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s factors are single subunit general transcription factors that reversibly bind core RNA

polymerase and mediate gene-specific transcription in bacteria. Previously, an atypical two-

subunit s factor was identified that activates transcription from a group of related promoters in

Bacillus subtilis. Both of the subunits, named SigO and RsoA, share primary sequence similarity

with the canonical s70 family of s factors and interact with each other and with RNA polymerase

subunits. Here we show that the s
70 region 2.3-like segment of RsoA is unexpectedly sufficient

for interaction with the amino-terminus of SigO and the b¢ subunit. A mutational analysis of RsoA

identified aromatic residues conserved amongst all RsoA homologues, and often amongst

canonical s factors, that are particularly important for the SigO–RsoA interaction. In a canonical

s factor, region 2.3 amino acids bind non-template strand DNA, trapping the promoter in a

single-stranded state required for initiation of transcription. Accordingly, we speculate that RsoA

region 2.3 protein-binding activity likely arose from a motif that, at least in its ancestral protein,

participated in DNA-binding interactions.

INTRODUCTION

Bacterial s factors are general transcription factors that revers-
ibly bind core RNA polymerase (cRNAP) to form RNAP
holoenzyme in the cell (Burgess et al., 1969; Helmann &
Chamberlin, 1988; Murakami & Darst, 2003; Murakami,
2015). s factors target the holo-enzyme to cognate gene pro-
moters and bind single-stranded non-template promoter
DNA, trapping the�10 region and transcription start site in a
single-stranded state called the open complex. Stabilization of
the open complex is a prerequisite for the initiation of RNA
synthesis at the RNAP active site.

The most ubiquitous and widespread s factors are members
of the s

70 family (Paget & Helmann, 2003) that are often
structurally characterized as having four functional amino
acid segments called regions 1–4 (Gribskov & Burgess, 1986).
While the primary s factors of bacteria are essential and pos-
sess all four regions, alternative members of this family may

lack either region 1 or 3 or both. For example, group IV or
extracytoplasmic function (ECF) s factors are smaller
(~20 kDa) than primary s factors and possess only regions 2
and 4 (Helmann, 2002; Missiakas & Raina, 1998). Region 2
and region 4 define the minimal s factor as these play crucial
roles in holo-enzyme formation, promoter binding and tran-
scription activation. Region 4 amino acids interact with the
flap domain of the core b subunit and form a helix–turn–
helix motif that recognizes and binds the �35 region of the
double-stranded promoter (Geszvain et al., 2004; Kuznedelov
et al., 2002). Region 2 was previously subdivided into four
contiguous sub-regions (Helmann & Chamberlin, 1988), and
we follow this convention here to identify regions of sequence
similarity amongst s factors. These sub-regions are called
regions 2.1, 2.2, 2.3 and 2.4 (Helmann & Chamberlin, 1988).
Regions 2.1 and 2.2 form two a helices, and highly conserved
residues in region 2.2 are important for the interaction of the
s factor with the N-terminus of the core b¢ subunit (Arthur
& Burgess, 1998; Johnston et al., 2009; Ma et al., 2013). In a
transcription complex, region 2.3 amino acids participate in
the formation of an interface that binds non-template
promoter DNA, thus stabilizing open complex formation
(Campagne et al., 2014; Feklistov & Darst, 2011; Juang &
Helmann, 1994; Murakami, 2013; Panaghie et al., 2000; Zuo

Abbreviations: BACTH, bacterial two-hybrid; cRNAP, core RNA poly-
merase; ECF, extracytoplasmic function; HA, haemagglutinin.
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& Steitz, 2015). Region 2.3 possesses a high level of abundance
of hydrophobic and basic residues, including seven aromatic
amino acids that are almost universally conserved in primary
s factors, partially conserved amongst the alternate members
of the family and some of which play an important role in
open complex formation (deHaseth & Helmann, 1995).

Although s factors are single subunit proteins, an unusual
two-subunit s factor system exists in Bacillus subtilis. The
two proteins comprising this atypical s factor are SigO (for-
merly YvrI) and RsoA (formerly YvrHa). The SigO–RsoA
two-subunit s factor system is widespread (MacLellan
et al., 2009b) amongst diverse species in the Bacillus sensu
stricto clade and in the Bacillus cereus clade of bacilli
(Bhandari et al., 2013). In B. subtilis, this s factor regulates
the expression of three operons (see Fig. S1, available in the
online Supplementary Material) and is induced during
growth under low pH conditions (MacLellan et al., 2009b),
after exposure to certain cell wall-acting antibiotics
(Hachmann et al., 2009), and under conditions that lead to
accumulation of cyclic-di-AMP in the cytoplasm (Gundlach
et al., 2016).

SigO and RsoA are s factor-related proteins that are co-tran-
scribed from an auto-regulated promoter (MacLellan et al.,
2008). SigO is the size (23 kDa) of a typical ECF s factor and
possesses a canonical region 4 but highly divergent region 2.
Evidence suggests that it can bind cRNAP and target the com-
plex to a cognate promoter, but it cannot stabilize open com-
plex formation in vitro or activate transcription in vivo
(MacLellan et al., 2009a). RsoA is a 10 kDa protein that inter-
acts specifically with the N-terminus of SigO, and its co-
expression with SigO is required both in vivo and in vitro for
open complex formation and transcription activation. RsoA
possesses a region 2.2-like sequence that is highly conserved
both amongst its orthologues and in canonical s70 family s

factors (Fig. 1). Previously (MacLellan et al., 2009a), we were
able to detect an interaction between RsoA and the b¢ subunit
clamp helices, and another group (Sengupta et al., 2015)
recently confirmed that RsoA does independently interact
with cRNAP. Contiguous with region 2.2 in RsoA is a highly
hydrophobic segment of approximately 24 amino acids that
includes a number of aromatic residues spatially conserved
with those in region 2.3 of canonical s factors. Mechanisti-
cally, amino acids in region 2.3 play a predominant role in
binding single-stranded non-template DNA and trapping the
promoter in an open complex state that is required for the ini-
tiation of transcription. Although the mechanistic role of
RsoA in a transcription complex is not yet clear, based on
sequence similarity with canonical s factors we provisionally
designate RsoA amino acids 36–55 as region 2.2 and amino
acids 56–79 as region 2.3 (see Fig. 1) following the original
delineations by Lonetto et al. (1992). RsoA interacts specifi-
cally with the N-terminus of SigO (MacLellan et al., 2009a)
and, in this communication, amino acids in RsoA critical for
this interaction are identified. Unexpectedly, we found that
the C-terminal RsoA region 2.3-like segment is sufficient for
interaction with SigO and that a phenylalanine residue (F67)
in RsoA region 2.3, which is spatially conserved in almost all

canonical s factors, is required either directly or indirectly for
the protein–protein interaction. We also show that this same
amino acid segment accounts for the previously described
interaction between RsoA and the RNAP b¢ subunit.

METHODS

Bacterial strains and plasmids. Bacterial strains used in this study
are listed in Table S1; plasmids used are listed in Table S2. E. coli and
B. subtilis strains were cultured in LB broth or in this medium solidified
with 1.6% agar. For some experiments, M9 minimal medium was used.
Antibiotic concentrations used were as follows: 100 µg ampicillin ml�1,
50 µg kanamycin ml�1 and 100 µg streptomycin ml�1. Indicator media
included either 40 µg (E. coli) or 80 µg (B. subtilis) X-Gal ml�1. All plas-
mids generated were confirmed by colony PCR, restriction digest and
sequencing (McGill University and Genome Quebec Innovation Centre,
Montreal, PQ). Oligonucleotides were purchased from Integrated DNA
Technologies.

Bacterial two-hybrid assay. The analysis of protein–protein interac-
tions was conducted using an adenylate cyclase-based bacterial two-
hybrid (BACTH) assay (Euromedex). Full-length or partial sigO and
rsoA gene sequences were amplified using PCR and ligated into either
pUT18C or pKT25 to generate C-terminal fusions to the CyaA T18 and
T25 catalytic sub-domains. All possible combinations of fusions using
the available BACTH plasmids have been assessed using full-length SigO
and RsoA and relevant sub-regions of these proteins and all yield com-
parable results in terms of apparent interactions (data not shown). For
some experiments, SigO and RsoA were appended with C-terminal
FLAG or haemagglutinin (HA) tags (respectively) to enable immunoblot
detection or pull-down assays using antibodies recognizing the epitopes.
In none of the circumstances we tested did the C-terminal epitopes alter
interactions between the test proteins relative to untagged proteins.

Constructed bait and prey plasmids were co-transformed into the test
strain E. coli BTH101. Strains were tested for interaction on selective LB
medium containing X-Gal. Quantitative measurements were conducted
by growing transformants at 37

�

C overnight, subculturing a 2.5% vol-
ume into fresh LB broth and growing to an OD of 0.3–0.4 at 30

�

C
before subjecting cells to a b-galactosidase assay using 4 mg ONPGml�1

as substrate.

When mutations that impair interaction are observed, it is essential to
confirm that the mutant protein is expressed (and accumulates in cells
in a soluble form) to the same relative extent as non-mutant protein.
Owing to the nature of the BACTH system, we cannot determine the
abundance of non-interacting proteins in the BACTH host strain
(Battesti & Boveret, 2012). Therefore, to determine expression levels of
wt and mutant RsoA from the BACTH expression plasmids, we trans-
formed the plasmids into the CyaA+ E. coli strain DH5a and grew cul-
tures with selection at 30

�

C overnight. On the next day, a 1% volume
was used to inoculate 5ml of fresh medium and cultures were grown at
30

�

C to an OD of 0.3–0.4. Cells were collected, re-suspended in
0.5ml of 10mM Tris/HCl (pH 8.0) and subjected to lysis using 50µl
PopCulture cell lysis reagent (Novagen). Processing was assisted by the
addition of 0.1 mg ml�1 hen egg white lysozyme and 10 U DNase I.
After lysis, each sample was divided into equal volumes where one vol-
ume was subjected to centrifugation at 13 000 r.p.m. for 5min to sedi-
ment insoluble protein. Proteins in 20 µl volumes of crude lysate
and centrifuged lysate were separated on a 12% SDS-PAGE gel, trans-
ferred to PVDF membrane and probed for total (soluble and insoluble)
and soluble (sedimentation-resistant) protein using Western immuno-
blotting and anti-HA antibodies. Note that the site-directed alanine sub-
stitution mutants had to be re-amplified by PCR and re-cloned into the
BACTH plasmid prior to immunoblotting so that an HA tag could be
imparted to the fusion proteins.
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Some assays were also conducted using an alternative BACTH system

(Dove & Hochschild, 2004) as previously described (MacLellan et al.,

2009a). This assay involves test protein fusions to the DNA-binding

protein lcI and the C-terminus of the RNAP a subunit. Expression of

the fusion proteins is induced with increasing concentrations of IPTG,

and interaction between the test proteins activates expression of a b-

galactosidase gene that is integrated into the E. coli host cell genome.

Site-directed mutagenesis. Site-directed mutagenesis was conducted
on plasmid pSM019 carrying the full-length RsoA gene sequences using

a strategy based upon the QuikChange method (Stratagene). Mutagen-

ized plasmid DNA was treated with DpnI for 2 h and transformed into

E. coli DH5a for screening. After confirming point mutations by

sequencing, we used the mutant plasmid DNA as substrate for PCR and

we ligated amplified fragments into other relevant test plasmids (e.g.

BACTH assay plasmids).

Random mutagenesis and screening protocol. Error-prone PCR
was used to randomly mutagenize rsoA gene DNA that carried a C-

terminal HA epitope fusion. Using pSM019 DNA as template, we sup-

plemented 50 µl amplification reactions with 10� Taq polymerase

buffer, dNTP mixture (200 µM each), 5 pmol µl�1 of each primer, 7.5 U

Taq polymerase (NEB) and 6mM MgCl2. Extension time was 2min.

Amplified DNA was cloned into the BACTH plasmid pUT18C to screen

for mutations in RsoA that impair interaction with SigO.

After mutagenizing rsoA DNA, we ligated the amplified product into

BACTH plasmid pUT18C. After ligation but before transformation, the

ligation reaction mixture was subjected to treatment with SmaI for 1 h

to linearize any plasmid DNA not containing an insert in the multiple

cloning site. After SmaI digestion, the mutant plasmid pool was trans-

formed into BACTH test strain E. coli BTH101 carrying the other

plasmid (pKT25) expressing SigO fusion protein and also pLysE. Co-

transformants were plated onto selective media containing X-Gal, and

colonies displaying a white or weak blue phenotype (relative to cells

expressing non-mutagenized RsoA fusion protein) were selected for fur-

ther screening. Multiple independent error-prone PCRs were processed

in this fashion and only a small number of potential mutants were

picked for further analysis from each trial, in order to avoid sibling

mutants. All selected putative mutant colonies were subjected to colony

PCR to screen against those not containing rsoA. We developed a quasi-

high-throughput protocol for screening putative interaction-defective

mutants that was designed to screen against undesirable mutations

(such as frameshift and nonsense mutations) that frequently arise during

error-prone PCR. Putative mutant colonies were picked from indicator

plates and inoculated into wells of a 96-well microtitre plate each con-

taining 200 µl of selective LB broth. After overnight growth at 30
�

C with

shaking, cells were lysed by the addition of 20 µl PopCulture cell lysis

reagent and a freeze–thaw treatment (promoting cell wall disruption by

T4 lysozyme expressed from pLysE). DNaseI (1 U) was added to each

well to digest liberated genomic DNA. After centrifugation, clarified

lysate from each well was transferred to a 96-well vacuum dot blot

Region 2.1
Group I

Group III

Group IV

RsoA homologues

1 14 35 55 79

Region 2.2 Region 2.3

Fig. 1. Structural features of 79 amino acid B. subtilis RsoA. Alignment of partial sequences of group I (primary), III and IV
(ECF) s factors and full sequence of RsoA (bottom) aligned with full sequences of five closely related RsoA orthologues.
Region 2.1, 2.2 and 2.3 delineations (top) are based on Lonetto et al. (1992). Key residues in regions 2.2 and 2.3 broadly con-

served amongst most s factors are shaded, including the seven universally conserved aromatic amino acids in type I s region
2.3. Asterisks below alignment indicate conservation of residues amongst RsoA orthologues only. Arrows indicate RsoA resi-
dues mutated to alanine in this study. Lobed arrows indicate residues that were mutated to alanine and were also found

mutated (i.e. F67S, E69V, I71N, M74T) in screen for random mutations that impair interaction with SigO. Numbered line indi-
cates key amino acid positions between regions of RsoA. Secondary structure prediction (SS) for RsoA made using
Jnet algorithm. H indicates high level of probability of a helix formation. RsoA orthologues are as follows: Bam,

Bacillus amyloliquefaciens FZB42 (YP_001422598.1); Bmo, Bacillus mojavensis (WP_010331850.1); Bat, Bacillus atro-

phaeus 1942 (YP_003974761.1); Bpu, Bacillus pumilus SAFR-032 (YP_001486052.1); Bli, Bacillus licheniformis. Other
protein abbreviations are as follows: Bsu, B. subtilis SigA; Eco, Escherichia coli s70; Sco, Streptomyces coelicolor RpoD; Taq,
Thermus aquaticus RpoD; SigH (B. subtilis); RpoH (E. coli); SigMXYW (B. subtilis); RpoE (E. coli sE); SigR (S. coelicolor sR).
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apparatus and proteins were adsorbed to PVDF membrane. Anti-HA
rabbit antibodies and goat anti-rabbit alkaline phosphatase conjugated
antibodies were used to screen lysates for the expression of full-length
HA-tagged RsoA. Since RsoA was tagged at the C-terminus, a positive
HA signal screened against mutations that prematurely terminated RsoA

translation. Plasmid DNA from positive colonies was subjected to
sequencing to identify point mutations in rsoA. All mutants carried a
mutation in RsoA region 2.3 and some possessed one or two additional
point mutations outside this region. In order to determine whether the
mutations in region 2.3 were responsible for the observed loss of interac-
tion with SigO, we amplified mutant region 2.3 DNA, re-cloned it into

the BACTH plasmid and re-tested it for interaction against full-length
SigO hybrid protein. We observed in each case that the region 2.3 muta-
tion accounted for the loss of apparent interaction with SigO. The possi-
ble contribution of mutations outside of region 2.3 to the loss of
interaction was not further examined.

Tandem SigO/RsoA expression and pull-down assays. To
directly detect interactions between SigO and RsoA, we fused the 5¢ half
(codons 1–105) of sigO to the T18 cyaA gene fragment in pUT18C and
imparted a FLAG epitope 3¢ to sigO. The rsoA gene (and mutant deriva-
tives of the gene) was fused to the T25 cyaA gene fragment and an HA

epitope was imparted 3¢ to rsoA. Relevant plasmid pairs were co-
transformed into E. coli BL21 carrying pLysS. Transformed cells were
grown overnight at 37

�

C with shaking and 100 µl of this culture was
used to inoculate 5ml of fresh medium. After growth at 30

�

C to an OD
of ~0.4, 4ml of each culture was collected by centrifugation and frozen
as a pellet overnight. Cell pellets were subjected to two freeze–thaw

cycles and the pellets were re-suspended in 200 µl of 10mM Tris/HCl
(pH 8.0), supplemented with 1� micrococcal nuclease buffer and
10 000 U micrococcal nuclease (NEB) and incubated at
room temperature for 30min until cells were lysed and genomic DNA
was digested. The cell lysate was brought to a volume of 1ml with bind-
ing buffer [20mM Tris/HCl (pH 7.5), 500mM NaCl and 0.05%
Tween-20] and a 300 µl volume was retained as crude lysate. To capture

SigO-FLAG from the remaining 700 µl of each sample, we
used magnetic beads conjugated to anti-FLAG antibodies (Sigma-
Aldrich). A 100 µl aliquot of bead suspension (50% slurry) was washed
twice in 1ml volumes of Tris-buffered saline, re-suspended in 100 µl of
binding buffer and added to the 700 µl lysate. Binding occurred at
room temperature for 45min with slow rotation, and beads were sedi-

mented using a magnet and washed with three 1ml volumes of binding
buffer. The magnetic beads were ultimately re-suspended in 250 µl of
1� Laemmli buffer, thus liberating the antibody small chain and any
bound SigO-FLAG. We ultimately separated 20µl volumes of the crude
(whole cell) lysate and bound fractions by SDS-PAGE using 12% gels.
One gel was stained with Coomassie blue to visualize total proteins, and
the other two gels were transferred to PVDF membranes and separately

probed with anti-FLAG and anti-HA rabbit antibodies to detect SigO
and RsoA, respectively. Alkaline phosphatase conjugated goat anti-rabbit
antibodies were used as the secondary antibody and the program ImageJ
(National Institutes of Health) was used to quantify band intensities.

Transcription assays in B. subtilis. To test the impact of RsoA
region 2.3 mutations that impair interaction with SigO for their impact
on transcription initiation dependent on SigO–RsoA in the native host
(B. subtilis), we co-expressed SigO and RsoA from separate xylose-
inducible ectopic locations on the B. subtilis chromosome as previously

described (MacLellan et al., 2008). Briefly, SigO was expressed from
pSWEET integrated at the amyE locus and RsoA proteins were expressed
from a kanamycin-resistant derivative of pAX01 (pSM016) integrated at
the lacA locus. The ability of these proteins to initiate transcription was
monitored by expression of a lacZ gene fused to the target promoter
from gene oxdC and integrated at the thrC locus. After overnight growth
in selective media, a 1% volume was used to inoculate 5ml of fresh

medium and cultures were grown to an OD of 0.3–0.4. One hour prior

to harvest, cultures were supplemented with 5% (final volume) xylose
to induce protein expression. Collected cells were lysed by treatment
with lysozyme and sonication. After centrifugation, lysate was subjected
to b-galactosidase assays using ONPG as substrate. All assays were con-
ducted in triplicate. Triplicate volumes were pooled, lysed with lysozyme
and sonication and centrifuged in order to ensure similar expression of
RsoA in each assay. Proteins from equal volumes of lysate (25 µl) were
separated on a 15% Tris-glycine gel and transferred to PVDF mem-
brane. Proteins were detected using anti-HA antibodies and goat anti-
rabbit antibodies conjugated to alkaline phosphatase.

b-Galactosidase assays. For some experiments, assays were con-
ducted in triplicate in a 96-well microtitre plate format. Cells were inoc-
ulated into 200 µl selective medium and grown overnight at either 30 or
37

�

C with shaking. On the next day, 5 µl volumes were used to inoculate
195 µl of fresh media and cultures were grown to an OD of 0.3–0.4.
Plates were centrifuged at 3700 r.p.m. for 10min and supernatant was
removed. Cells were re-suspended in 200 µl of Z buffer [60mM Na2
HPO4, 40mM NaH2PO4, 10mM KCl, 1mM MgSO4 and 400 nM DTT
(pH 7.0)] and cell density was determined at a wavelength of 600 nm. A
96-pin replicator tool was used to patch growth onto an X-Gal indicator
plate for a qualitative assessment of b-galactosidase activity. We
removed 110 µl of cell suspension from each well and we supplemented
the remaining suspension with 10µl PopCulture cell lysis reagent and
allowed it to incubate at 37

�

C for 30min. After equilibration to room
temperature, reactions were started by the addition of 20 µl of ONPG
(4 mg ml�1). Reactions were stopped by the addition of 50 µl of 1M
sodium carbonate and absorbance was read at 550 and 420 nm. All
absorbance readings were conducted using a Molecular Devices Para-
digmMultimodal Plate reader.

Computational techniques. Alignments were conducted using Clus-
talOmega (Sievers et al., 2011) and by manual manipulation. Secondary
structure predictions were conducted using the Jnet algorithm (Cole
et al., 2008). Adobe Photoshop was used in the preparation of composite
images and to improve presentation, without altering information con-
tent in images.

RESULTS

Predicted primary and secondary structure of

RsoA

RsoA is a 79-amino acid protein with a predicted secondary
structure that resembles the two a helices that comprise
regions 2.1 and 2.2 in canonical s70

s factors (Fig. 1). The
predicted a helix coincident with region 2.2 includes a motif
(EDLXQE) that is highly conserved amongst RsoA ortho-
logues and canonical s factors. Downstream of this segment,
aromatic amino acids (e.g. F67, F70) are spatially conserved
with those universally conserved in region 2.3 of primary s

factors and broadly conserved amongst the alternative s fac-
tors (Fig. 1) (Tanaka et al., 1993). We therefore designate the
segment of 24 amino acids downstream of region 2.2 as region
2.3. We also refer to the predicted a helix upstream of region
2.2 as region 2.1, merely by spatial convention (Lonetto et al.,
1992), although there is limited sequence conservation in this
region with canonical s factors, or indeed amongst s factors
in general. Since we currently lack experimentally verified
structural information for RsoA, these regional designations
as applied to RsoA are useful for delineating regions of
sequence similarity with canonical s factor. We think it most
likely that conserved motifs reflect the s factor ancestry of
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RsoA (see Discussion), though it remains to be determined
whether the respective s factor activities normally associated
with regions 2.2 and 2.3 are necessarily exhibited by the extant
RsoA protein. Based upon the above-mentioned structural
designations, we assigned mutations that impair the SigO–
RsoA interaction to specific sub-regions of RsoA and geneti-
cally dissected RsoA by region to determine which segment of
RsoA interacts with SigO.

Isolation of random mutations in RsoA that

inhibit interaction with SigO

It was previously shown that RsoA interacts specifically with
the N-terminal half of SigO in cells (BACTH assay) and in
vitro (direct pull-down assays) (MacLellan et al., 2009a). To
identify residues in RsoA important for its interaction with
the amino-terminus of SigO, we designed a random
mutagenesis screen using an adenylate cyclase-based BACTH
assay (Karimova et al., 1998). rsoA (bearing a C-terminal HA)
tag was amplified using error-prone PCR and fused to the
T25 cyaA gene fragment to generate mutant plasmid libraries
of rsoA. These libraries were transformed into an E. coli test
strain containing a T18 cyaA-sigO fusion. Putative interac-
tion-deficient mutants of rsoA were identified as pale blue or
white colonies on indicator medium. These mutants were
subsequently subjected to a 96-well dotblot screen to detect
the C-terminal HA epitope on the T25-RsoA fusion protein,
thus screening against nonsense and frameshift mutations in
rsoA. Immunoblot screening of approximately 400 putative
mutants followed by sequencing revealed three mutants
(Fig. 2a) that expressed full-length RsoA with an apparently

defective ability to interact with SigO. Mutations F67S and
I71N and a double mutation (E69V/M74T) all occur in
region 2.3 of RsoA (see Fig. 1, lobed arrows), suggesting that
this peptide segment plays an important role in mediating the
interaction between RsoA and SigO.

We re-generated these mutations using site-directed muta-
genesis in T25-RsoA and re-tested the constructs for inter-
action with SigO. All four mutations impaired the
interaction relative to wt RsoA (Fig. 2b). With respect to the
double E69V/M74T mutant, it initially seemed surprising
that two mutations independently impairing interaction
would be obtained within one mutant gene. However, these
mutations in isolation led to only a partial interaction defect
and markedly blue colonies on indicator medium (Fig. 2b).
Since the first component of our random mutagenesis
screen involved selection of white colonies, had these two
mutations occurred independently they may well have been
overlooked in our colorimetric screen. Because they
occurred in tandem, however, the combined effect of muta-
tions E69V and M74T led to white colonies (Fig. 2a) and
ultimately the selection of that isolate for further
investigation.

To ensure that each mutant protein accumulated in cells to
similar levels exhibited by non-mutated RsoA, we expressed
the T25-RsoA fusion proteins in a CyaA+ genetic back-
ground (see Methods) (Fig. 2c). Mutant I71N accumulated
poorly in several replicated experiments, and the observed
interaction defect by this mutation may be related to poor
accumulation in the cell. The other three mutant proteins
(F67S, E69V and M74T) accumulated total and soluble

(–) cont

(a)

(c)

(b)

cont

wt F67S I71N E69V/
M74T

(–) cont

T25-RsoA

wt

F67S

I71N

E69V

M74T

0 400

b-Galactosidase activity
(Miller units)

800 1200

wt

M

50

37

F67S I71NE69V M74T

Fig. 2. Random mutations in RsoA that impair interaction with SigO. (a) Mutants isolated in the BACTH assay random muta-

genesis screen (F67S, I71N, double mutant E69V/M74T). (b) Qualitative and quantitative BACTH analysis of the effects of the
four mutations after regeneration in T25-RsoA fusion protein using site-directed mutagenesis. Quantitative assays conducted
using b-galactosidase assays and activity reported as mean and SD (n=3). Qualitative activities shown as triplicate patches on

selective medium containing X-Gal. Negative control is expression of T18-SigO protein in the absence of T25-RsoA expres-
sion. (c) Expression of wt and mutant T25-RsoA proteins tested in CyaA+ strain E. coli DH5a (see Methods). Upper panel is
Coomassie blue-stained loading control. Lower panel is immunoblot detection of T25-RsoA fusion proteins tagged with HA
epitope. For each allele, first lane is total protein and second lane is soluble (sedimentation-resistant) fraction. Control is

pKT25 in E. coli DH5a.
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T25-RsoA levels similar to wt T25-RsoA, indicating that
impaired interaction with SigO cannot be attributed to
poor accumulation of these mutant proteins.

Deletion analysis of RsoA reveals that region 2.3

is sufficient for interaction with SigO

Since the mutations identified in our random mutagenesis
screen all coincided with RsoA region 2.3, we generated
deletion mutants of RsoA and tested these for their ability
to interact with SigO.

Based on predicted secondary structure and the regional
delineations of RsoA and canonical s factors (Fig. 1), in
separate constructs, we genetically deleted from RsoA the
N-terminal leader sequence (amino acids 1–14), the leader
plus region 2.1 (amino acids 1–35) and the leader sequence
plus regions 2.1 and 2.2 (amino acids 1–55) and we tested
whether these deletion derivatives were able to interact with
SigO using the BACTH assay. A quantitative and qualitative
assessment (Fig. 3a) demonstrated that all of the T25-RsoA
deletion derivatives interacted with SigO similarly to full-
length RsoA. Thus, of the 79 amino acids in RsoA, the C-
terminal 24 amino acids (comprising the region 2.3-like
segment) are sufficient for the observed protein–protein
interaction between RsoA and SigO.

We next genetically deleted residues from the C-terminus
of full-length RsoA in three amino acid steps. The deletion
of three amino acids from the C-terminus of a T25-RsoA
fusion protein had little effect on interaction relative to the
full-length protein (Fig. 3b), but the deletion of six amino
acids partially impaired the interaction and the deletion of
nine amino acids apparently abolished the interaction,
implying that RsoA region 2.3 is required for its interaction
with SigO.

The RsoA deletion mutants were also tested in a substan-
tially different BACTH system (Dove & Hochschild, 2004)
that employed fusions to lcI and the RNAP a subunit. This
showed (Fig. S2) interaction patterns that closely paralleled
the results from the adenylate cyclase BACTH system
(Fig. 3a, b). Taken together, the results from our random
mutagenesis screen and gene deletion analysis indicate that
region 2.3 of RsoA is sufficient to mediate its observed pro-
tein–protein interaction with SigO.

The effect of alanine substitutions in RsoA on its

interaction with SigO

In order to appreciate the contribution of individual amino
acid residues in RsoA to its interaction with SigO, we gener-
ated a number of region 2.2 and region 2.3 alanine
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Fig. 3. BACTH protein–protein interaction assay of T18-SigO fusion proteins co-expressed with (a) RsoA N-terminal and (b)

RsoA C-terminal deletions derivatives. The full-length RsoA is 79 amino acids long and all derivatives are fused to the C-termi-
nus of the T25 CyaA fragment. Quantitative assays conducted using b-galactosidase assays and activity reported as mean
and SD (n=3). Negative control is expression of T18-SigO protein in the absence of T25-RsoA expression. Qualitative activities
shown as triplicate spots on selective medium containing X-Gal. The line diagram indicates amino acid positions that delineate

RsoA region 2.1, 2.2 and 2.3 sub-regions.
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substitutions, primarily at residues that are conserved
amongst RsoA homologues and many canonical s factors
(Fig. 1, arrows). These were tested in the context of both
full-length T25-RsoA (RsoAFL) fusion protein (Fig. 4a) and
truncated T25-RsoA region 2.3 (RsoA2.3) fusion protein
(Fig. 4b) expression in the BACTH assay.

None of the alanine substitutions in region 2.2 had a pro-
nounced effect on the apparent interaction of RsoAFL with
SigO, while mutations in region 2.3 trended towards
decreased apparent interaction (Fig. 5a). Mutation F67A
dramatically impaired interaction between RsoAFL and SigO
(Fig. 4a) to an extent observed for the F67S mutation iso-
lated from our random screen (Fig. 2b).

The effects of region 2.3 alanine substitutions (Fig. 4b) on

the SigO–RsoA2.3 interaction were largely consistent with

those using full-length protein. The F67A mutation abol-

ished the interaction with SigO in both RsoA contexts

(RsoAFL and RsoA2.3). We confirmed that the T25-RsoAFL

fusion proteins bearing region 2.3 alanine substitution

mutants accumulated total and soluble RsoA levels similar

to those of wt RsoA (Fig. S3).

Consistent with our overall analysis, mutation of conserved

residues in region 2.3, but not region 2.2, impairs the SigO–

RsoA interaction. Residue F67, and to a lesser extent residue

F70, plays major roles, directly or indirectly, in mediating

this interaction. These alanine substitution mutants have

not been screened to ensure proper folding, but the data
nevertheless also point to several amino acid residues, most
of them highly conserved amongst RsoA orthologues, that
likely do not play a role in mediating the SigO–RsoA
interaction.

RsoA region 2.3 mediates weak interaction with b¢

subunit

In order to test that the region 2.3 RsoA mutants yielded
properly folded protein, we tested selected mutant deriva-
tives for interaction with the b¢ subunit N-terminus (b¢N)
[an interaction we previously reported (MacLellan et al.,
2009a)]. Surprisingly, we found that, as with its interaction
with SigO, the region 2.3 amino acid segment was also suffi-
cient to account for the interaction between RsoA and the
b¢N amino acid segment (Fig. 5) and that the imposition of
mutation F67A likewise abolished the interaction. Further-
more, mutations E69V, F70A and M74T also largely abol-
ished the apparent interaction (Fig. S4). For this reason, we
cannot identify amino acid residues in RsoA region 2.3 that
act directly as interaction determinants with SigO without
guaranteeing that they do not also perturb structure.
Indeed, based on additional results (see the next section) it
is likely that some of the key residues identified in the
region 2.3-like protein–protein interaction element contrib-
ute to structure in the peptide, as well as potentially contrib-
uting to the observed interaction.
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Fig. 4. BACTH protein–protein interaction assay of T18-SigO fusion proteins co-expressed with wt and alanine substitution
mutants of T25-RsoA fusion proteins. (a) Mutations in full-length RsoA (T25-RsoAFL) fused to T25 CyaA fragment and (b)
mutations in the 24-amino acid RsoA region 2.3 (T25-RsoA2.3) fused to CyaA fragment. Quantitative assays conducted using

b-galactosidase assays and activity reported as mean and SD (n=3). Qualitative activities shown as triplicate spots on selective
medium containing X-Gal. Negative control is expression of T18-SigO protein in the absence of T25-RsoA expression. For the
T25-RsoA2.3 alleles, total and soluble protein expression levels were tested in a CyaA+ background (Fig. S3).

Protein interactions in a two-subunit s factor

http://mic.microbiologyresearch.org 1863



Co-sedimentation assay reveals interaction

defects

To corroborate our BACTH-based interaction results, we co-
expressed epitope-tagged N-terminal half of SigO (amino
acids 1–105, SigONterm-FLAG) and RsoA (and RsoA-HA) as
T18 and T25 (respectively) CyaA fusion proteins in E. coli cells
and subsequently pulled down the SigO-FLAG fusion deriva-
tives using anti-FLAG antibodies conjugated to magnetic
beads. Samples were separated by SDS-PAGE and probed for
co-sedimentation of RsoA-HA (Fig. 6).

All of the point mutants of RsoAFL tested (F67A, E69V,
F70A, M74T) accumulated in cells as abundantly as the wt
fusion protein (Fig. 6c, crude lanes), and approximately
similar amounts of SigONterm-FLAG were sedimented by
the magnetic beads in each test (Fig. 6b, bound lanes). In
repeated experiments, the F67A mutant showed the most
obvious and reproducible decrease in its ability to interact
with bead-captured SigONterm-FLAG (Fig. 6c, d), along
with the F70A mutant, relative to co-sedimentation of wt
RsoA. Increased binding and wash stringencies in additional
experiments (data not shown) failed to completely elimi-
nate pull-down of some F67A mutant protein. Both the
E69V and M74T mutant proteins also frequently showed a
qualitatively reduced affinity for SigO relative to the wt
protein (Fig. 6c, d). Qualitatively, the results of the pull-
down assays closely parallel the results we obtained from
the BACTH assays (Figs 2b and 4).

We next used the co-sedimentation assay to test the effects of
N-terminal RsoA deletions on the ability of RsoA to interact
with SigO, using deletion derivatives analogous to those
originally tested using two different BACTH assays (Figs 3

and S2). A qualitative BACTH assay was performed with all
RsoA deletion derivatives, demonstrating that the imposition
of the HA epitope tag on the proteins did not alter the previ-
ously observed interaction patterns with SigO (Fig. S5). The
D1–14, D1–35 and D1–55 amino acid derivatives all accumu-
lated similar to wt fusion protein levels (see Fig. S6, lanes 1–4)
and all deletion derivatives co-sedimented with SigONterm-
FLAG (Fig. 7b, c), thus corroborating the results from our
genetic analysis that RsoA region 2.3 (i.e. amino acids 56–79)
is sufficient for interaction with SigO. We imparted the F67A
substitution into the D1–55 deletion derivative to test whether
the mutation would impair binding as it did when the full
RsoA protein was tested. Note that the imposition of the
F67A mutation (and also an F67S mutation, see Fig.S7)
resulted in aberrant mobility during electrophoresis, perhaps
reflecting a structural perturbation in the mutant protein. As
with the full-length protein, this mutation substantially
impaired co-sedimentation with SigONterm-FLAG, relative to
the non-mutated D1–55 deletion protein (Fig. 7c), though as
in Fig. 6, some F67A mutant protein co-sedimented with
SigO even when the stringency of the binding and bead wash-
ing steps were increased.

Our various data establish that the C-terminal region 2.3-
like segment of RsoA is sufficient to account for the interac-
tion between SigO and RsoA and that, not surprisingly,
mutations impairing the SigO–RsoA interaction map
uniquely to this region of RsoA.

Delineating a minimal RsoA interaction element

The protein–protein interaction element we have identified
resides in the C-terminal 24 amino acids of RsoA, and the
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deletion of three amino acids from the C-terminal end of
RsoA had no effect on protein interaction (e.g. Fig. 3). To
gain an appreciation of the minimal amino acid require-
ments for RsoA region 2.3 interaction with SigO, we trans-
lationally fused a 21-amino acid region of the C-terminal
end of RsoA, and subsets of this region, to CyaA via a poly-
glycine linker and tested it for interaction using the BACTH
assay (Table 1).

The 21 residue fusion protein interacted with full-length
SigO to a degree similar to other region 2.3 constructs and
an F67A substitution abolished interaction, as expected. An
element consisting of only 15 amino acids still displayed
considerable interaction capability. We did not further
refine the segment required for interaction or delete any
residues from the C-terminus beyond the terminal three
amino acids, but the data indicate that the RsoA interaction
element is shorter than 24 amino acids and is not larger
than about 15 amino acid residues.

Effect of RsoA mutations on transcription in

B. subtilis

It was previously shown (MacLellan et al., 2009a) that RsoA
interacts with purified full-length SigO, as well as the N-
terminal half of SigO, but not with other tested B. subtilis s
factors. Additionally, co-expression of SigO and RsoA is
required to activate transcription from target promoters in
B. subtilis in vitro and in vivo (MacLellan et al., 2008,

2009a). We wished to test the effects of mutations in RsoA
on its co-activation of transcription, particularly those that
impair the interaction between RsoA and SigO. We tested
all of the region 2.3 RsoA site-directed alanine substitution
mutations, and the four mutations identified from our ran-
dom mutagenesis screen for their effects on co-activation of
transcription in vivo from a target promoter (PoxdC) tran-
scriptionally fused to lacZ. Almost all of the mutations in
RsoA region 2.3 either partially or completely inhibit
transcription activation by SigO–RsoA (Fig. 8). The most
dramatic decreases in transcriptional activation coincide
with RsoA mutations that resulted in impaired interaction
with SigO in either the BACTH experiments or the co-
sedimentation experiments (e.g. F67A, F67S, E69V and
F70A). These data suggest that a productive interaction
between RsoA region 2.3 and the amino-terminus of SigO
may be required for transcription activation by the SigO–

RsoA two-subunit s factor. It is important to note, how-
ever, that these mutations have not been examined for mis-
folding effects and it is likely, based upon its effects on
protein mobility in some contexts, that mutation of residue
F67 does cause a misfolding effect with the interaction
domain. This could result in transcription activation defects
that are not specifically related to the loss of interaction
between RsoA and SigO. Other residues not playing an
obvious role in the interaction also reduce transcription
when mutated (Fig. 8), presumably because they are
important for other reasons yet to be defined.
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Fig. 6. Pull-down of RsoA-HA point mutants by SigONterm-FLAG. Proteins were co-expressed as CyaA T18 and T25 fusion

proteins from separate plasmids in E. coli BL21. (a) Coomassie-stained loading control. (b) Western immunoblot using anti-
FLAG antibodies. (c) Western immunoblot using anti-HA antibodies. For each strain, equal aliquots of total protein (first lane,
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This figure is a composite of several images from the same experiment.
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DISCUSSION

Co-expression of SigO and RsoA is required to activate

transcription from a specific set of related promoters in
B. subtilis (see Fig. S1) (MacLellan et al., 2008). The 23 kDa
SigO protein appears to be a partially inactivated group IV

s factor possessing a well-defined region 4 and highly
degenerate region 2. Earlier work established that SigO
region 4 interacts with the flap region of the core b subunit,

but we could not detect an interaction between either full-
length or the N-terminus of SigO and the clamp helices of
the b¢ subunit (MacLellan et al., 2009a). Electromobility

shift assays suggested that SigO alone could bind cRNAP
and target the complex to cognate promoter DNA. How-
ever, activation of transcription in vivo and stabilization of

open complex in vitro required RsoA.

The orgin of RsoA is uncertain, but we suspect that this 79-
amino acid (10 kDa) protein arose as the result of a partial
s factor gene duplication event and that the rsoA gene codes
for an amino terminal s factor fragment carrying contigu-
ous peptide segments highly similar to those found in s

70

regions 2.2 and 2.3. These same peptides also correspond to
the most highly conserved amino acids amongst RsoA
orthologues (see Figs 1 and S8 for an alignment of 44 non-
redundant RsoA orthologues). Prior investigations revealed
that RsoA interacts specifically with the N-terminal half of
SigO (but not other B. subtilis s factors) and the b¢ RNAP
subunit (MacLellan et al., 2009a). We declared this system a
legitimate two-subunit s factor since both proteins
appeared related to s

70 family proteins on the basis of con-
served amino acid sequence. Unlike typical transcriptional
activators that sometimes directly contact region 4 of the s
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Fig. 7. Pull-down of RsoA-HA deletion mutants by SigONterm-FLAG. Proteins were co-expressed as CyaA T18 and T25
fusion proteins from separate plasmids in E. coli BL21. (a) Coomassie-stained loading control. (b) Western immunoblot using

anti-FLAG antibodies. (c) Western immunoblot using anti-HA antibodies. For each strain, equal aliquots of total protein (first
lane, crude) and proteins captured by anti-FLAG magnetic beads (second lane, bound) were separated using SDS-PAGE.
DN, N-terminal deletions from RsoA (amino acids deleted in brackets). The full-length RsoA protein is 79 amino acids long.

Note that soluble RsoA accumulates poorly in the absence of SigO co-expression. This figure is a composite of several images
from the same experiment.

Table 1. Delineation of RsoA protein–protein interaction motif

Construct* Sequence b-Galactosidase Act. mean (SD)† %‡

(�) cont – – 36 (4) 3

21 Aa (wt) GGGGGGADMLLCQDVPGFWEFILYMVD 1296 (62) 100

21 Aa (F67A) GGGGGGADMLLCQDVPGAWEFILYMVD 46 (5) 4

18 Aa GGGGGG– – –LLCQDVPGFWEFILYMVD 1091 (107) 84

15 Aa GGGGGG– – – – – –QDVPGFWEFILYMVD 974 (69) 75

12 Aa GGGGGG– – – – – – – – – PGFWEFILYMVD 114 (13) 9

10 Aa GGGGGG– – – – – – – – – – –FWEFILYMVD 59 (6) 5

9 Aa GGGGGG– – – – – – – – – – – –WEFILYMVD 66 (5) 5

*Test peptides are fused to T25 CyaA fragment via polyglycine linker. T18 CyaA fragment is fused to full-length SigO and proteins are expressed
in E. coli strain BTH101. Negative (�) control is pKT25 without insert.
†Mean and standard deviation based on Miller units (n=3).
‡Percentage activity of wt 21 amino acid fusion protein and SigO fusion protein interaction.
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factor and are situated towards the posterior end of a tran-
scription complex, RsoA is likely situated proximal to the
�10 promoter element, based on its interaction with the N-
terminus of SigO and the core b¢ clamp helices. In terms of
its proximity to the anterior end of a transcription complex,
RsoA is similar to other recently characterized transcription
factors including S. coelicolor RbpA (Tabib-Salazar et al.,
2013), Chlamydia trachomatis GrgA (Bao et al., 2012) and
E. coli Crl (Banta et al., 2013; Monteil et al., 2010), though
these latter proteins lack sequence similarity to s factor. In
addition to interacting with s

s, Crl is situated close to the b¢
clamp helices and may interact with the core subunit (Liu
et al., 2016).

N-terminal and C-terminal peptide deletion analyses com-
bined with alanine substitutions and a random mutagenesis
approach demonstrate that the region 2.3-like segment of
RsoA constitutes a protein–protein interaction motif that,
in isolation, is sufficient to mediate interaction with SigO.
Several point mutations in RsoA region 2.3 partially impair
the interaction, but mutation of residue F67 (F67A and
F67S) substantially abolishes interaction and the ability of
the two-subunit system to activate transcription in cells.
F67 is conserved in all identified RsoA orthologues and spa-
tially aligns with phenylalanine residues conserved in all

group 1 s factors (e.g. F186 in B. subtilis SigA and F427 in
E. coli s

70) and many alternative s factors (e.g. F86,
F72 and F73 in B. subtilis SigHWY, respectively, and F73 in
E. coli sE) (see Fig. 1).

Earlier work focusing on the seven conserved aromatic
amino acids in region 2.3 of SigA first revealed that this
region is required for promoter melting/open complex for-
mation (Juang & Helmann, 1994). Notably, an F186A
mutant displayed anomalous DNA melting activity different
from most other region 2.3 mutations. The expression of
SigA F186A in cells could neither support growth nor cause
toxicity when co-expressed with wt SigA, suggesting that
this mutation caused structural perturbation in the protein
and core binding defects (Rong & Helmann, 1994). Similar
melting defects were observed with the analogous F427
mutant of E. coli s70 (Panaghie et al., 2000). Structural stud-
ies of E. coli s70 (Malhotra et al., 1996) revealed that F427
was buried within a local hydrophobic fold, probably
explaining why mutation at the same site in B. subtilis SigA
caused structural irregularity and subsequent loss of activ-
ity. Interestingly, mutation of F67 in RsoA (which co-aligns
with SigA F186 and s

70 F427) also causes loss of activity
(loss of binding activity with SigO and loss of transcription
activity in vivo). Thus, not only RsoA F67 is spatially
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conserved with phenylalanine residues in s
70, SigA and

many alternative s factors but also its mutation has a simi-
larly pronounced consequence. When the 24-amino acid
region 2.3-like segment is fused to CyaA, mutation of F67
to either alanine or serine results in aberrant mobility dur-
ing electrophoresis (Fig. S7), an observation that might
indicate structural perturbation as a result of the mutation.
In RsoA, the peptide P65-G66-F67-W68-E69-F70-I71 con-
stitutes the most highly conserved segment in region 2.3
that, in an overall sense, is highly hydrophobic [of the 24
residues we broadly designate as region 2.3, 14 amino acids
(61%) are moderately to strongly hydrophobic].

RsoA region 2.3 is reminiscent of a so-called short Linear
Motif (sLiM) owing to its demonstrated role in mediating
interaction with SigO. sLiMs are small, solvent-accessible
peptide segments, usually found at the carboxyl termini of
proteins, that mediate protein–protein interactions by inter-
acting with cognate elements in partner proteins (Davey
et al., 2012; Neduva & Russell, 2005). They have been iden-
tified in a large number of viral, prokaryotic and eukaryotic
proteins, particularly in cell-signalling proteins or proteins
that are part of larger multi-subunit complexes. sLiMs have
been called ‘evolutionarily plastic’ and ‘particularly evolv-
able’ interaction elements, since only a small number of res-
idues in the peptide play a dominant role in mediating an
interaction. Therefore, one or a few amino acid substitu-
tions in a protein are enough to convert a peptide into a
novel and functionally important interaction motif (Davey
et al., 2012; Van Roey et al., 2014; Wagner & Lynch, 2008).
We think it at least plausible that RsoA originated from a
partial s factor gene duplication event and that region 2.3,
presumably a single-strand promoter DNA-binding ele-
ment in the ancestral protein, acquired a new function as a
sLiM-like protein–protein interaction element. We specu-
late that those residues in RsoA that appear conserved with
those in canonical s factors may be important for the
SigO–RsoA interaction for structural reasons and may also
have been co-opted to play a role in mediating the protein–
protein interaction. Determining the specific roles of amino
acids in the region 2.3-like element will require further
investigation, although it seems likely that F67, at the very
least, probably plays a structural role and that the mainte-
nance of structure within the region is required for interac-
tion with SigO. Given the small peptide nature of this
interaction element, it is possible that some amino acids are
important for both structure and interaction.

Surprisingly, the region 2.3-like element of RsoA also medi-
ates the previously reported (MacLellan et al., 2009a) weak
interaction of this protein with the RNAP b¢ subunit. This
result now explains why extensive mutation in region 2.2 of
RsoA (note that it is amino acids within region 2.2 of canoni-
cal s factors that mediate interaction with the b¢ subunit) had
little or no effect on the interaction (MacLellan et al., 2009a).
Weakly mimicking, as it does, the much stronger interaction
with the N-terminus of SigO, it is tempting to suspect that the
RsoA–b¢N interaction may be artifactual. On the other hand,
Sengupta et al. (2015) demonstrated that RsoA does indeed

independently interact with cRNAP and it is therefore possible
that the region 2.3 segment of RsoA mediates this interaction
with core polymerase.

The precise mechanistic roles of SigO and RsoA in a tran-
scription complex are not yet clear. It may be that RsoA per-
forms a bridging role by interacting with both the core b¢

subunit and SigO, and it orients a divergent (but still func-
tional) domain in SigO for appropriate interaction with pro-
moter DNA. Alternatively, the region 2.3-like peptide of RsoA
may indeed act as a canonical region 2.3 and directly bind
non-template promoter DNA and stabilize open complex.
Any model supporting the latter scenario, however, would
need to account for the observation that RsoA region 2.3 also
constitutes a protein–protein interaction element that medi-
ates a weak interaction with the b¢ subunit and a strong inter-
action with the N-terminus of SigO.
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