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Summary

The type VI nanomachine is critical for Vibrio
cholerae to establish infections and to thrive in
niches co-occupied by competing bacteria. The
genes for the type VI structural proteins are encoded
in one large and two small auxiliary gene clusters.
VCA0117 (VasH) – a σ54-transcriptional activator – is
strictly required for functionality of the type VI secre-
tion system since it controls production of the struc-
tural protein Hcp. While some strains constitutively
produce a functional system, others do not and
require specific growth conditions of low temperature
and high osmolarity for expression of the type VI
machinery. Here, we trace integration of these regula-
tory signals to the promoter activity of the large gene
cluster in which many components of the machinery
and VCA0117 itself are encoded. Using in vivo and
in vitro assays and variants of VCA0117, we show
that activation of the σ54-promoters of the auxiliary
gene clusters by elevated VCA0117 levels are all that
is required to overcome the need for specialized
growth conditions. We propose a model in which sig-
nal integration via the large operon promoter directs
otherwise restrictive levels of VCA0117 that ulti-
mately dictates a sufficient supply of Hcp for comple-
tion of a functional type VI secretion system.

Introduction

Vibrio cholerae species are diverse with respect to the
virulence determinants they encode. Those of pandemic
strains, serogroups O1 and O139, carry ctxAB cholera
toxin genes and the tcp genes for toxin-regulated pili –
two major virulence determinants of the diarrheal disease
cholera. Non-O1, non-O139 V. cholerae (NOVC strains),
on the other hand, comprise a large group of environ-
mental isolates that typically lack the ctx and tcp genes
and cause gastroenteritis by less well-defined mecha-
nisms (Kaper et al., 1995). More recently, the type VI
secretion system (T6SS) – a contractile multicomponent
nanomachine – has emerged as a potent environmental
fitness factor of V. cholerae and many other Gram-
negative pathogens (Pukatzki et al., 2006).

Vibrio cholerae uses its T6SS syringe-like apparatus to
translocate proteins into the external milieu (e.g. Wang
et al., 2015; Si et al., 2017), and directly inject effector
proteins into both eukaryotic and bacterial cells to subvert
their functioning (reviewed in the study by Joshi
et al., 2017; Lien and Lai, 2017). Many components of
the T6SS contractile puncturing device are structural and
functional counterparts of the DNA injection machinery of
bacteriophage tails (Basler, 2015; Bock et al., 2017 and
references therein). The inner tube of the T6SS appara-
tus is composed of a rigid polymer of the haemolysin
coregulated protein (Hcp), which is encapsulated by an
outer contractile sheath formed by polymers of VipA and
VipB. Trimeric VgrG proteins (valine-glycine repeat pro-
tein G) lie at the cell-puncturing tip and are sharpened by
PAAR (proline-alanine–alanine-arginine) repeat proteins
that are critical in aiding effector protein delivery
(Burkinshaw et al., 2018).

Sheath contraction drives the syringe-like tube and tip
into target cells to deliver multiple effector proteins by a
number of different means. Structural proteins, such as
Hcp, VgrG and PAAR, have amino- or carboxy-terminal
effector domains, while other effectors bind VgrG and
Hcp as a mode of delivery. The targets and mechanisms
of action of different effector proteins are likewise diverse,
being anti-bacterial, anti-eukaryotic or both (Russell
et al., 2014). This versatility underlies the key roles of the
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V. cholerae T6SS not only in pathogenicity but also in
evading predation by eukaryotes, e.g. amoeba, nema-
todes and grazing by flagellates and ciliates (Pukatzki
et al., 2006; Vaitkevicius et al., 2006), and for both inter-
and intra-bacterial competition for niche domination in
polymicrobial environments (e.g. Unterweger et al., 2012;
Logan et al., 2018).
T6SS-dependent bacterial competition is believed to

be a major driver of genotypic diversity in V. cholerae
(Kostiuk et al., 2017). In all V. cholerae strains, structural
components of the T6SS apparatus are encoded in one
large and two small gene clusters. However, regulation of
their expression varies between strains and is interwoven
with the global regulatory networks of quorum sensing
(via HapR, LuxO and TsrA) and the cAMP-CRP regulon
(e.g. Ishikawa et al., 2009; Zheng et al., 2010; Shao and
Bassler, 2014). Irrespective of global regulatory input,
one specific and obligatory regulator for T6SS expression
has been identified, namely VCA0117, also known
as VasH.
VCA0117 belongs to the specialized family of bacterial

enhancer binding proteins (bEBPs) and is required for
production of Hcp encoded within the two small gene
clusters (Bernard et al., 2011; Kitaoka et al., 2011). Mem-
bers of the bEBP-family are mechano-transcriptional acti-
vators that utilize ATP hydrolysis to activate transcription
mediated by the alternative σ-factor σ54 (also known as
RpoN). Typically, the activities of bEBPs are themselves
controlled in response to environmental cues through
their N-terminal domains (Shingler, 2011; Bush and
Dixon, 2012). However, despite its critical importance for
expression of Hcp, without which the T6SS does not
function (Ishikawa et al., 2012), little is known about how,
or if, the activity of VCA0117 is controlled or how it tar-
gets DNA to regulate transcription.
Studies of V. cholerae T6SS-dependent functions have

predominantly used the V. cholerae NOVC (O37 sero-
group) V52 strain because it expresses the apparatus
constitutively and can kill a wide range of Gram-negative
bacteria (Pukatzki et al., 2006; MacIntyre et al., 2010).
Unlike NOVC strains, most of the cholera-causing O1
strains were originally thought to have non-functional
T6SSs; however, it was subsequently shown that O1
strains require environmentally relevant signals of high-
osmolarity (340 mM NaCl) or low temperature (23�C) in
order for Hcp, and therefore a functional T6SS machin-
ery, to be expressed (Ishikawa et al., 2012).
In this work, we aimed to decipher at what level the sig-

nals of high osmolarity and low temperature are integrated
to control production of a functional T6SS and the role of
VCA0117 in this process. We present evidence for the
binding sites of VCA0117 within the Phcp promoters that
drive expression of hcp and a positive role for the DNA
bending protein integration host factor (IHF) on

VCA0117-dependent transcription from these promoters.
Importantly, we show that the signals of high osmolarity
and low temperature elevate transcription of the large
gene cluster within which VCA0117 is encoded and fur-
ther, that elevated levels of VCA0117 are in themselves
sufficient to overcome the requirement for conditional
growth signals to produce a functional T6SS apparatus.

Results

An active A-domain truncate of VCA0117 mediates
signal-independent expression of Hcp

VCA0117 (VasH) is encoded within the large T6SS gene
cluster (vca0107 to vca0123) of chromosome II in
V. cholerae El Tor strain A1552 (Fig. 1A). This σ54-
dependent transcriptional activator has been implicated
in controlling RpoN (σ54)-dependent transcription of two
bicistronic operons (hcp-I-vgrG-1 of chromosome I and
hcp-2-vgrG-2 of chromosome II) that encode identical
Hcp proteins and two of the three VgrG proteins in
V. cholerae (Ishikawa et al., 2009; Bernard et al., 2011;
Kitaoka et al., 2011; Dong and Mekalanos, 2012). To ver-
ify this regulatory circuity in V. cholerae A1552, we gener-
ated a VCA0117 null derivative in which the majority of
vca0117 was deleted and analysed Hcp levels in whole
cells and supernatants. Because the T6SS in A1552 is
induced by low temperature and high salt conditions
(Ishikawa et al., 2012), cells were cultured under non-
inducing (LB at 37�C with 85 mM NaCl) and fully inducing
conditions for T6SS (LB at 23�C with 340 mM NaCl). As
anticipated, lack of VCA0117 resulted in undetectable
levels of Hcp even after induction of gene expression,
which allows both production and efficient secretion of
Hcp by the wild-type strain (Fig. 1B, left).

VCA0117 has a signature short coiled-coil motif in the
B-linker regions between the N-terminal A-domain and
the AAA+ C-domain involved in activating σ54-RNA poly-
merase (Figs. 1A and S1). Where known, possession of
a coiled-coiled like B-linker is indicative of a de-
repression mode of control whereby deletion of the
N-terminal domain results in constitutively active bEBPs
(O’Neill et al., 2001; reviewed in the study by
Shingler, 2011). Therefore, to verify that the phenotype of
the VCA0117 null strain was not attributable to indirect
effects on upstream or downstream genes within the
vca0107 to vca0123 operon, we complemented this
strain by introducing a plasmid expressing an N-terminal
A-domain truncate (ΔA-VCA0117-His that lacks residues
1–76) from the Ptet promoter. As shown in Fig. 1B (right),
expression of ΔA-VCA0117-His resulted in hyper-
production and secretion of Hcp in both the wild-type and
the VCA0117 null strains even under non-inducing
growth conditions.
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Taken together, these results (i) recapitulate the low
temperature and high-osmolarity induction requirements
for V. cholerae A1552 T6SS expression of the wild-type
strain; (ii) demonstrate the obligate dependency on
VCA0117 for Hcp production and secretion; and impor-
tantly, (iii) show that ectopic expression of an active
A-domain truncate of VCA0117 is sufficient to overcome
signal-responsive control of T6SS in this strain. The latter
finding provided the first suggestive evidence that
VCA0117 activity and/or levels are a key factor in the
control of expression of a functional T6SS in V. cholerae
A1552.

Direct VCA0117-mediated regulation of Hcp is
dependent on RpoN (σ54) and IHF

Having established that VCA0117 is obligatory for expres-
sion of Hcp, we next turned our attention to the promoter
regions controlled by this protein. The promoters of the
two hcp-vgrG operons (PhcpI and PhcpII) are very similar,

differing in only two positions in their common region from
−130 to +1 relative to their predicted transcriptional start
sites (Fig. 2A). In V. cholerae V52 – which constitutively
expresses the T6SS apparatus – in silico analysis and
σ54-RNA polymerase binding experiments also implicated
VCA0117 in σ54-dependent control of the large T6SS
operon driven by the P0107 promoter (Bernard et al., 2011).
However, subsequent analysis of an RpoN (σ54) null deriv-
ative of V52 found no alteration in transcription from this
promoter (Dong and Mekalanos, 2012). Therefore, to clar-
ify this issue for V. cholerae A1552, we developed a dual
plasmid transcriptional reporter system consisting of one
plasmid expressing a VCA0117 derivative and the other
carrying the bacterial luciferase reporter genes (luxAB)
under the control of a test promoter. Promoter output was
then screened using a simple luciferase (light emittance)
plate test assay as detailed in Experimental Procedures.

Expression of ΔA-VCA0117-His elicited readily detect-
able light emission from the PhcpII-luxAB promoter
reporter in Escherichia coli (strains 3 and 4, Fig. 2B). In

Fig 1. Genomic organisation and the Hcp regulatory circuit of VCA0117 (VasH).
A. Upper: genomic organisation of the large T6SS chromosome II cluster of V. cholera A1552 with the vca0117 (vasH) gene highlighted in grey.
Lower left, the domain structure of VCA0117 and a constitutively active variant (ΔA-VCA0117-His). As detailed in the Supporting Information
Figs. S1 and S8, ΔA-VCA0117-His completely lacks it is a domain and has a non-native Met fused to the native Glu177 of VCA0117. Lower right,
schematic of the VCA0117-mediated regulatory circuit with positive transcriptional control of the Phcp promoters that drive transcription of two bi-
cistronic operons indicated by a +. Genes that encode identical Hcp proteins and variant VgrG proteins are highlighted by grey shadowing.
B. Immuno-detection of the 23 kDa Hcp protein in whole cell lysates (W.C.) and supernatants (Sup.) of V. cholerae strains harbouring either a
vector control (pVI2403, left hand panel) or the Ptet driven ΔA-VCA0117-His expression plasmid (pVI2431, right hand panel). Strains, wild-type
V. cholerae A1552 (+) or its isogenic VCA0117 null derivative (−), were cultured in LB under non-inducing (37�C, 85 mM NaCl), or fully inducing
(23�C, 340 mM NaCl) conditions as indicated.
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contrast, no transcription above that of a vector control
was detectable with the P0107-luxAB reporter (strains
1 and 2, Fig. 2B). We infer from these data that
VCA0117 directly drives transcription from the Phcp pro-
moters, but does not influence transcription from the
P0107 promoter of the large gene cluster that encodes
VCA0117, which agrees with data derived from an RpoN
null derivative of V. cholerae V52 (Dong and
Mekalanos, 2012).
The Phcp promoters contain classic σ54-dependent −24,

−12 promoter motifs and also a putative binding site for the
DNA bending protein integration host factor (IHF, Fig. 2A),
which in other systems aids physical interaction between
bEBPs and promoter-bound σ54-RNA polymerase. We
used the same dual plasmid transcriptional reporter system
as described above in both E. coli and V. cholerae A1552
to verify that VCA0117-mediated transcriptional activation
from the PhcpII promoter is dependent on these two pro-
teins. As shown in Figs. 3A and B, lack of RpoN (σ54)
abolished any detectable transcription from PhcpII in both
organisms, demonstrating that the PhcpII -196 to +26
region does not carry any additional intrinsically active pro-
moters dependent on other σ-factors. In the case of IHF,
lack of this DNA-bending protein severely compromised
transcription, reducing PhcpII output to <1% and �10% of
that observed in wild-type E. coli and V. cholerae

respectively. Hence, both proteins are required for efficient
VCA0117-dependent output from PhcpII.

Consistent with the findings above, analysis of wild-
type V. cholerae A1552 and its isogenic IHF-null and
RpoN (σ54) derivatives showed that lack of either σ54 or
IHF lead to undetectable levels of Hcp (Fig. 3C). Expres-
sion of Hcp has previously been found to be growth
phase regulated, being maximal at an OD600nm of
2.0–3.0, after which it declines to undetectable levels
(Ishikawa et al., 2009, and see Supporting Information
Fig. S3). Given the absolute dependency of Hcp expres-
sion on σ54, we also analysed expression levels of σ54 at
different phases of growth. As shown in Fig. S3, σ54

levels follow a similar expression pattern as those of Hcp,
suggesting that available σ54 for formation of the σ54-
RNA polymerase holoenzyme plays a role in locking
maximal expression of Hcp to the exponential-to-
stationary phase of growth.

VCA0117-mediated regulation of Hcp requires an
upstream DNA inverted repeat

The requirement for IHF for efficient transcription from
PhcpII suggests that, akin to other bEBPs, VCA0117
acts via binding to distally located upstream activation

Fig 2. VCA0117 controls transcription from PhcpII, but not the P0107 promoter.
A. Sequences of the Phcp promoter regions of chromosome I and II with the ATG initiation codon shown in bold italics. The highly conserved
−128 to +67 regions only differ at two positions (bases shown in parenthesis). Co-ordinates are given relative to the predicted +1 transcriptional
start from the −24, −12 promoter that is shown aligned with the consensus σ54 binding motifs (Barrios et al., 1999). A potential target site for IHF
is located upstream of the promoters and is shown aligned with the reverse complement of the core 13 bp of the IHF-binding consensus
sequence (AATCAA-aAgTTA; Goodrich et al., 1990). Lowercase letters indicate less conserved bases and hyphens indicate any base. Light grey
open arrows indicate the extent of two inverted repeats that are only found in the PhcpII upstream region (IR1 and IR2), while the dark grey open
arrows indicate IR3 that is common to both promoters.
B. Luciferase plate tests of VCA0117-mediated in vivo transcription with a dual plasmid system in E. coli SoluBL21. Strains contained either vec-
tor control (pVI2403) or the Ptet expression plasmid for ΔA-VCA0117-His (pVI2431) and either the luciferase transcriptional reporter for the large
gene cluster (P0107-luxAB; pVI2448) or the PhcpII-luxAB transcriptional reporter (pVI2441) as indicated on the left. Strains were streaked onto
LA plates (85 mM NaCl), supplemented with carbenicillin and chloramphenicol and incubated at 37�C.
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sequences (UASs). These UASs are usually composed
of imperfect inverted repeats located 100–200 bp
upstream of the cognate promoter they control (Cases
et al., 2003; Bush and Dixon, 2012). Examination of the
DNA sequences of PhcpI and PhcpII revealed three long
imperfect inverted repeats, two specific to PhcpII (IR1
and IR2, Fig. 2A), and one common to both promoters
(IR3, Fig. 2A). Given that detectable Hcp expression is
abolished in the absence of VCA0117, this suggested
that the common IR3 repeat would serve as the DNA
binding sites from which VCA0117 acts to promote tran-
scription by σ54-RNA polymerase. To directly test this
idea, we generated a series of transcriptional reporters
that progressively lack larger portions of the promoter
upstream region as depicted in Fig. 4A and assayed their
performance in E. coli expressing ΔA-VCA0117-His.

The first deletion derivative, which lacks IR1 and IR2,
reflects both PhcpI and PhcpII (see Fig. 2A). This

derivative showed output comparable to the reporter car-
rying DNA encompassing all three IRs (compare 1 with
2 and 3, Fig. 4B). Deletion of about half of IR3 decreased
output to �30% of that seen with the full IR3, while dele-
tion of DNA encompassing all of IR3 resulted in back-
ground transcription equivalent to the vector control
(compare 1 with 4 and 5, Fig. 4B). Residual transcription
observed with the reporter carrying DNA spanning the
promoter-proximal half of IR3 was further reduced by
mutations that retained the same nucleotide composition,
but shuffled the repeat motif (compare 4 and 6, Fig. 4B).
Based on these data, we designated the two halves of
IR3 as UAS1 and UAS2, respectively.

To further analyse the requirements for
VCA0117-mediated transcription of the Phcp promoters,
we performed single round in vitro transcription assays
with purified ΔA-VCA0117-His and supercoiled DNA tem-
plate bearing PhcpII with different extents of upstream

Fig 3. VCA0117-mediated regulation is dependent on RpoN (σ54) and IHF.
A. Upper, luciferase plate tests of VCA0117-mediated in vivo transcription with a dual plasmid system in E. coli (strains: MG1655 and its RpoN
null counterpart; S90C and its IHF null derivative). All strains contained the Ptet ΔA-VCA0117-His expression plasmid (pVI2431) and either the
PhcpII-luxAB luciferase transcriptional reporter (pVI2441) or its cognate vector control (pVI928). Strains were streaked onto LA plates sup-
plemented with carbenicillin and chloramphenicol and incubated at 37�C. Lower, graphed values correspond to luciferase activities of strains cul-
tured in liquid LB (85 mM NaCl) at 30�C for 6 h to early stationary phase (OD600nm of �3.0). Values are the average of triplicate determinations
from two independent experiments ± SE, obtained after subtraction of background levels in the corresponding vector control strain. Experiments
were normalised by setting the values for the wild type as 100. Absolute values of the wild type: 6.3 × 10−6 RLU/A600 for MG1655; 6.2 × 10−6

RLU/A600 for S90C. P-values, calculated using Welch’s two-tailed t-test between wild type and null strains, are ≤1e-08. Complementation of the
IHF null and RpoN strains to restore transcription from PhcpII is shown in the Supporting Information Fig. S2.
B. As under panel A, but with V. cholerae A1552 and its isogenic RpoN and IHF null derivatives. Absolute values for wild-type V. cholerae
A1552: 1.3 × 10−5 RLU/A600. P-values, calculated using Welch’s two-tailed t-test between wild type and null strains, are ≤1e-05.
C. Immuno-detection of Hcp whole-cell preparations of plasmid free wild-type V. cholerae A1552 and its RpoN and IHF null derivatives. The
cropped images are derived from samples analysed and processed on the same gel.
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DNA (Fig. 5A). In the presence of 20 nM E. coli σ54-RNA
polymerase and IHF, near saturating output from the full-
length PhcpII promoter was achieved with 300 nM of ΔA-
VCA0117-His (Fig. 5B). We next compared the ability of
ΔA-VCA0117-His to promote transcription using DNA
templates bearing the full length PhcpII promoter with
those carrying either UAS1 and 2 (i.e. IR3, present in
both hcp promoters) or just the −24, −12 σ54-promoter
alone. With 100 nM ΔA-VCA0117-His, transcription was
completely dependent on the presence of the UASs of
IR3 (Fig. 5C), as was observed in vivo (Fig. 4B, compare
2, 3 and 5).

Expression of ΔA-VCA0117-His mediates signal-
independent inter-bacterial killing

Signal-responsive control of T6SS expression in A1552
was originally detected through elevated Hcp levels in
response to low temperature and high osmolarity growth
conditions (as in Fig. 1B). In addition, qRT-PCR analyses
of transcripts of representative T6SS genes revealed
�1.2- to 2-fold elevated levels of transcripts of the large
T6SS operon genes driven by the P0107 promoter, as well

as elevated levels of transcripts of the two hcp-vgrG
operons, in response to high osmolarity (Ishikawa
et al., 2012). Because expression of ΔA-VCA0117-His
overcame the need for these conditional growth signals
to efficiently produce and secrete Hcp (Fig. 1B), we rea-
soned that these cues were likely orchestrated through
the activity of the P0107 promoter to produce increased
levels of components of the T6SS apparatus and
VCA0117. Elevated levels of VCA0117 might then in turn
be sufficient to activate transcription from the Phcp pro-
moters to provide sufficient Hcp and VgrG proteins for
final assembly of a functional T6SS apparatus.

To test the above idea, we introduced the luciferase
P0107 promoter reporter plasmid into V. cholera A1552
and monitored promoter activity on rich media plates con-
taining either 85 or 340 mM NaCl and grown under nor-
mal (37�C) or low (23�C) temperature conditions. As can
be seen in Fig. 6A, both high osmolarity (340 mM NaCl)
and growth at low temperature (23�C) independently
elicited elevated transcription from P0107. Intriguingly,
quantitative luciferase assays performed under the same
conditions – but in liquid media – did not detect notable
changes in P0107 activity (Supporting Information Fig. S4).

Fig 4. Inverted repeat 3 (IR3) is required for VCA0117 -mediated regulation.
A. Schematic illustration of the extent of the 50-upstream sequences in PhcpII-luxAB transcriptional reporters used in panel B. Plasmid names in
brackets are for the corresponding promoter inserts carried by the in vitro transcription templates used in Fig. 5.
B. Plate (left) and quantitative (right) luciferase assays of E. coli DH5 harbouring the ΔA-VCA0117-His expression plasmid (pVI2431) and either
the indicated PhcpII-luxAB luciferase reporter or the cognate vector control (pVI928). Assays were performed as described under Fig. 3A.
Graphed values are of exponential phase cultures (OD600nm = 0.3 ± 0.15) and represent the average ± SE of five determinations from each of
two independent cultures, normalized by setting the value of pVI2441 as 100. P-values of strain 3 compared to strains 1, 4, 5, or 6, were all ≤1e-
07 as determined by the Tukey–Kramer’s test.
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As expanded upon in the Discussion section, this latter
finding suggests that one or more of the regulatory ele-
ments that control this response from the P0107 promoter
requires surface contact as a regulatory signal.

Taken together, the data in Figs. 1 and 6A suggest that
the conditional growth signals of low temperature and
high osmolarity are integrated through the activity of the
P0107 promoter to allow VCA0117-dependent production
of a functional T6SS apparatus. If this were the case,
simple ectopic expression of ΔA-VCA0117-His would be
anticipated to bypass the need for either of these regula-
tory signals for T6SS functionality. To test this prediction,
we performed an inter-bacterial killing assays in which a
fully functional T6SS machinery is required to deliver
effector proteins from V. cholerae A1552 (predator) into
E. coli (prey). Within these assays, each species is grown
to an OD600nm of 2.0 to 3.0 and equal numbers of each
then mixed and co-incubated on solid media for four
hours under different osmolarity and temperature condi-
tions. Subsequent determinations of the ‘killing index’
reflect the T6SS-dependent killing proficiency of
V. cholerae.

As shown in Fig. 6B (left), the efficiency of V. cholerae
A1552 in killing E. coli recapitulates signal-dependent
transcription from the P0107 promoter, with both low tem-
perature (23�C) and high osmolarity (340 mM NaCl) hav-
ing independent and additive effects. Notably, under both
growth temperature conditions, ectopic expression of ΔA-
VCA0117-His increases killing proficiency to a level simi-
lar to that observed under high osmolarity conditions,
i.e. only up to or just exceeding the maximum that the
wild-type could achieve at each growth temperature
(Fig. 6B, right). These data provides strong support for

the notions (i) that conditional growth signals are inte-
grated through the activity of the P0107 promoter to relieve
otherwise limiting levels of VCA0117, and (ii) that subse-
quent VCA0117-controlled expression of the two hcp-
vgrG operons is the determinant that dictates if sufficient
functional T6SS apparatus competent to mediate efficient
inter-bacterial killing can be produced.

Full-length VCA0117 variants are active in vivo and
in vitro

The data shown in Figs. 1–6 all employed the transcrip-
tional promoting ability of the A-domain truncate ΔA-
VCA0117-His. As alluded to in the proceeding sections,
the N-terminal A-domains of bEBPs, where present, usu-
ally exert control on the activity of the cognate bEBP. In
silico searches of domain and motif databases using the
154 amino acid sequences of the A-domain of VCA0117
(Supporting Information Fig. S1) did not identify any sig-
nature motifs. However, a BLASTP search with an E
value cut-off of 0.01 identified 239 homologues in
genomes of aquatic bacteria belonging to three orders of
γ-proteobacteria, the Vibrionales, Oceanospirillales and
Alteromonadales, with sequence identity from 25% to
99%. As detailed in Experimental Procedures, multiple
sequence alignment of these protein enabled more sensi-
tive sequence searching, which suggests that this region
of VCA0117 is a GAF-domain – named after cGMP-
specific phosphodiesterases, adenylyl cyclases and the
bEBP FhlA.

Comparison of VCA0117A1552 with its counterpart from
V. cholerae V52, which constitutively expresses the
T6SS apparatus, identified two variant residues. One of

Fig 6. Signal-responsive T6SS-dependent killing is overcome by constitutively active ΔA-VCA0117-His.
A. Luciferase plate assays of V. cholerae A1552 harbouring either the transcriptional reporter for the large gene cluster (P0107-luxAB; pVI2448) or
its cognate vector control (pVI928). Strains were streaked onto LA plates containing 85 or 340 mM NaCl, supplemented with carbenicillin and
incubated at either 37�C or 23�C.
B. T6SS-dependent inter-bacterial killing assay of wild-type V. cholerae A1552 toward E. coli MC4100 (left) or V. cholerae A1552 harbouring the
pVI2431 ΔA-VCA0117-His expression plasmid (right). The killing index was determined by measuring CFU/ml of each strain after co-cultivation
under the indicated conditions as described in Experimental Procedures. Values are the average ± SE from three independent experiments. P-
values *** ≤ 0.0001, ** ≤ 0.005 as determined by the Tukey–Kramer’s test.
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these resides in the GAF-domain (either an Asp or a His
residue at 116), while the other resides in the variable
region between the centra1 C-domain and the DNA bind-
ing domain (either an Ala or a Thr residue at 449), see
Supporting Information Fig. S1. We generated all combi-
nations of these substitutions as His-tagged variants and
tested their ability to promote transcription from the
PhcpII-luxAB luciferase transcriptional reporter.
In E. coli, all four full length VCA0117-His variants were

produced at similar levels and promoted similar output
from the PhcpII, suggesting that all are equally active
(Supporting Information Fig. S5). In comparison with ΔA-
VCA0117-His, these full-length proteins are produced at
much lower levels, leading to approximately 12%–15% of
the transcription achieved with the more abundant ΔA-
VCA0117-His derivative. In V. cholerae A1552, expres-
sion levels of the full-length VCA0117 variants were even
lower, making comparisons using the luciferase reporter
assays uninformative (Supporting Information Fig. S5).

Therefore, we tested the ability of the four full-length
VCA0117 proteins to promote transcription by monitoring
Hcp production in V. cholerae A1552. As is the case in
E. coli, all the full-length regulators again behaved simi-
larly, promoting production of indistinguishable levels of
Hcp that exceed those found with V. cholerae A1552
grown under non-inducing conditions (Fig. 7A).

The results in the Supporting Information Fig. S5 and
Fig. 7A, demonstrate that the nature of residue 116 (Asp
or a His) or residue 449 (Ala or Thr) does not influence the
performance of VCA0117 in either E. coli or V. cholerae.
To further explore the properties of full length VCA0117,
we chose two variants – the VCA0117A1552 protein (D116/
A449) and its H116 counterpart – for in vitro analysis.
Native proteins, purified from His-SUMO tagged variants
as detailed in Experimental Procedures, were subject to
single round in vitro transcription assays as described for
ΔA-VCA0117-His. Consistent with in vivo data, both vari-
ants showed similar activities (Fig. 7B) and exhibited dose
responses similar to ΔA-VCA0117-His (Fig. 5A). A side-
by-side comparison of full-length VCA0117 proteins and
the GAF-domain deleted ΔA-VCA0117-His suggest that at
least under in vitro conditions, the full-length proteins have
only a slightly lower (1.2- to 1.5-fold) ability to activate tran-
scription by σ54-RNA polymerase (Fig. 7C). As elaborated
in the discussion, this is in marked contrast to other
bEBPs where activities can be totally dependent on their
N-terminal domains.

Conditional growth signals elevate endogenous
VCA0117 levels in V. cholerae A1552

Specific transcriptional regulators are often present in
cells at low abundance, ranging from tens to a few hun-
dred molecules per cell (McAdams and Arkin, 1999;
Ishihama et al., 2014). Given that Hcp levels were
induced by ectopic expression of both ΔA-VCA0117-His
(Fig. 1) and full-length VCA0117 variants (Fig. 7A), and
that conditional growth signals elicit higher output from
the P0107 promoter (Fig. 6A), it became of interest to
determine if changes in endogenous VCA0117 levels
could be detected in response to inducing conditions of
low temperature and high osmolarity. For these experi-
ments, we used antibodies raised against VCA0117.

Initial tests indicated that VCA0117 levels were too low
to be detected in whole cell extracts (Supporting Informa-
tion Fig. S6). Therefore, we performed quantitative West-
ern analysis of extracts prepared from cells cultured as for
the inter-bacterial killing assays (Fig. 6B) and compared
endogenous VCA0117 expression levels with purified
VCA0117 diluted in an extract from the V. cholerae
VCA0117 null strain. Growth under fully inducing condi-
tions elicited a 2- to 2.5-fold increase in VCA0117 levels
as compared to growth under non-inducing conditions

Fig 5. In vitro transcription by ΔA-VCA0117-His requires the UASs
of IR3.
A. Schematic illustration of the σ54-dependent Phcp promoter inserts
carried by the in vitro transcription templates used in panels B and
C. DNA sequences are as in Fig. 4.
B. Single-round in vitro transcription assays using 5 nM supercoiled
plasmid DNA (template 1, pVI2453) in the presence of 20 nM σ54-
RNAP, 20 nM IHF, and increased concentrations of ΔA-
VCA0117-His (0, 37.5, 75, 150 and 300 nM). Insert image is of the
300 nt transcript from one of two independent experiments used to
obtain the graphed averages ± SE.
C. Single-round in vitro transcription assays using 5 nM of the indi-
cated supercoiled DNA templates, which differ only in the extent of
promoter upstream DNA. Promoter output was determined as under
panel B in the presence of 100 nM ΔA-VCA0117-His. Graphed
values are the averages of four independent experiments ± SE, and
were normalised by setting the value with template 1 (pVI2453) as
100. P-values of template 1 and 2 as compared to template 3 are
0.00175 and 0.000490, respectively, as determined by the Tukey–
Kramer’s test.
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(compare lanes 1 and 2 with 3 and 4, Fig. 8). As detailed
in Experimental Procedures, the �0.8 ng per 50 μg
detected in extracts from non-inducing conditions corre-
sponds to �12–28 monomers per cell, while the �2 ng
levels of VCA0117 in extracts from inducing conditions
corresponds to �32–56 monomers per cell. As expanded
upon in the discussion, these signal-responsive changes
in VCA0117 levels suggest a threshold-level switch based
on occupancy of the Phcp promoters. Consistent with this
idea, analysis of extracts from other V. cholerae O1 El Tor
strains (C6706 and N16961) showed even lower levels of
this key regulatory protein that are likewise increased
under inducing growth conditions (Supporting Information
Fig. S7). In this respect, it is important to note that even
the fully induced levels of VCA0117 in the A1552 strain
are �2 to 2.5-fold lower than those found in V. cholerae
V52, which constitutively produces its T6SS machinery
(Supporting Information Fig. S7 and data not shown).

Discussion

In V. cholerae, the bEBP VCA0117 is a critical regulator
for expression of a functional T6SS since it is required for

transcription of the genes encoding the structural compo-
nents Hcp, and two of the three VgrG (1 and 2) proteins
(Figs. 1–5). In V. cholerae O1 strains such as A1552,

Fig 7. Full-length VCA0117 variants exhibit constitutive activity in vitro.
A. Immuno-detection of the 23 kDa Hcp protein in whole cell lysates (W.C.) and supernatants (Sup.) of V. cholerae A1552. Strains harbouring
either a vector control (vec, pVI2403) or a Ptet expression plasmid for the indicated VCA0117 derivative (ΔA, ΔA-VCA0117-His pVI2431; or full
length VCA0117-His proteins pVI2431 to pVI2435), were cultured in LB under non-inducing conditions (37�C, 85 mM NaCl). Note that basal cellu-
lar Hcp levels in the vector control strain are not visible at the exposure shown. The cropped images are derived from samples analysed and
processed on the same filter.
B. Single-round in vitro transcription assays with 5 nM supercoiled DNA templates harbouring the σ54-dependent PhcpII promoter (pVI2453) in
the presence of 20 nM σ54-RNAP, 20 nM IHF, and increase concentrations of native V. cholerae A1552 VCA0117 (D116/A449) or its H116 coun-
terpart (0, 25, 50, 100, 200 and 400 nM). Inset below is an image of the 300 nt transcript from one of two independent experiments used to obtain
the graphed averages ± SE.
C. Single-round in vitro transcription assays as under panel B with 5 nM supercoiled DNA templates harbouring UAS1 and 2 (pVI2454) and
100 nM VCA0117 (D116/A449) or its H116 counterpart (H116/A449), or ΔA-VCA0117-His. Graphed values are averages ± SE of three or four
independent determinations, normalised by setting the value with D116/A449 as 1. No statically significant difference between VCA0117 (D116/
A449) or its H116 counterpart (H116/A449) (P-value = 0.55 as determined by the Tukey–Kramer’s test).

Fig 8. VCA0117 levels are elevated in response to high osmolarity
and low temperature growth conditions.
Upper image: immuno-detection of endogenous VCA0117 using
anti-VCA0117 antibodies: Lanes 1, 3 and 5 (50 μg), lanes 2, 4
(25 μg) of the indicated extracts; lanes 6–11 purified VCA0117A1552
(0.12, 0.37, 1.1, 3.3, 10, 30 ng) prepared in 25 μg of extract from the
V. cholerae A1552 VCA0117 null strain. V. cholerae A1552 was
grown under full inducing conditions (23�C, 340 mM NaCl; lanes
1 and 2) or under non-inducing conditions (37�C, 85 mM NaCl; lanes
3and 4). Negative control extract from V. cholerae A1552 VCA0117
null is shown in lane 5. Lower image: immuno-detection of Crp (load-
ing control) from the lower part of the same filter. The results shown
are representative of three independent experiments.
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expression of a functional T6SS apparatus is dependent
on external signals of high osmolarity and low tempera-
ture prevalent in their natural aquatic habitat (Ishikawa
et al., 2012, and Figs. 1B and 6B). Here, we traced this
dependence to the activity of the P0107 promoter (Fig. 6A)
that drives transcription of the large T6SS gene cluster
within which VCA0117 is itself encoded. We found that
ectopic expression of VCA0117 (Fig. 7A) or an active
truncated variant (ΔA-VCA0117-His; Figs. 1B and 6B) is
all that is needed to overcome the requirement for condi-
tional growth signals for efficient production and secretion
of Hcp and for T6SS-dependent inter-bacterial killing of
E. coli. Furthermore, the conditional growth conditions
that elicit efficient inter-bacterial killing by V. cholerae
A1552 result in 2- to 2.5-fold elevation of the endogenous
levels of this key regulator (Figs. 6 and 8).
The model that emerges from our data is that signal-

integration at the level of P0107 activity results in elevated
levels of the large operon-encoded components of the
T6SS apparatus and VCA0117. Cascade regulation
through elevation of VCA0117 levels, in turn, then medi-
ates sufficient levels of transcription from the Phcp pro-
moters to produce the Hcp and VgrG proteins required
for completion of the functional system. Estimates from
quantitative immune-detection of VCA0117 (Fig. 8) sug-
gest that under non-inducing growth conditions (low
osmolarity at 37�C) VCA0117 is present at �12–28
monomers per cell, which corresponds to the potential to
form only 2 to 5 active hexamers. Signal-responsive
induction (high osmolarity and growth at 23�C), and con-
sequent 2- to 2.5-fold increase in the number of
VCA0117 molecules per cell, likely tips the barrier
needed to get sufficient active VCA0117 to occupy and
promote transcription from the two Phcp promoters it reg-
ulates. Since Hcp is a critical component of the T6SS
machinery, signal-responsive elevation of VCA0117
levels would result in signal-responsive production of Hcp
and thereby signal-responsive secretion.
The pathoadaptive expression of T6SS in V. cholerae

O1 strains (e.g. A1552) contrast the constitutively active
T6SS of NOVC strains (e.g. V52) that expresses high
levels of its VCA0117 counterpart (Supporting Informa-
tion Fig. S7). Our analysis of VCA0117 variants that con-
tain all combinations of the two amino acid residues that
differ between these strains (D116/H116 and/or A449/
T449) suggests that differential requirements for T6SS
expression is not attributable to differences in the
sequences of this key regulator, since they all behave
similarly in both in vivo and in vitro transcription assays
(Supporting Information Figs. S5 and Fig. 7). Rather,
because the signals of low temperature and high osmo-
larity both independently and additively stimulate activity
of the large operon promoter P0107 (Fig. 6A), it appears
likely that these signals directly or indirectly control

regulators of that promoter. Five potential candidates are
(i) the IcIR-family osmoregulatory protein OscR, which is
known to inhibit Hcp production in V. cholerae A1552
under low osmolarity conditions (Ishikawa et al., 2012);
(ii) the lysR-like QstR protein that when overexpressed
results in expression of a functional T6SS in this strain
(Jaskolska et al., 2018); (iii) the response-regulator VxrB
that likewise impacts expression of the T6SS of A1552
(Cheng et al., 2015); (iv) the global regulator TsrA, which
coordinates with the quorum sensing system to repress
expression of the T6SS of the V. cholerae O1 strain
C6706 (Zheng et al., 2010); and (v) the TfoX and TfoY
that differentially regulate T6SS performance in a variety
of Vibrio species (Metzger et al., 2019).

Intriguingly, signal-responsive control of the P0107 pro-
moter, whilst readily detected on solid media, could not
be documented in liquid media (Supporting Information
Fig. S4). Although molecular details are sparse, surface-
sensing can be achieved by a variety of mechanisms that
involve bacterial appendages such as the flagella and
type IV pili (reviewed in the study by O’Toole and
Wong, 2016). Vibrio cholerae has a single polar flagellum
and a variety of pili, including type IV toxin co-regulated
pili called TCP. Although highly speculative, our unantici-
pated finding that signal-responsive control requires
growth on solid media may indicate a new level of regula-
tion that involves cross-talk signalling from surface-
attachment pili and/or friction-sensing flagella to co-
ordinate expression (and therefore functioning) of the
T6SS with surface contact.

As outlined above, control of the activity of the large
operon promoter P0107 and otherwise limiting levels of
VCA0117 appear as the key factor underlying signal-
responsive control of the entire T6SS in V. cholerae
A1552. VCA0117-mediated regulation of the Phcp pro-
moters exhibits the hall-marks of many σ54-dependent
regulatory systems (Figs. 3–5, S1 and S5), including the
obligate requirement for σ54 itself and high dependency
on the DNA-bending protein IHF to such an extent that
lack of either of these global regulatory molecules results
in undetectable levels of Hcp (Fig. 3C). We found that
VCA0117-mediated transcription of the Phcp promoters
minimally requires the promoter proximal half of an imper-
fect inverted DNA repeat (IR3) to mediate detectable
transcription from the Phcp promoters in vivo (Fig. 4).
VCA0117 also relies on the presence of IR3 to mediate
transcription in vitro (Fig. 5).

Because bEBPs need to be in a multimeric (usually
hexameric) conformation in order to promote transcrip-
tion, DNA binding can aid transcription by concentrating
bEBPs in proximity of the promoters they control and
even serves as an allosteric activator of some bEBPs
(reviewed in the study by Bush and Dixon, 2012). The
ability of VCA0117 to promote transcription through
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binding to just one half of an inverted DNA repeat is not
without precedence, since similar findings have been
made with the Pseudomonas putida derived phenolic
sensory bEBP DmpR (Sze et al., 2001). However, this
ability contrasts the more demanding DNA binding
requirement of other bEBPs. For example, the nitrogen
oxide (NO) sensory NorR bEBP of E. coli, requires simul-
taneous binding to three inverted repeats to take up a
hexameric conformation (Tucker et al., 2010; Bush
et al., 2015).

Where present, the N-terminal A-domains of bEBPs
usually serve to regulate the activity of bEBPs to either
negatively and/or positively control their transcriptional
promoting abilities (reviewed in the study by
Shingler, 2011). Our in silico analysis suggests that the
N-terminal A-domain of VCA0117 is a GAF-domain that
is only found in bEBPs of aquatic bacteria of a limited
number of orders of γ-proteobacteria, predominantly the
Vibrionales, Oceanospirillales and Alteromonadales.
Control functions of GAF-domains are usually modulated
by direct sensing and binding of a ligand. For example, in
the case of NifA of Azotobacter vinelandii, binding of
2-oxoglutarate by its GAF domain aids relief of inhibitory
protein:protein interactions with NifL, releasing mono-
meric NifA to multimerise and thereby promote transcrip-
tion (Little et al., 2000; Little and Dixon, 2003). In a
similar manner, binding of formate to a GAF-domain
within E. coli FhlA promotes multimerisation to its active
form (Hopper et al., 1996; Self et al., 2001). In contrast,
the GAF-domain of NorR serves at least two functions:
repressing the correct interfacing of NorR with σ54-RNA
polymerase until NO is sensed through the non-haem
iron of its GAF-domain (D’Autreaux et al., 2005; Tucker
et al., 2010) and aiding binding and assembly of a
hexamer through its three DNA binding sites (Tucker
et al., 2010; Bush et al., 2015).

Irrespective of the type of ligand they respond to, dele-
tion of regulatory GAF-domains generally results in vari-
ants with signal-independent activities (Leonhartsberger
et al., 2000; Barrett et al., 2001; Tucker et al., 2010). Sim-
ilarly, we found that a VCA0117 truncate lacking the
GAF-domain likewise results in a derivative with constitu-
tive transcriptional promoting ability both in vivo and
in vitro (Figs. 1B and 5A). Differential expression levels of
the full-length VCA0117-His proteins and the GAF
deleted variant (ΔA-VCA0117-His) make it difficult to
directly compare their relative activities in vivo; neverthe-
less, because full-length VCA0117 variants can promote
transcription in E. coli (Supporting Information Fig. S5),
they clearly do not require a V. cholerae-specific signal to
be at least partially active. Indeed, native purified
VCA0117 can efficiently promote transcription in vitro,
albeit at modestly lower levels than that of the GAF-
domain deleted derivative (Fig. 7C). We can envisage

two reasons for the seemingly little difference in the
in vitro activities. First, by analogy to NifA, the GAF-
domain may play its major role during repressive protein:
protein interactions that are not recapitulated in E. coli or
our in vitro system. An alternative, and non-mutually
exclusive, possibility is that the GAF-domain may have
both inhibitory and stimulatory effects that are differen-
tially amplified under the set conditions of in vitro assays.
Such a possibility is suggested by the findings with FhlA,
where high levels of ATP partially overcome the require-
ment for ligand-binding (Hopper et al., 1996). Our current
dissection of VCA0117 should greatly facilitate future
work to determine how the GAF-domain contributes to
controlling the activity of this key regulator of
V. cholerae T6SS.

Experimental Procedures

Bacterial strains and general procedures. Escherichia
coli and V. cholerae A1552 strains are listed in the
Supporting Information Table S1. Plasmids (Supporting
Information Table S2) were constructed by standard
molecular techniques as detailed in supplementary infor-
mation. Liquid and agar-solidified Luria-Bertani/Lenox
(LB) medium (AppliChem GmbH) was supplemented the
following antibiotics for selection of chromosomal
markers and/or maintenance of plasmids: carbenicillin
(100 μg ml−1), chloramphenicol (12.5 μg ml−1), kanamy-
cin (50 μg ml−1), rifampicin (100 μg ml−1), and streptomy-
cin (50 μg ml−1). Null derivatives of V. cholerae A1552
were constructed using double-site recombination as
detailed in the Supporting Information.

Luciferase activity assays. For screening of promoter
activities, individual colonies of E. coli or V. cholerae
harbouring different transcriptional reporter systems were
streaked on solid medium and incubated overnight at
37�C or 23�C as indicated. After addition of 100 μl of 1:1
diluted decanal (luciferase substrate) to the lid of inverted
plates, light emission was recorded using a LAS 4000
imaging system (Fujifilm). Quantitative luciferase assays
were performed on cultures grown and assayed at 30�C
essentially as previously described (Sze et al., 1996).
Overnight cultures were diluted 1:50 and pre-grown into
exponential phase to ensure balanced growth prior to a
second dilution to an OD600nm of 0.05–0.08 and initiation
of the experiment. Light emission from 100 μl of whole
cells using a 1:2000 dilution of decanal was measured
using an Infinite M200 (Tecan) illuminometer. Specific
activity is expressed as relative luciferase units per
OD600nm of 1.0.

Purified proteins. Escherichia coli core RNA polymer-
ase was purchased from Epicentre. Native E. coli σ54
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and IHF (integration host factor) were purified as previ-
ously described (Sze et al., 2001). Carboxy terminally
His tagged ΔA-VCA0117-His was purified by Ni2+ affin-
ity chromatography from a custom synthesised gene
(GenScript, Supporting Information Fig. S8). For native
full-length VCA0117 variants, PT7-promoter expression
plasmids for codon optimised versions of His-SUMO
tagged VCA0117-D116/A449 (pVI2451) or VCA0117-
H116/A449 (pVI2452) were constructed (Supporting
Information Fig. S9). These plasmids were introduced
into BL21(DE3) and protein expression was induced
using auto-induction media (Studier, 2014) and cultur-
ing at 20�C. Proteins were purified from crude extracts
at the Protein Expertise Platform (PEP) at Umeå Uni-
versity. Peak fractions from Ni2+ affinity purification
were pooled and subject to gel filtration prior to over-
night digestion with His tagged SUMO protease. After
recovery of post-cleavage native proteins from the flow
through from Ni2+ coupled resin, the proteins were con-
centrated (Centriprep R, molecular weight cut off
10 000; Merck). Buffer of the concentrated protein prep-
arations were adjusted (final concentrations 28 mM
Tris–HCl pH 8.0, 0.28 M NaCl, 0.14% Triton X Ultra-
pure, 0.056% Pluronic F-68, 1 mM EDTA, 0.56 mM
β-mercaptoethanol, 50% glycerol) and then stored at
−20�C until use.

In vitro transcription assays. Standard single-round
in vitro assays (20 μl) were performed at 30�C in ace-
tate buffer (AcB; 35 mM Tris-acetate pH 7.9, 5 mM
magnesium acetate, 70 mM potassium acetate, 20 mM
ammonium acetate, 1 mM DTT, 0.275 mg ml−1 bovine
serum albumin) containing 3 mM ATP and 5 nM super-
coiled DNA templates essentially as previously
described (O’Neill et al., 2001). All DNA templates used
were prepared by CsCl gradients, extensively dialyzed,
and clarified through Micro Bio-Spin P30 columns (Bio-
Rad) equilibrated with sterile H2O to remove trace
CsCl. Final reaction mixes additionally contained the
indicated concentrations of VCA0117-variants, E. coli
core RNA polymerase (20 nM), σ54 (100 nM), and IHF
(20 nM). Core RNA polymerase and σ54 were pre-
incubated for 5 min at 30�C to allow holoenzyme forma-
tion prior to addition of ATP, IHF and DNA template,
followed by incubation for a further 10 min to allow
closed-complex formation. Transcription was initiated
by the addition of NTPs (final concentrations GTP,
CTP, ATP 400 nM each; UTP 80 nM, 0.25 μl [α-32P]
UTP (Perkin Elmer) in the presence of heparin
(0.1 mg ml−1) to prevent re-initiation. Reactions were
terminated after 10 min by the addition of 5 μl of a stop
load mix (150 mM EDTA, 1 M NaCl, 14 M urea, 3%
glycerol, 0.075% (w/v) xylene cyanol and 0.075% (w/v)
bromophenol blue) and transcripts analysed on 7 M

urea/5% (w/v) polyacrylamide sequencing gels. Radio-
activity was quantified using a Typhoon FLA9500 imag-
ing system (Molecular Dynamics).

Inter-bacterial killing assay. Functionality of the T6SS of
V. cholerae was monitored, through the ability of
V. cholerae to kill E. coli as previously described
(Ishikawa et al., 2012). LB cultured V. cholerae A1552
and E. coli MC4100 were grown to an OD600nm of 2.0
prior to mixing at a ratio of 1:1 (vol/vol). Forty microliters
of this mixture was spotted onto pre-warmed LB agar
plates with different NaCl concentrations (85 and
340 mM) and then incubated at 23�C or 37�C. After 4 h
of incubation, bacterial cells were harvested from the
plate and serial dilutions spread on LB plates with rifam-
picin or streptomycin to monitor the colony-forming ability
(CFU ml−1) of V. cholerae (predator) and E. coli (prey)
respectively. In each experiment, the killing index was
calculated from triplicate technical replicates by dividing
the number of predator CFUs by the number of surviving
prey CFUs.

Western analysis. Crude extracts from cells were pre-
pared as follows. Cell pellets were washed and
resupended in ice-cold sonication buffer (20 mM Tris–
HCl pH 7.5, 0.2 mM NaCl, 1 mM EDTA) containing prote-
ase inhibitors (Complete EDTA-free protease inhibitor
tablet; Roche) and disrupted by sonication. Extracts were
clarified by centrifugation and total protein concentrations
determined with PIERCE BCA protein assay (Thermo
Scientific). To monitor Hcp protein production and secre-
tion levels in V. cholerae, strains were cultured in LB
medium containing either 85 mM or 340 mM NaCl to an
OD600nm of 2.0 and then processed as previously
described (Ishikawa et al., 2012). Total whole cell protein
(from the equivalent of 6.25 μl of culture) or secreted pro-
tein (equivalent to 250 μl of supernatant) were separated
by SDS-PAGE and transferred to PVDF membranes for
immune-detection.

Mouse monoclonal anti-Tetra His (QiaGen) and anti-
σ54 (Neoclone) were used for detection of His tagged
VCA0117 proteins and RpoN respectively. Purified rabbit
polyclonal antibodies were used for detection of native
proteins: anti-ΔA-VCA0117-His (Agrisera AB, this study)
for detection of VCA0117, anti-Hcp for Hcp (Ishikawa
et al., 2009), and anti-Crp as a control antibody
(Balsalobre et al., 2006). HRP-conjugated donkey anti-
rabbit (Agrisera AB) or goat anti-mouse (AbD Serotec)
were used as secondary antibodies. Antibody decorated
bands were detected using Clarity® Western ECL sub-
strate (Bio Rad) or ECL™ Prime Western Blotting
reagents (Amersham), while pre-stained protein molecu-
lar weight standards (SM0679, Fermentas) were used to
determine the protein sizes.
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Quantitative immune detection of endogenous VCA0117.
Crude extracts were prepared from cells cultured in LB
medium containing either 85 mM or 340 mM NaCl to an
OD600nm of 2.0 to 3.0 as for inter-bacterial killing assays.
50 and 25 μg of total soluble protein were resolved on
12% SDS gels to compare with purified VCA0117
(molecular mass 59 260) diluted in crude extracts from
the V. cholerae VCA0117 null strain. Calculations of the
number of VCA0117 cells were made in two independent
ways. Based on the known size of V. cholerae
(2 μm × 0.5 μm, cell volume 0.4 μm3; Mizunoe
et al., 1999) and 200 mg ml−1 concentration of E. coli
cytosolic proteins (BioNumbers), 1 ng of VCA0117 in
50 μg is equivalent to �16 momomers per cell. Based on
OD600nm correlations with colony forming units
(OD 1 = 0.7 × 109 cells ml−1; Ishikawa et al., 2012) and
the total amount of protein extracted from a known vol-
ume of cells, 1 ng of VCA0117 in 50 μg is equivalent to
�35 momomers per cell.

In silico analysis. Full-length amino acid sequences of
239 proteins were retrieved from the NCBI RefSeq data-
base, after having been identified using BLASTP
(Altschul et al., 1990) and the first 154 residues of
VCA0117 as the query. The sequences were aligned
using MAFFT v7.164b (Katoh and Standley, 2013) with
default parameters. The region of the alignment
corresponding to residues 1–154 of VCA0117 was then
extracted and used as input with HHPred (Söding
et al., 2005) and MyHITS (Pagni et al., 2004), with the lat-
ter using the HMMER3 hmm search method of sensitive
sequence searching (Eddy, 2011). Both analysis gave
highly statistically significant hits to GAF domains of
cyclic nucleotide binding/metabolising proteins (HHPred,
probability >95%; MyHITS, <1e-04).

Statistical analysis. P-values for pair-wise comparisons of
data sets (Fig. 3) were calculated with Welch’s two-tailed
t-test (Welch, 1947), while those for multi-data set com-
parisons (Figs. 4–7 and S5) were calculated using the
Tukey–Kramer’s (Tukey HSD) test (Kramer, 1956).
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