to quantify
Ms1 expression during mycobacterial growth.
We isolated RNA from mid-log exponential phase (OD600 0.5) and from stationary
phase after 24 hours of cultivation (OD600 2.5, approximately 12 hours after the entry
into stationary phase). In wt M. smegmatis, the most upregulated genes after the
entry into the stationary phase were Ms1 and genes from the MSMEG_1971MSMEG_1979 cluster. Importantly, over 30 % of non-rRNA transcripts in stationary
phase belonged to Ms1. Thus, Ms1 is the most abundant transcript (disregarding the
ribosomal rRNAs) in stationary phase (Supporting Table 1). In exponential phase,
the Ms1 amount decreased to ~0.1% of non-rRNA transcripts. Nevertheless, Ms1
was still in the Top-20 most expressed exponential phase genes (Supporting Table
1).

Based on RNA-seq experiment (where we used the same amount of RNA per
sample), Ms1 expression increased >350-fold in stationary phase RNA sample
compared to exponential phase RNA. However, to conclude that Ms1 expression
increased >350-fold per cell, we have to assume that the overall yields of the RNA
sample is identical per cell under different experimental conditions (Chen et al.,
2015). Therefore, we verified the Ms1 increase in stationary phase by quantitative
PCR (qPCR) (Fig 1A). Immediately at the beginning of RNA isolation from a known
number of cells, we added in vitro transcribed B. subtilis 6S RNA as the RNA
recovery marker as control for the efficiency of RNA isolation or potential RNA
degradation. Then, the amount of Ms1 was normalized to the cell number and RNA
recovery marker. This approach yielded a ~115-fold increase in the Ms1 level in
stationary phase. This suggests that to obtain the same amount of RNA from
stationary phase and exponential phase, it is necessary to use 3-times as many
stationary phase cells. In other words, approximately 3-fold less RNA is isolated from
the same number of stationary phase M. smegmatis cells compared to exponential
phase. Contrary to Ms1, the amount of the primary σ factor (σA) mRNA per cell
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increased in exponential phase ~4.5-fold compared to stationary phase (Fig 1B).
Also, the expression of the three main RNases, PNPase (MSMEG_2656), RNase J
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(MSMEG_4626) and RNase E (MSMEG_2685), per cell was higher in exponential
phase compared to stationary phase (Fig 1B).

Ms1 is transcribed from a single promoter
Next, we wished to determine the mechanisms of the high intracellular accumulation
of Ms1. As the accumulation is a combined effect of synthesis and degradation, we
investigated these two processes, focusing first on synthesis. Previously we
identified the first nucleotide of Ms1 and the putative Ms1 promoter (P Ms1) in M.
smegmatis (Hnilicová et al., 2014). In M. tuberculosis, the 5´end of MTS2823 (Ms1
homolog) was mapped 15 nucleotides upstream compared to M. smegmatis (Arnvig
et al., 2011). The region upstream of the reported MTS2823 transcription start site
contains no obvious match for a promoter consensus sequence; correspondingly, no
promoter sequence for the Ms1 homolog in M. tuberculosis was reported (Arnvig et
al., 2011). Nevertheless, a sequence identical with the M. smegmatis putative Ms1
promoter is present in the same location also in M. tuberculosis.
Therefore we first tested in M. smegmatis (i) whether the predicted Ms1 core
promoter (Hnilicová et al., 2014) is functional; (ii) whether Ms1 has one or several
promoters; (iii) whether any repressor/activator binds to the sequence upstream of
the Ms1 promoter(s), and (iv) whether M. smegmatis and M. tuberculosis Ms1
transcripts have the same 5’ ends, and therefore might be similarly regulated by their
upstream sequences.
We cloned several M. smegmatis promoter region fragments (-38/+9 - the putative
core promoter; -131/+9; -231/+9; -331/+9; and -491/+9, see Fig 2A) into the
integrative pSM128 vector (Dussurget et al., 1999) encoding the lacZ reporter gene
and measured -galactosidase activity in M. smegmatis in different growth phases
(Fig 2B). The -38/+9 region supported significantly above-background galactosidase activities (Fig 2B), confirming that this region contained a core
promoter sequence. The relative activities of other promoter fragments were then
normalized to the activity of the -38/+9 core promoter in exponential phase, which
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was set as 100 (Fig. 2B). By the -galactosidase measurements, the activity of the
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PMs1 core promoter was highest in late stationary phase (after 48 hours of growth).
When we added 100 bp (of the native sequence) upstream to the core promoter
(region -131/+9), promoter activity increased both in exponential and stationary
phases ~10-fold. A further 100 bp extension of the promoter fragment (-231/+9) led
to an additional ~8-fold increase promoter activity in both growth phases, indicating
the presence of either general transcriptional activator(s) or promoter(s) similarly
active in exponential and stationary phases. Yet another two sequential extensions
by 100 bp (-331/+9 and -491/+9) had only a minor effect (max. ~1.5-fold transcription
increase) that was not growth phase specific.
To distinguish whether the upstream region of the core promoter contained any other
promoter(s) or whether it contained binding site(s) for transcription factors, we
deleted a part of the core promoter sequence (fragment -491/-22) or mutated the -10
region of the core promoter (-491/+9mut) (Figs 2A and 2C). Both fragments (-491/22, -491/+9mut) were unable to initiate transcription of lacZ (Fig 2B). Thus, no other
promoter is located within the -491/-22 region. From this result, we can conclude that
Ms1 is transcribed from the single core promoter and this promoter is regulated by
additional transcription factors. In addition, the Ms1 promoter (PMs1) is very strong
and its activity in stationary phase is comparable to the ribosomal rrnB promoter (72/+20 fragment) (China et al., 2010, Tare et al., 2012) when it is most active in
exponential phase (Fig 2B). We note that the background activity of the promoterless pSM128 vector was relatively high (but significantly lower than the activity of the
core promoter). In the Ms1 core promoter mutants, the cloning of DNA fragments
completely devoid of promoter sequences likely disrupted the backgroundgenerating sequence around the cloning site.
Nevertheless, the -galactosidase activity of the control rrnB promoter (-72/+20
fragment) remained high both in early and late stationary phases (Fig. 2B) which
contradicts the well established knowledge from other bacterial species that
expression of ribosomal RNAs decreases upon starvation and on entry into
stationary phase (Krásný & Gourse, 2004, Paul et al., 2004, Aviv et al., 1996, Murray
et al., 2003). The high activity of the rrnB promoter in stationary phase measured by
the -galactosidase assay could have been caused by the increased stability of the
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-galactosidase (LacZ) enzyme during mycobacterial growth. Therefore, we
measured by qPCR directly the amount of the relatively unstable lacZ mRNA that
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better reflects promoter activity changes (Krásný et al., 2008). To do so, we isolated
RNA from the known number of cells and we added in vitro transcribed B. subtilis 6S
RNA as RNA recovery marker as control for the efficiency of RNA isolation or
potential RNA degradation. Then, the amount of the lacZ mRNA was normalized to
the cell number and RNA recovery marker. The activity of the rrnB promoter
decreased ~60-fold in early stationary and ~300-fold in late stationary phase
compared to exponential phase (Fig. 2D), consistent with the situation in other
species mentioned above. This approach revealed that the activity of the PMs1 largest
promoter fragment (-491/+9) did not vary much throughout the growth cycle: it
increased ~2-fold in early stationary phase and in late stationary phase returned to
the exponential phase level (Fig. 2D), indicating almost constitutive expression. A
comparison of PMs1 with the rrnB promoter then revealed that PMs1 is a strong
promoter albeit somewhat less active than PrrnB in exponential phase.
Further comparisons of the lacZ mRNA-based and -galactosidase data revealed
that the addition of upstream promoter elements (-491/+9) increased the activity of
the Ms1 -38/+9 core promoter about 70-fold based on the lacZ mRNA level
compared to the ~77-fold increase based on the LacZ protein level (Fig. 2B and 2D,
exponential phase), indicating that both measurements were comparable, except for
the LacZ protein accumulation during the mycobacterial growth.

Finally, to resolve the discrepancy between the transcription start sites (TSS) of Ms1
and its M. tuberculosis homolog MTS2823, we mapped the M. tuberculosis TSS. We
treated total RNA with Terminator 5'-Phosphate-Dependent Exonuclease (TEX) to
degrade monoposphorylated 5´ends and followed this by 5´RACE. We obtained one
dominant MTS2823-specific PCR product (Fig 2F) that corresponded to the same
transcription start site as Ms1 in M. smegmatis (Fig 2C). Thus, both Ms1 and
MTS2823 have the same transcription start site and the promoter sequences we
found in M. smegmatis are conserved also in M. tuberculosis (Fig 2E).
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Ms1 transcription increases during ethanol stress and starvation
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To determine what types of stress induce transcription of Ms1 in addition to the
harsh nutritional conditions in stationary phase, we quantified the activity of the 491/+9-lacZ promoter fragment under various stress conditions: heat-stress (50°C),
cold-stress (RT - room temperature), ethanol (5% v/v), oxidative stress (7.5 mM
H2O2), hyperosmotic stress (0.5 M NaCl), hypoosmotic stress (H2O), acidic stress
(pH 4), alkaline stress (pH 9), and starvation (PBS). The cells were cultivated to
exponential phase (OD600 0.5, ~6 hrs of growth), stressed for 2 and 4 hours, and
then -galactosidase activity was measured (Fig 2G). The -galactosidase activities
of the -491/+9-lacZ construct under stress conditions were normalized to the control
sample at time 0 (before stresses, Fig 2G) which was set as 1.
Ethanol stress induced lacZ transcription almost ~7-fold. The Ms1 promoter was also
activated during growth in PBS (~1.6-fold), which simulates starvation. Thus, Ms1
transcription is enhanced especially under specific stress conditions (ethanol,
starvation) and not generally by stress. Except for ethanol, no other stress induced
Ms1 in a similar manner as the entry into stationary phase of growth (Figs 2B and
2G) and under no stress condition the PMs1 activity was as high as in stationary
phase (Fig 2G).

Ms1 is more stable in stationary phase
The Ms1 level increases ~115-fold upon entry into stationary phase (Fig 1A).
However, the longest Ms1 promoter fragment (-491/+9) increased its activity only ~2fold under the same conditions when we measured the mRNA level of lacZ gene (Fig
2D). Thus, the number of Ms1 molecules must be regulated also by another
mechanism besides transcription. Therefore, we compared the stability of Ms1 in
exponential and stationary phases. To efficiently detect Ms1 in exponential phase,
we used a strain bearing a replicative plasmid, pJAM2-rrnB-Ms1, where Ms1 was
highly expressed from the strong rrnB promoter in exponential phase (Hnilicová et
al., 2014). We added rifampicin to stop de novo transcription and isolated total RNA
from several time points after the addition of rifampicin. RNA was then isolated from
each time point and RNA recovery marker was added (in this case we used
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Ms1notail – a shortened version of Ms1, see Experimental Procedures section) and
the amount of Ms1 was determined by northern blotting (Figs 3A and 3B) and
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normalized to the RNA recovery marker (Fig 3C). The Ms1 half-life was 8 minutes in
exponential phase and ~8 hours in stationary phase (Fig 3C), revealing that the
increased stability in stationary phase contributes to Ms1 accumulation.
To test whether rifampicin affects the cell numbers and/or viability which could have
potentially influenced RNA stability, we calculated CFU in rifampicin-treated cells and
in control cells that were cultivated without the addition of rifampicin. In exponential
phase, rifampicin treatment for 30 min had no effect on CFU: cells treated with
rifampicin had CFU

[1.7±1.4]*107, control cells [3.3±2.5]*107. This confirms that

rapid degradation of Ms1 in exponential phase is not a secondary effect caused by
bacterial death after rifampicin treatment. The 6 hours-long treatment with rifampicin
in stationary phase decreased CFU ~3-fold: control cells without rifampicin had
[1.7±1]*108 and rifampicin-treated cells had [6.3±3.8]*107 CFU. Thus, the observed
Ms1 decay in stationary phase was probably partly affected by the decreased
viability of cells during rifampicin treatment and the Ms1 half-life in stationary phase
might be even somewhat longer than 8 hours (Fig 3C).

PNPase contributes to degradation of Ms1
Next, we investigated which RNase might play a role in Ms1 degradation. Previously,
we identified PNPase (MSMEG_2656, 3´- 5´phosphorolytic activity) as a binding
partner of Ms1 (Hnilicová et al., 2014). PNPase expression increased ~20-fold in
stationary phase compared to exponential phase (Fig 1B) indicating that this RNase
might specifically degrade Ms1 in exponential phase. However, the expression of
RNase E and RNase J is also elevated in exponential phase (~28-fold and ~8-fold,
respectively, Fig 1B). To test the direct role of PNPase, RNase J and RNase E in
Ms1 degradation in vivo, we prepared strains in which RNase expression can be
reduced by CRISPR (Rock et al., 2017) (strains LK2197, LK2198, LK2219 and
control strain LK2261, the control strain contains non-targeting sgRNA). The
depletion of particular RNase was induced at the onset of exponential phase (OD600
~0.2) and, after 3 hours of growth, cells were harvested at mid-log exponential phase
(OD600 ~0.5). We isolated total RNA from each strain from the same amount of cells
This article is protected by copyright. All rights reserved.

and immediately at the beginning of isolation we added RNA recovery marker (6S
RNA from B .subtilis) to control for the efficiency of RNA isolation. We quantified the
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efficiency of CRISPR knockdowns by qPCR, the mRNA levels of individual RNases
were normalized to the RNA recovery marker. CRISPR efficiently depleted each
RNase (the expression decreased >90 % in individual strains, Fig 3D). Then, we
determined Ms1 amount by northern blotting (Figs 3E and 3F). RNase E and RNase
J depletion did not elevate Ms1 level (Fig 3E). The depletion of PNPase in
exponential phase increased the level of Ms1, confirming that PNPase contributes to
the Ms1 degradation in vivo. However, the Ms1 increase was moderate, about 30 %
(Fig 3F) – PNPase depletion did not completely stop Ms1 degradation (the Ms1
increase in stationary phase is ~115-fold, therefore we expected a higher increase in
the Ms1 level in exponential phase after

almost complete inhibition of Ms1

degradation). A possibility is that another exponential phase-dependent cofactor
(e.g. RNA helicase) contributes to the degradation of the highly structured Ms1 RNA
in exponential phase.
Therefore, we tested whether (i) PNPase alone is able to degrade Ms1 RNA in vitro
and (ii) if Ms1 has any structural features that would block its degradation by
PNPase. We overexpressed and purified His-tagged M. smegmatis PNPase (Fig
3G). We performed digestion assays in vitro with Ms1 and two Ms1 mutant variants:
(i) “Ms1nb“, lacking the central bubble (Hnilicová et al., 2014), and (ii) “Ms1notail“,
lacking the tails at 5´and 3´ends (Fig 3H), and part of the RpoC mRNA as a control.
PNPase significantly (but not completely) degraded both the unmodified Ms1 and
Ms1nb (Fig 3H), indicating that this Ms1-interacting RNase might be responsible, at
least in part, for Ms1 degradation and that the central bubble is not required for the
degradation. To the contrary, the Ms1notail mutant was degraded only modestly by
PNPase, indicating that the tail motif enhances Ms1 degradation. Control RNase A
did not show any substrate specificity with respect to Ms1 variants.
Thus, PNPase degrades Ms1 both in vivo and in vitro and the degradation efficiency
depends on the Ms1 sequence/secondary structure. However, another RNase or
RNA helicase releasing Ms1 secondary structure is probably necessary for complete
Ms1 degradation inside the cell.

This article is protected by copyright. All rights reserved.

Ms1 cells are viable
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To determine whether Ms1 is essential for the cell, we deleted 255 nucleotides from
the 304 nt-long Ms1 gene (the +3 to +257 region was replaced with a hygromycin
resistance cassette, see Fig 4A). Surprisingly, Ms1 cells reproducibly reached
slightly higher OD600 at the end of exponential phase (Fig 4B). We did not detect any
morphological changes in Ms1 cells by electron microscopy neither in exponential
nor in stationary phase (data not shown).
Next, we examined the Ms1 growth in several stress conditions: ethanol stress (5%
EtOH), high salt conditions (0.5M NaCl), oxidative stress (diamide) or acidic pH (pH
5). Mostly, no significant phenotypic effects (compared to wt) were detected (data
not shown). However, cell survival after  irradiation was significantly affected by the
presence of Ms1. Ms1 stationary phase cells chronically irradiated with the dose of
150 Gy formed about 50% less colony forming units (CFU) than wt, while irradiation
with 250 Gy was lethal for almost ~80% of Ms1 cells compared to wt (Fig 4C). Half
of samples were chronically irradiated at room temperature (Fig 4C and 4E) and the
second half was kept at room temperature without irradiation as a control of cell
viability (Figs 4D and 4F, labelled as “mock controls”). No difference was observed
between Ms1 and wt cells in exponential phase (Fig 4E) when Ms1 is present in
low amounts or in non-irradiated controls (Figs 4D and 4F). Ms1 thus helped protect
stationary phase cells from radioactive exposure.

Ms1 regulates the amount of RNA polymerase
Next, we compared transcriptomes of wt and Ms1 strains in exponential and
stationary phases. Despite the fact that Ms1 is so abundant in M. smegmatis, RNAseq revealed only minor changes in gene expression upon deletion of Ms1. In
exponential phase of growth, we detected five statistically significant differentially
expressed genes in Ms1 cells (FDR corrected P-value 0.05, see Supporting Table
2). In stationary phase of growth, fourteen genes altered their expression in the
Ms1 strain (FDR corrected P-value 0.05, see Supporting Table 2) including
MSMEG_1367 and MSMEG_1368 (rpoB and rpoC, respectively) genes that encode
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two main RNAP subunits  and ´. In the RNA-seq data, the expression of  and ´
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decreased by half in Ms1 compared to wt.
We decided to confirm the effect of Ms1 on the expression of genes identified by
RNA-seq in stationary phase. We selected the following genes: MSMEG_1205, a
cyclopropane-fatty-acyl-phospholipid

synthase,

playing

a

role

in

fatty

acid

metabolism (2x↑ in Ms1); MSMEG_5540, encoding an unknown protein (2x↓ in
Ms1); MSMEG_5556 encoding MFS permease (2x↓ in Ms1); and rpoB and rpoC
genes encoding RNAP subunits  and ´ (both 2x↓ in Ms1).
For the validation experiments, we also created a complemented Ms1+Ms1 strain
and compared it with wt and Ms1 strains. Ms1+Ms1 contained a plasmid (stably
integrated into the genome) carrying Ms1 under its native promoter. The amount of
Ms1 in stationary phase in the Ms1+Ms1 strain was comparable to the amount of
Ms1 in wt (Fig 5A, the gel shows total RNA stained with GelRed). In Ms1, no band
corresponding to the size of Ms1 was visible and the Ms1 level decreased to ~ zero
in RNA-seq data. Subsequently, we extracted RNA from wt, Ms1 and Ms1+Ms1
stationary phase cells and quantified the mRNA levels of selected genes by qPCR to
validate the RNA-seq data. As a reference gene, we used the gene encoding A that
did not alter expression in stationary phase in the Ms1 transcriptome compared to
wt according to the RNA-seq experiment. The qPCR results correlated with the RNAseq data, and importantly, the complemented strain displayed a reversal of the levels
of the tested genes to near wt values (Fig 5B). Therefore, the expression of these
genes (including RNAP  and ´ subunits) was indeed dependent on the presence of
Ms1. In other words, the changes in the expression were not caused by any kind of
mutations in the gene promoters that could be randomly created during Ms1 strain
preparation and selection.
To define if the lowered amount of RNAP is associated with a decreased protein
level of the RNAP subunit, we used quantitative western blotting (Fig 5C). The
level of the RNAP subunit in the Ms1 strain was at ~70% of its level in the wt
strain. The addition of the Ms1 copy into the Ms1 strain restored the level of the
RNAP subunit and we observed no difference between wt and Ms1+Ms1 strains
(Fig 5C).

This article is protected by copyright. All rights reserved.

Ms1 accelerates outgrowth from stationary phase

Accepted Article

As Ms1 increases the total amount of RNAP in stationary phase it suggests that Ms1
(and the higher amount of RNAP) could be beneficial during outgrowth. To test this
hypothesis, we cultured Ms1 and wt strains to stationary phase (OD600 2.5,
approximately 12 hours after the end of exponential phase) and then diluted both
strains into fresh medium and measured OD600. Both strains were diluted to the same
OD600 (0.1) and their growth was monitored for 6 hours. Immediately before the
dilution, we measured CFU of Ms1 and wt. There was no difference in viability and
cell number of both strains: wt had [2.31±1]*108 and Ms1 [2.37±0.9]*108. The wt
strain grew faster immediately after the dilution and the difference in OD 600 between
wt and Ms1 lasted for ~3 hours after the dilution (Fig 6A). The average doubling
time in the first 2 hours after the dilution was 133±5 minutes for the wt strain and
146±3 min for the Ms1 and the difference was significant (P-value 0.006, T-test).
There was no statistically significant difference in doubling times 2-6 hours after the
dilution. No difference in growth was observed between wt and Ms1+Ms1
complemented strain (Fig 6B). In addition, we prepared the LK2200 strain, where we
could efficiently knockdown Ms1 by CRISPR (Fig 6E). The Ms1 knockdown was
induced by anhydrotetrycycline (Rock et al., 2017). We depleted Ms1 in stationary
phase (Fig 6E) in LK2200, diluted the strain into a fresh medium and measured
OD600 during the outgrowth (Fig 6C). LK2200 with depleted Ms1 (with added
anhydrotetracycline) grew more slowly than LK2200 without anhydrotetracycline (no
Ms1 knockdown was induced) and the difference in OD 600 remained for ~4 hours
after the dilution (Fig 6C). The average doubling time in the first two hours after the
dilution was 162±8 min for the LK2200 strain with anhydrotetracycline and 190±8
min for the LK2200 strain without anhydrotetracycline; the difference was statistically
significant (P-value 0.008, T-test). The doubling times did not significantly differ in
the next four hours (hour 2-6 after the dilution). No difference during outgrowth was
observed when we added anhydrotetracycline to LK2261 control strain with nontargeting sgRNA oligo (Fig 6D). Thus, by an independent method (CRISPR induced
Ms1 knockdown) we confirmed that Ms1 is important during the outgrowth.
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Next, we monitored the correlation between the RNAP and Ms1 levels between
Ms1 and wt strains during outgrowth. The Ms1 strain had a decreased level of the
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RNAP  protein subunit compared to wt at the time of dilution and the difference was
still detectable 15 minutes after the dilution (Figs 6F and 6G). 30 minutes after the
dilution however, the amount of RNAP in both strains was comparable. It is possible
that at this time Ms1 was already degraded because Ms1 is highly unstable in
exponential phase of growth (Fig 3A). Therefore, we quantified the degradation of
endogenous Ms1 after dilution of wt cells from stationary phase into fresh medium.
Ms1 was reduced to 50% within ~18 min after the dilution (Fig 6H), indicating that the
degradation rate of endogenous Ms1 was comparable with the effect of Ms1 on the
level of RNAP.
Previously, it was shown that the addition of rifampicin during the outgrowth
stabilizes 6S RNA (Beckmann et al., 2012, Wurm et al., 2010). 6S RNA serves as a
template for transcription of small ‘product' RNAs (pRNAs), and active transcription is
necessary for the release of 6S RNA from the primary RNAP holoenzyme and
subsequent 6S RNA degradation (Wassarman & Saecker, 2006, Gildehaus et al.,
2007, Beckmann et al., 2012, Beckmann et al., 2011, Cavanagh et al., 2012).
Therefore we tested if inhibition of transcription by rifampicin could stabilize Ms1
during the outgrowth. We cultured wt cells to stationary phase (24 hours), diluted
them to OD600 0.1 into a fresh medium with or without rifampicin and measured the
level of Ms1 by qPCR (Fig 6I). Contrary to 6S RNA, rifampicin had no effect on Ms1
degradation (Fig 6I). This further suggests that Ms1 and 6S RNA differ not only in
binding RNAP core and holoenzyme, but both molecules have distinct mechanisms
of operation in the bacterial cells.
Taken together, we show (i) that the number of RNAP molecules is positively
correlated with the Ms1 presence both in stationary phase and shortly after the
dilution into a fresh medium; and (ii) that the presence of Ms1 is advantageous for
the mycobacterial cell during outgrowth.
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Discussion
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In this study, we characterize synthesis and degradation of Ms1 and the effects of
Ms1 on gene expression and cell fitness. Ms1 is the most abundant non-rRNA
transcript in stationary phase in M. smegmatis and its accumulation depends on its
strong and almost constitutive promoter and differential RNA degradation. Our data
further reveals that deletion of Ms1 affects expression of only several genes during
steady state. However, Ms1 influences the RNAP level and likely sequesters RNAP
cores in a cache of inactive enzymes that can be reactivated when needed. This
appears to be crucial when the demand for RNAP increases during environmental
changes such as outgrowth from stationary phase.

Regulation of Ms1 Accumulation: Promoter Activity and Ms1 Stability
Ms1 is transcribed from a single promoter in M. smegmatis (Fig 2B). The same
promoter-like sequence is present also upstream of the Ms1 homolog MTS2823 in
M. tuberculosis as we mapped the 5’ end of MTS2823 to the same position of the 5‘
end of M. smegmatis Ms1 (Fig. 2F). The 3’ end of Ms1 is then the result of intrinsic
termination due to the presence of a stem-loop structure followed by a run of Us
(Hnilicova et al., 2014). This contrasts with 6S RNA in E. coli where the termination
is Rho-dependent (Chae et al., 2011).
The sequences of the -35 and -10 hexamers indicate that PMs1 could be dependent
on A, similarly to 6S RNA in E. coli where there are two promoters, P1 and P2,
recognized by the primary  factor, 70 (Kim & Lee, 2004). Nevertheless,
transcription from the P2 promoter is both 70- and S-dependent (Kim & Lee, 2004).
The activity of PMs1 is stimulated by upstream sequences that must contain binding
sites for transcription factors, because no other promoter is located within the ~500
bp upstream of the Ms1 TSS (Fig 2B). MSMEG_6173 (morphological differentiation
associated protein, similar to HAD family hydrolase), a gene preceding Ms1 in the M.
smegmatis genome, ends 114 bp upstream of the Ms1 transcription start site and it
is in the same orientation as Ms1. Ms1 could be theoretically transcribed in one
operon with MSMEG_6173; however, based on the RNA-seq data, MSMEG_6173 is
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much less expressed than Ms1 (normalized expression of MSMEG_6173 is ~12
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versus ~66,000 for Ms1 in stationary phase, Supporting Table 1).
The PMs1 activity is roughly comparable to the activity of the rrnB promoter (-72/+20
promoter fragment) in exponential phase of growth. Similarly to PMs1, the PrrnB core
promoter is rather weak and is activated by the upstream elements more than 300fold (Arnvig et al., 2005). Thus, transcriptional activators are probably responsible for
activation of both PrrnB (~300-fold increase) and PMs1 (~70-fold increase in
exponential, ~360-fold increase in early stationary phase by addition of upstream
elements to the core promoter, based on lacZ mRNA expression data, Fig 2D). This
suggests that transciption factors strongly affect expression of the most abundant
mycobacterial RNAs and are important gene expression activators in mycobacteria.
The activity of PMs1 including upstream regulatory elements (-491/+9 region)
increased ~2-fold in exponential versus stationary phase (Fig 2D). Even more
notably, the Ms1 stability increased ~60-70-fold in stationary compared to
exponential phase, which together with the elevated transcription initiation results in
a predicted ~130-fold increase in the Ms1 level in stationary phase. This then
corresponds to the actual ~115-fold increase in the Ms1 level as quantified by qPCR
(Fig 1A). A similar mechanism - regulated sRNA degradation - could also influence
the accumulation of other sRNAs such as 6S RNAs that has not been fully
elucidated yet (Cavanagh & Wassarman, 2014).
Here, as illustrated by our promoter activity results obtained by two different
approaches (-galactosidase assays and direct measurements of the lacZ mRNA),
we insert a cautionary note that -galactosidase assay-derived promoter activities
may be in some cases inacurate, especially when determining promoter activity
decreases.
The promoter activity could not explain the Ms1 accumulation. The increased
stability of Ms1 in stationary phase suggested that Ms1 accumulation might be
regulated by an RNase. Therefore, we investigated the role of

PNPase in Ms1

degradation because previously we had pulled down PNPase with Ms1 (Hnilicová et
al., 2014). First, we confirmed that PNPase degrades Ms1 in exponential phase in
vivo (Fig 3E). PNPase is an exoribonuclease that catalyzes phosphorolytic
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degradation of RNA from the 3´end and also the reverse reaction - polymerization of
nucleoside diphosphates (Briani et al., 2016). PNPase participates in maturation and
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quality control of stable RNA: tRNAs (Li et al., 2002) and rRNAs (Cheng &
Deutscher, 2003), sRNAs (Saramago et al., 2014, Andrade et al., 2012, De Lay &
Gottesman, 2011, Andrade & Arraiano, 2008) and affects stability of numerous
mRNAs (Mohanty & Kushner, 2003). In E. coli, PNPase is present either as
homotrimer or in the complex with RNA helicase RhlB (Lin & Lin-Chao, 2005, Portier,
1975) or as a part of the degradosome, assembled from RNase E, PNPase, RhlB
and enolase (Bandyra et al., 2013). RhlB helps PNPase to overcome secondary
structures in substrate RNA that would otherwise inhibit PNPase degradation
activity.
In this study we isolated a recombinant PNPase without any accessory protein (Fig
3G) and showed that PNPase was able to degrade Ms1 in vitro (Fig 3H).
Interestingly, the Ms1 “tails” (regions at 5´and 3´ends) were necessary for Ms1
degradation by PNPase. This indicated that the putative Ms1 terminator likely plays a
role in modulation of Ms1 stability and degradation. Based on RNA-seq data,
PNPase (MSMEG_2656) is the most expressed RNase in exponential phase in M.
smegmatis. PNPase is even more abundant than RNase E (MSMEG_4626) or
RNase J (MSMEG_2685) (Supporting Table 1) that are involved in maturation of
ribosomal RNA in M. smegmatis (Taverniti et al., 2011). Importantly, PNPase
expression increases ~20-fold in exponential compared to stationary phase (Fig 1B),
and this is consistent with the short biological half-life of Ms1 in this phase.
To conclude, Ms1 is transcribed from the strong PMs1promoter and its accumulation
is achieved, at least in part, by differential degradation by PNPase.

Dissociation of Ms1 from RNAP
The mechanism of Ms1-RNAP complex disruption and its role in Ms1 protection is
unknown. 6S RNA, which binds the RNAP-primary factor holoenzyme, serves as a
template for transcription of pRNAs, which results in the dissociation of the 6S
RNA:RNAP complex during outgrowth from stationary phase (Wassarman &
Saecker, 2006, Gildehaus et al., 2007, Beckmann et al., 2012, Beckmann et al.,
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2011, Cavanagh et al., 2012). Inhibition of transcription by rifampicin stabilizes 6S
RNA:RNAP complex and protects 6S RNA from degradation during the outgrowth
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(Beckmann et al., 2012, Wurm et al., 2010). However, rifampicin did not protect Ms1
from degradation during the outgrowth (Fig. 6I) indicating a different mechanism of
Ms1 release from RNAP than active transcription. Previously, we showed that Ms1
could bind RNAP in exponential phase to a similar extent as in stationary phase
(Hnilicova et al., 2014). When we measured the stability of Ms1 in mid-exponential
phase, we used rifampicin to block de novo transcription and Ms1 was again rapidly
degraded (Fig. 3A). During the outgrowth and in exponential phase rifampicin did not
affect Ms1 level. This suggests that either rifampicin does not stabilize Ms1-RNAP
complex or the interaction with RNAP does not protect Ms1 from degradation.
Ms1 is highly unstable in exponential phase; therefore, the Ms1-RNAP interaction in
exponential phase must be also unstable. Previously we showed that the
overexpression of the primary σ factor, σA, in stationary phase decreased the
amount of Ms1-RNAP (Hnilicova et al., 2014). A hypothesis that needs to be
examined in the future is whether the primary or alternative  factors participate in
dissociation of Ms1-RNAP complex during the outgrowth and in exponential phase of
growth.

Ms1 affects the RNAP level
The low overall effect of Ms1 on transcription was surprising as we had expected
that due to the sequestration of RNAP by Ms1, Ms1 would contain more free
RNAPs that would widely influence gene expression. However, the total RNAP level
decreases in Ms1 compared to wt (Fig 5C) and Ms1 thus lacks the extra reservoir
of RNAP that is sequestered in complex with Ms1 in wt. It is then possible, that the
relative amount of RNA polymerase available for transcription remains the same in
Ms1 and wt (Fig 7). It is not clear, how the level of the mRNA encoding  and ’
subunits is regulated.
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What is the advantage to synthetize Ms1?
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In exponential phase, Ms1 represents about 0.1 % of all non-rRNA. The expense of
its synthesis and degradation in wt may account for the slightly improved growth of
Ms1 at the end of exponential phase in the defined rich medium (Fig 4B). In
stationary phase the Ms1 amount increases ~115-fold (Fig 1A) which constitutes
more than 30 % of non-rRNA. What is the purpose of synthetizing such an enormous
amount of this sRNA in the cell?
The presence of Ms1 increases the cell fitness in stationary phase where the Ms1
strain is less resistant to gamma irradiation. A contributing factor to this phenotype
could be the lowered expression of MSMEG_5556, a major facilitator superfamily
transporter (Li et al., 2017). It may be involved in transport of detrimental metabolites
out of the cell (Ramón-García et al., 2009). Alternatively, higher amounts of RNAP in
stationary phase wt cells might help M. smegmatis overcome consequences of
radioactive exposure by an unknown mechanism. If  irradiation destroyed a fraction
of RNAP in the bacterial cell, a higher number of functional RNAP would remain in wt
cells as these cells had a higher amount of RNAP before  irradiation. Chronic 
irradiation produces complex oxidative stress for cells. In these conditions, cells have
to respond to the resulting reactive oxygen species (ROS) that damage DNA and
proteins. This can partially mimic growth in macrophages, which produce reactive
oxygen and nitrogen intermediates (Burney et al., 1999, Nathan & Shiloh, 2000). In
M. tuberculosis, the Ms1 homolog MTS2823 is present at a high level during chronic
stages of infection in lungs where it may contribute to the ability of the pathogen to
survive in the hostile environment (Arnvig et al., 2011, Arnvig & Young, 2012). The
activity of Ms1 promoter also increased during ethanol stress (Fig 2G). In bacteria,
ethanol damages cell wall and membrane integrity and causes increased level of
reactive oxygen species (Cao et al., 2017) that is similar to chronic  irradiation
stress. Ms1 could be therefore specifically connected with this type of stress.
Finally, it appears that Ms1 increases the pool of RNAP molecules that can become
important during rapid changes in the environment such as outgrowth from stationary
phase. This is consistent with the fact that the intracellular level of RNAP generally
positively correlates with the growth rate (Klumpp & Hwa, 2008). Thus, it is likely
advantageous for mycobacterial cells to have stored RNAP enzymes that can rapidly
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start transcription of appropriate genes when surrounding conditions become
favorable. This “jump start” is probably beneficial for the cell especially when it faces

Accepted Article

competition from other species or for pathogens that must deal with its host’s
immune system.

Experimental Procedures
Bacterial strains, growth conditions, plasmids
For detailed description of individual strains, see List of strains and plasmids in
Supporting Data. M. smegmatis mc2 155 (wt, LK865) were grown at 37°C in
Middlebrook 7H9 medium with 0.2% glycerol and 0.05% Tween 80, and harvested in
exponential (OD600 ∼0.5; 6 hours of cultivation), early stationary (OD600 ∼2.5–3, 24
hours of cultivation) or late stationary (OD600 ~2, 48 hours of cultivation) phase
unless stated otherwise. When required, media were supplemented with hygromycin
(50 μg/ml), kanamycin (20 μg/ml), spectinomycin (20 µg/ml for M. smegmatis, 100
µg/ml for E. coli), rifampicin (250 µg/ml) or anhydrotetracycline (100 µg/ml).
Transformations of M. smegmatis mc2 155 cells were performed by electroporation.
To test the stress response, NaCl (final concentration 0.5 M), diamide (final
concentration: 0-10 mM dilution series) and EtOH (5% final concentration) were
pipetted directly into 7H9 medium; or 25 ml of culture was filtered using MF TM –
Membrane Filters 0.45 µm HA (Millipore) and cells were resuspended either in 25 ml
of preheated 7H9 medium with adjusted pH, PBS or distilled water. For irradiation,
wt (LK865) and ΔMs1 (LK1611) strains were aliquoted, and transported at 4°C in
sterilized cuvettes. Half of samples were chronically irradiated by gammacell 220
(Dose 40 Gy/hour) at room temperature (RT). The second half was kept at RT
without irradiation as a control of cell viability. Every 2 hours, samples were collected
(irradiated and non-irradiated), diluted and plated in triplicates. CFU/ml values were
counted after 2 days of incubation at 37°C. The CFU/ml values for wt (LK865) and
ΔMs1 (LK1611) in stationary phase and after rifampicin treatment and were
calculated in duplicates and are shown as an average from three independent
experiments ± SEM (standard error of the mean). The doubling times were
calculated with ±SEM.
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Ms1 and Ms1+Ms1 strains
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Ms1 (LK1611) strain was prepared by recombineering (van Kessel & Hatfull, 2007).
Briefly, 100 ng of linear allelic exchange substrate (AES) was electroporated into M.
smegmatis mc2 pJV53 cells (LK1321). To prepare AES, first the hyg resistance gene
was amplified by PCR with Phusion High-Fidelity DNA Polymerase (NEB) from the
pML1342 plasmid (Huff et al., 2010) and cloned into pUC18 into PstI/XbaI (for
primers see List of primers in Supporting Data). Then LA (left arm – upstream of the
5´end of Ms1) was PCR amplified from genomic DNA and cloned into HindIII/PstI; a
short DNA linker was then cloned into XbaI to separate the close XbaI/BamHI
restriction sites that were preventing the cloning. Subsequently, RA (right arm) was
cloned into XbaI/BamHI. RA was commercially synthetized by GeneArt Gene
Synthesis service (Invitrogen, for the sequence see Supporting Data). The construct
was verified by sequencing. After transformation into M. smegmatis mc2 pJV53 kan
cells (LK1321), colonies were selected at hygromycin/kanamycin plates; deletion of
Ms1 was verified by PCR, and the absence of the Ms1 band in total RNA. Then, the
Ms1 strain was cured from pJV53 by passaging without the kanamycin (LK1611).
For Ms1 strain complementation (LK2223), Ms1 gene plus 483 bp upstream and 50
bp downstream were cloned into NotI/PacI restriction sites of pTC-mcs vector
(Klotzsche et al., 2009) and transformed into Ms1 (LK1611) strain.

RNA isolation and RT-qPCR
25 ml cells from the indicated growth phases were quickly cooled on ice, pelleted
and immediately frozen. The pellet was then suspended in 240 l TE (pH 8.0) plus
60 l lysis buffer (50 mM Tris-HCl pH 8.0, 500 mM LiCl, 50 mM EDTA pH 8.0, 5%
SDS) and 600 l acidic phenol (pH~3):chloroform (1:1). Lysates were sonicated in a
fume hood, centrifuged, the aqueous phase extracted three times with acidic phenol
(pH~3):chloroform and precipitated with ethanol. RNA was dissolved in water,
treated with DNase (TURBO DNA-free Kit, Ambion) and visualized on a 7 M urea 7%
polyacrylamide gel by staining with GelRed (LabMark). RNA was reverse transcribed
into cDNA (SuperScriptIII, Invitrogen) using random hexamers and amplified by
quantitative reverse transcription PCR (RT-qPCR) in a LightCycler 480 System
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(Roche Applied Science) in duplicate reactions containing LightCycler 480 SYBR
Green I Master and 0.5 μM primers (each). Primers were designed with Primer3
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software and their sequences are in the Supporting Data. 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 determined by dissociation curve analysis and the efficiency of the primers
determined by standard curves. The mRNA level was quantified on the basis of the
threshold cycle (Ct) for each PCR product that was normalized to reference gene
value according to the formula 2^(Ct(ref)-Ct(mRNA)) and expression (E) normalized to wt
strain (E = EMs1/Ewt).

β-galactosidase assay and promoter constructs
Annealed oligonucleotides (for the -38 +9 construct, -72/+20 rrnB promoter) or PCR
amplified promoter fragments with Phusion High-Fidelity DNA Polymerase (NEB)
(see List of primers in Supporting Data) were cloned via the ScaI site preceding the
lacZ reporter gene in the pSM128 integrative vector (Dussurget et al., 1999).
Sequence verified constructs were transformed into M. smegmatis mc2 155 (wt,
LK865). 1 ml of bacterial culture (see growth conditions) was centrifuged (13200 x g,
10 min, 4°C) and pellets washed with 500 µl of Z buffer 2 (Z buffer with 2.7 µl of 2mercaptoethanol/ml; Z buffer: 60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM
MgSO4, pH 7.0), centrifuged again and resuspended in 500 µl of Z buffer 2. Cells
were sonicated 3x 20 s (amplitude 50 %) on ice with 1 min pauses between
sonications and centrifuged (17900 x g, 10 minutes, 4°C). 100 µl of sonicate and 900
µl of Z buffer were incubated for 5 min at 30 ºC and 200 µl of orthonitrophenyl-β-Dgalactopyranoside (ONPG) solution was added (4 mg/ml ONPG in Z-buffer). After 20
min, the reaction was stopped with 500 µl of 1M Na 2CO3, OD420 and OD550 were
measured, and β-galactosidase activity (in arbitrary units) calculated: activity =
1000*(OD420-1.75*OD550)/(v*t*c), where v is sample volume [ml], t time of reaction, c
protein concentration [mg/ml] measured by Bradford protein assay. To determine
lacZ mRNA amount, 20 ml of exponential phase and 10 ml of stationary phase cells
were quickly cooled on ice, pelleted and immediately frozen. Paralelly, OD600 of cell
cultures was measured. 40 ng of in vitro transcribed 6S RNA from B. subtilis was
This article is protected by copyright. All rights reserved.

added to each RNA isolation as an RNA recovery marker. RNA was isolated, treated
with DNase, reverse transcribed into cDNA amplified by qPCR. The mRNA level was
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quantified on the basis of the threshold cycle (Ct) for each PCR product that was
normalized to 6S RNA recovery marker value according to the formula 2^(Ct(6S RNA)Ct(mRNA)) and lacZ expression normalized to OD600 of individual cell cultures.
RNA-seq
Isolated RNA was dissolved in water and two times treated with DNase (TURBO
DNA-free Kit, Ambion). Five g of total RNA were rRNA depleted with a Ribo-Zero
rRNA Removal Kit (Gram-Positive Bacteria) (Illumina), and strand specific libraries
were prepared with Illumina compatible NEXTflex Rapid Directional RNA-Seq Kit
(Bioo Scientific) according to manufacturer´s instructions. Pooled barcoded libraries
(four samples in biological triplicates) were sequenced in a single lane at Illumina
HiSeq 2000 in 50 bp single end regime at EMBL Genomics Core Facility,
Heidelberg, Germany. Reads were aligned to Mycobacterium smegmatis str. mc2
155 (NCBI Reference Sequence: NC_008596.1) using HISAT2 (Kim et al., 2015)
version 2.1.0 (with parameters "--rna-strandness R" and "--no-spliced-alignment")
and samtools (Li et al., 2009) version 1.3.1. and inspected using IGV browser 2.0.23
and the igvtools package (Thorvaldsdóttir et al., 2013). Differentially expressed
genes were detected by DESeq2 (Love et al., 2014), Benjamini-Hochberg FDR
corrected P-value 0.05 was used as a cutoff. RNA-seq data are available in the
ArrayExpress database (www.ebi.ac.uk/arrayexpress) under accession number EMTAB-7004. Normalized gene expression was calculated as a number of mapped
reads per gene divided by gene length and the size of non-rRNA library (sum of all
mapped reads except for reads mapping to 3,819,833-3,825,494 and 5,024,1295,031,105 that represents rRNA operons MSMEG_3755-MSMEG_3757 and
MSMEG_4929-MSMEG_4931 plus surrounding intergenic regions). Normalized
expression was averaged from 3 biological replicates and multiplied by 108.
Northern blotting, western blotting
RNAs were resolved on a 7% polyacrylamide gel and transferred onto an Amersham
Hybond-N membrane according to the protocol described in (Pánek et al., 2011).
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TCGTGGCCGTCCGCTTTTCGAAACTACGC-3′;

(anti-Ms1:

anti-5S:

5′5′-
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CTGGCAGGCTTAGCTTCCGGGTTCGGGATG-3′), and signals were captured in
Fuji MS phosphor storage screens, scanned with a Molecular Imager_FX (Bio-Rad)
and quantified with QuantityOne software (Bio-Rad). Alternatively, 5´end biotinylated
oligonucleotides (with the same sequence) were hybridized to the membrane and
detected with BrightStar BioDetect Kit (Ambion) according to manufacturer´s
instructions. Northern blot signals were normalized either to 5S rRNA or to recovery
marker RNA. Recovery markers RNA (Ms1notail; the recovery marker was a shorter
version of the Ms1 allowing to distinguish these two according to molecular mass in
gels or B. subtilis 6S RNA) were added at the beginning of RNA extraction as a
control for RNA degradation or pipetting errors (Rabatinová et al., 2013). Proteins
were analyzed by SDS-PAGE and detected by western blotting using mouse
monoclonal antibody against the β subunit of RNAP [clone name 8RB13] and
secondary antibody conjugated with a fluorophore dye and quantified with an
Odyssey reader (LI-COR Biosciences) or goat anti-S3 ribosomal protein conjugated
with HRP (kindly provided by Dr. Isabella Moll, Max F. Perutz Laboratories Vienna,
Austria). After the last wash in PBS/0.05% Tween 20, the membrane was washed
three times in 100 mM Tris-HCl pH 9, 150 mM NaCl, 1 mM MgCl2, then 66 µl NBT
and 33 µl BCIP (both from Promega) were added into 10 ml of the same buffer and
the colorimetric reaction was stopped by water. The signal was quantified using the
QuantityOne (Bio-Rad) software.

CRISPR knockdown
sgRNA oligos (see Supporting data) were designed and cloned into PLJR962
according to the published protocol (Rock et al., 2017). Sequence-verified constructs
were electroporated into wt (LK865) M. smegmatis resulting in strains LK2197
(MSMEG_2685, RNase E knockdown), LK2198 (MSMEG_4626, RNase J
knockdown),

LK2219

(MSMEG_2656,

PNPase

knockdown),

LK2200

(Ms1

knockdown) and LK2261 - negative control, non-targeting control sgRNA (Rock et
al., 2017). The knockdowns of RNases were induced in exponential phase with
anhydrotetracycline for 3 hrs, OD600 of cell cultures was measured and the same
This article is protected by copyright. All rights reserved.

amout of cells harvested. 200 ng of in vitro transcribed 6S RNA from B.subtilis was
added to each RNA isolation as an RNA recovery marker. RNA was isolated and
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analysed by northern blotting or treated with DNase, reverse transcribed into cDNA
amplified by qPCR. The RNase J, RNase E and PNPase mRNA level was quantified
on the basis of the threshold cycle (Ct) for each PCR product that was normalized to
6S RNA recovery marker value according to the formula 2^(Ct(6S RNA)-Ct(mRNA)).

5′RACE from M. tuberculosis H37Rv
M. tuberculosis H37Rv ATCC 27294 strain was cultivated for three weeks on
Lowenstein-Jensen agar plates at 35.5°C in aerobic conditions. The cells were
harvested and directly lysed in TRI Reagent (Sigma Aldrich) and RNA isolated
according to manufacturer´s instructions. Five μg of total RNA was treated with 5U
TEX (Terminator 5'-Phosphate-Dependent Exonuclease; Epicentre) for 1 h at 37°C.
After the reaction, RNA was extracted with TRIzol and precipitated with ethanol.
Purified RNA was treated with 1U of Tobacco Acid Pyrophosphatase (TAP;
Epicentre) for 1 h at 37°C, extracted with TRIzol again, precipitated with ethanol, and
a 5′-adaptor DNA/RNA oligonucleotide (5′-ATCGTaggcaccugaaa-3′, DNA in upper
case letters) was ligated to the 5′ ends (1 h at 37°C). RNA was then extracted and
reversely transcribed into cDNA (SuperScriptIII, Invitrogen) with an MTS2823 (Ms1
homolog) specific reverse primer (5′-CATCTGCTGTTCGCAATTAC-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
products were sequenced and mapped to the M. tuberculosis H37Rv (GenBank
#AL123456.2).

Purification of PNPase-His6, in vitro digestion assay
Gene MSMEG_2656 (gpsI) encoding PNPase was amplified by PCR with Phusion
High-Fidelity DNA Polymerase (NEB) (for primers see Supporting Data) from M.
smegmatis mc2 155 genomic DNA, inserted into NdeI–NotI sites of pET-22b(+) and
transformed into E. coli BL21 (DE3). Induction of PNPase-His6 was carried out at
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OD600 = 0.5 with 1mM IPTG for 2 hours at room temperature. Rifampicin (f.c. 100
Cells were harvested by centrifugation,
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g/ml) was added together with IPTG.

washed, resuspended in buffer P (300 mM NaCl, 50 mM Na 2HPO4, 5% glycerol, 3
mM 2-mercaptoethanol, 0.1 mM phenylmethylsulfonyl-fluoride) and disrupted by
sonication. Cell debris was removed by centrifugation, the supernatant was mixed
with 1 ml Ni-NTA Agarose (Qiagen) and incubated for 1 hour at 4°C with gentle
shaking. Ni-NTA was washed with buffer P, then with buffer P supplemented with 30
mM (P+30) imidazole and PNPase eluted with buffer P+400 mM imidazole and
dialysed against storage buffer (10 mM Tris-HCl, pH 8.0, 25 mM NH4Cl, 100 μM
EDTA, 10 mM MgCl2, 30 μM DTT, 50% glycerol). MgCl2 (f.c. 5 mM) was added and
PNPase stored at −20° C. Proteins were separated on NuPAGE 4-12% Bis-Tris gels
(Invitrogen) and visualized by Coomassie blue staining (SimplyBlue, Invitrogen). The
identity of PNPase was verified by excising the corresponding band followed by
mass spectrometry. Ms1, Ms1nb, Ms1notail DNA templates were designed based on
secondary structure in silico modeling (Hnilicová et al., 2014, Pánek et al., 2011) and
purchased from Invitrogen DNA (GeneArt Strings DNA Fragments) with T7
promoters at their 5′ ends; they were amplified by PCR with Phusion High-Fidelity
DNA Polymerase (NEB) (Hnilicová et al., 2014). The 371 nt-long rpoC template was
amplified from genomic DNA with primers carrying a T7 promoter at the 5´end (see
Supporting Data) and all RNAs were prepared with T7 RiboMAX Express Large
Scale RNA Production System (Promega). RNA degradation assay (10 l total
volume) contained 400 ng RNA, 10 mM MgCl2, 10 mM Na2HPO4, 20 mM Tris-HCl
pH 7.6, 6.9 M PNPase (or RNase A, Sigma Aldrich). The mixture was incubated for
30 min at 37°C (Nurmohamed et al., 2011). Reaction was stopped with 10 l of 200
mM EDTA; In control reactions, no enzyme was added and samples were incubated
as described above. Samples were mixed 2:1 with sample buffer (95% formamide,
20 mM EDTA pH 8.0), heated for 1 min at 90°C and electrophoresed in 7 M urea 7%
polyacrylamide gels. The gels were stained for 20 min with GelRed (LabMark) and
visualized using a UV transilluminator and quantified with QuantityOne software (BioRad).
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Graphical abstract

Abbreviated Summary
Ms1 RNA binds the RNA polymerase (RNAP) core and is the most abundant nonrRNA transcript in stationary phase in Mycobacterium smegmatis. This study
identifies the mechanisms responsible for its high accumulation. Further, we show
that Ms1 increases expression of two RNAP subunits,  and ’. The increased level
of RNAP helps mycobacterial cells rapidly start transcription of appropriate genes
when surrounding conditions become favorable.
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Figure legends
Fig 1. Expression of Ms1 and RNases in exponential and stationary phase.
A. Expression of Ms1 measured by qPCR was normalized per cell. Ms1 level
increases ~115-fold in stationary versus exponential phase. The average represents
three independent biological experiments and error bars show ±SEM.
B. Expression of several RNases and the primary  factor, A, was measured by
qPCR and normalized per cell. The average from three independent biological
experiments is shown with ±SEM.

Fig 2. Identification of the Ms1 promoter.
A. Ms1 promoter region fragments differing in length of the upstream region were
fused to lacZ. Shortened and mutated Ms1 promoter variants (-491/-22; -491/+9mut)
were used to show that Ms1 was transcribed from a single promoter, P Ms1.
B. The graph shows results of -galactosidase assays for constructs shown in A. galactosidase activity was measured in exponential (exp, OD600 0.5, ~6 hrs of
growth), early stationary (OD600 2-3, ~24 hrs of growth) and late stationary (OD600 2,
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~48 hrs of growth) phases. Data were normalized to the value for the core promoter
(-38/+9 construct) in exponential phase which was set to 100. The averages from at
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least three independent biological experiments performed in duplicates are shown
with ±SEM. The dotted horizontal line represents -galactosidase activity measured
in control cells with an empty pSM128 plasmid. rrnB - ribosomal promoter (-72/+20),
a.u. - arbitrary units.
C. Sequences of the unmodified and mutated (mutations in -491/+9mut indicated
with asterisks) Ms1 core promoter. -22 indicates the endpoint of the -491/-22
fragment.
D. The bar graph shows relative lacZ mRNA levels of -galactosidase (LacZ) per cell
for empty pSM128 plasmid, -38/+9 core promoter, -491/+9 largest Ms1 promoter
fragment and ribosomal promoter (rrnB, -72/+20).Data were normalized to the value
of the -38/+9 construct in exponential phase which was set to 100. The averages
from three independent biological experiments performed in duplicates are shown
with ±SEM.
E. Putative promoter elements of the Ms1 homolog in M. tuberculosis H37Rv are
shown in boxes, the transcription start site (+1) identified by 5´RACE is indicated with
the horizontal arrow.
F. The transcription start site of the Ms1 homolog (MTS2823) was identified by
5´RACE in M. tuberculosis. PCR products of 5´RACE were resolved on agarose gel
and sequenced. The arrow indicates the specific band and its sequence from the
5´end.
G. The graph shows -galactosidase activity of the -491/+9 Ms1 promoter fragment 2
and 4 hrs after the induction of various types of stress. -galactosidase activity was
normalized to the activity of a control sample at the time 0 (before stress). The graph
shows at least three independent biological experiments performed in duplicates.
Error bars represent standard deviation; a.u. - arbitrary units, statistically significant
difference (P-value <0.05, T-test) is marked by asterisk.

This article is protected by copyright. All rights reserved.

Fig 3. Stability of Ms1 in exponential and stationary phase.
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A. Northern blots of total RNA isolated from pJAM2-rrnB-Ms1 (a strain
overexpressing Ms1) in exponential phase probed with an oligonucleotide
complementary to Ms1. Time shows minutes after rifampicin addition.
B. Northern blots of total RNA isolated from pJAM2-rrnB-Ms1 (a strain
overexpressing

Ms1)

in

stationary phase

probed

with

an

oligonucleotide

complementary to Ms1. Time shows hours after rifampicin addition.
C. The graph shows averaged data ±SD (standard deviation) for Ms1 stability from
three biological replicates. The graph was used to calculate the half-lives of Ms1: 8
min in exponential and ~8 hrs in stationary phase.
D. The knockdown of RNase E (LK2197 strain), RNase J (LK2198), PNPase
(LK2219) was induced for 3 hours with anhydrotetracycline. A control strain (LK2261,
that contains non-targeting control sgRNA) was used as a negative control and also
treated for 3 hours with anhydrotetracycline. The cells were harvested at midexponential phase and total RNA isolated from the same amount of cells. B. subtilis
6S RNA was added directly at the beginning of RNA isolation as the RNA recovery
marker that controls for efficient RNA isolation. The efficiency of RNase knockdown
was determined by qPCR in individual strains. The amounts of RNase E mRNA in
LK2197, RNase J mRNA in LK2198, PNPase mRNA in LK2219 and all RNases in
the control strain (LK2261) were normalized to the RNA recovery marker (B. subtilis
6S RNA). The graphs show relative decreases of mRNA levels in individual
knockdown strains compared to the LK2261 control strain. The averages represent
two independent biological experiment, the error bars indicates ±SD.
E. RNA isolated from RNase E (LK2197 strain), RNase J (LK2198), PNPase
(LK2219) and control strain LK2261 strain was resolved by northern blotting and
probed with oligonucleotides complementary to Ms1 and B. subtilis 6S RNA. B.
subtilis 6S RNA serves as a loading control. The experiment was repeated two times
with the same result.
F. Quantification of Ms1 level from Fig 3E. Ms1 levels in RNase depleted strains
(LK2197, LK2198 and LK2219) were normalized to the Ms1 level in control (LK2261)
strain. The bar graph shows averages from two independent experiments with ±SD.
This article is protected by copyright. All rights reserved.

H. In vitro digestion assays were performed with three variants of Ms1: „Ms1nb“ is a
mutant variant lacking the central bubble; „Ms1notail“ is a mutant variant lacking the

Accepted Article

tails at 5´and 3´ends. Ms1, Ms1nb and Ms1notail predicted secondary structures are
shown above the gel. A 371 nt fragment of the rpoC mRNA was used as a control.
RNAs were incubated with PNPase, RNase A or no enzyme (negative control, „-“),
resolved on a polyacrylamide gel and stained with GelRed. Full length RNAs are
marked with asterisks.

Fig 4. Characterization of the Ms1 strain.
A. The Ms1 gene was replaced with a hygromycin resistance gene in M. smegmatis
wt cells.
B. Ms1 and wt growth was monitored for 24 hours; statistically significant difference
(P<0.05, T-test) in OD600 was observed after 12 hrs cultivation in 7H9 medium
supplemented with glycerol. The data are averages from six independent
experiments. The error bars show ±SEM.
C. Survival (colony forming units; CFU) of stationary phase chronically  irradiated
Ms1 and wt cells.
D. Survival (CFU) of stationary phase non-irradiated control Ms1 and wt cells.
E. Survival (CFU) of exponential phase chronically  irradiated Ms1 and wt cells.
F. Survival (CFU) of exponential phase non-irradiated control Ms1 and wt cells. The
mock controls represent non-irradiated samples that were otherwise treated as
irradiated samples. The data points are averages from four independent
experiments, error bars represent ±SD.
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Fig 5. Ms1-regulated genes.
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A. Total RNA from Ms1 and wt stationary phase cells was isolated, resolved on a
polyacrylamide gel and stained with GelRed; in Ms1 strain, Ms1 is absent. In
Ms1+Ms1 strain, Ms1 under its native promoter is integrated into the genome and
Ms1 expression is restored to the level of wt.
B. Expression of five selected genes was measured by qPCR in Ms1, wt and
Ms1+Ms1 strains. MSMEG_1205, MSMEG_5540, MSMEG_5556 and rpoB, rpoC
genes encoding  and ´ RNAP subunits altered their expression in Ms1 and these
changes were reverted by the addition of the Ms1 wt copy (Ms1+Ms1 strain).
Expression levels were normalized in each sample to the reference gene encoding
A and then compared to wt (set as 1). The average value represents four biological
replicates, error bars ±SEM. Statistically significant differences (P-value <0.05, Ttest) are marked with asterisks.
C. The total protein level of the RNAP  subunit in stationary phase is significantly
lower in Ms1 versus wt (P-value <0.05, T-test, marked by asterisk) and restored in
the Ms1+Ms1 strain. Five g of protein lysate was loaded and the amount of RNAP
was quantified by western blotting with an anti- subunit RNAP antibody. The S3
ribosomal protein represents loading control. Three independent experiments were
performed; averages are shown, error bars represent ±SEM.

Fig 6. Outgrowth of Ms1 from stationary phase.
A. Ms1 and wt stationary phase cells (after 24 hrs cultivation) were diluted into a
fresh medium to OD600 0.1 and their growth was monitored for 6 hrs. During the first
3 hours, we detected a statistically significant delay in Ms1 growth (P-value <0.05,
T-test, marked with asterisks). The data represent averages from seven independent
experiments ±SEM.
B. Ms1+Ms1 and wt stationary phase cells (after 24 hrs cultivation) were diluted into
a fresh medium to OD600 0.1 and their growth was measured for 6 hrs. The data
represent averages from three independent experiments ±SEM.
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C. In the LK2200 strain, Ms1 CRISPR knockdown can be induced by
anhydrotetracycline. The LK2200 strain was inoculated to OD600 0.1; after 8 hrs of
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cultivation, the Ms1 knockdown was induced by anhydrotetracycline (ATC) or not
(control) and the strain was cultivated for another 16 hrs to reach stationary phase.
Then,

cells

were

diluted

into

a

fresh

medium

to

OD600

0.1

without

anhydrotetracycline and their growth was measured for 6 hrs similarly as in
experiment in Fig 6A. The cells, where Ms1 was depleted in stationary phase by
anhydrotetracycline,

displayed

slower

outgrowth

than

control

cells

without

anhydrotetracycline. Three independent experiments were performed. Statistically
significant delay in outgrowth between LK2200 with anhydrotetracycline compared to
LK2200 without anhydrotetracycline (P-value <0.05, T-test) is marked with asterisks.
D. The LK2261 strain (negative control that contains non-targeting control sgRNA)
was cultivated as the LK2200 strain in Fig 6C. Addition of anhydrotetracycline (ATC)
had no effect on the outgrowth.
E. CRISPR knockdown in LK2200 strain was verified by northern blotting. LK2200
and LK2261 control strains were inoculated to OD600 0.1; after 8 hrs of cultivation
anhydrotetracycline (ATC) was added and the strains were cultivated for another 16
hrs to reach stationary phase. Total RNA was isolated from stationary phase,
resolved on polyacrylamide gels and analyzed by northern blotting with
oligonucleotide probes complementary to Ms1 or 5S rRNA (loading control). In
LK2200, Ms1 was depleted below the detection liming.
F. The RNAP level during outgrowth was determined by quantitative western blotting
with an anti- subunit RNAP antibody. The antibody against the S3 protein was used
as a control. Time 0 was before dilution into fresh media. Five g of protein lysate
were loaded from indicated time points.
G. Quantification of RNAP amount from Fig 6F. The bar graph shows averages from
four independent experiments with ±SEM; statistically significant differences (P-value
<0.05, T-test) are marked with asterisks.
H. The level of endogenous Ms1 after dilution of stationary phase cells into a fresh
medium was determined by northern blotting and normalized to 5S rRNA. The
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experiment was performed in three biological replicates. The graph (averages ±SD)
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shows the decay of Ms1: a 50% reduction after ~18 min in exponential phase.
I. The level of endogenous Ms1 after dilution of stationary phase cells into a fresh
medium was determined by qPCR and normalized to 16S rRNA in the presence or
absence of rifampicin. The experiment was performed in two biological replicates,
error bars represent ±SD.

Fig 7. RNAP level in wt and Ms1 strains
In exponential phase, Ms1 is unstable and rapidly degraded, PNPase contributed to
the degradation. The level of RNAP is unchanged in Ms1 compared to wt strain.
In the stationary phase, Ms1 interacts with RNAP in the wt strain and a fraction of
RNAP is sequestered by Ms1. In Ms1, no Ms1 is present. When Ms1 is missing, a
corresponding fraction of the cellular RNAP is absent. This suggests that the Ms1
absence is compensated for by a decreased amount of RNAP molecules and the
pool of RNAPs dedicated to transcription remains similar both in wt and Ms1
strains.
During the outgrowth, the difference in RNAP level between Ms1 and wt remains
similar for ~30 min and the growth Ms1 is slowed down for ~3 hours.
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