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14

Abstract:

15

Pathogenic Vibrio species account for 3-5 million annual life-threatening human

16

infections. Virulence is driven by bacterial hemolysin and toxin gene expression often positively

17

regulated by the winged helix-turn-helix (wHTH) HlyU transcriptional regulator family and

18

silenced by Histone-like nucleoid structural protein (H-NS).

19

parahaemolyticus, HlyU is required for virulence gene expression associated with Type 3

20

Secretion System-1 (T3SS-1) although its mechanism of action is not understood. Here, we

21

provide evidence for DNA cruciform attenuation mediated by HlyU binding to support

22

concomitant virulence gene expression. Genetic and biochemical experiments revealed that upon

23

HlyU mediated DNA cruciform attenuation, an intergenic cryptic promoter became accessible

24

allowing for exsA mRNA expression and initiation of an ExsA autoactivation feedback loop at a

25

separate ExsA-dependent promoter. Using a heterologous E. coli expression system, we

26

reconstituted the dual promoter elements which revealed that HlyU binding and DNA cruciform

27

attenuation were strictly required to initiate the ExsA autoactivation loop. The data indicate that

28

HlyU acts to attenuate a transcriptional repressive DNA cruciform to support T3SS-1 virulence

29

gene expression and reveals a non-canonical extricating gene regulation mechanism in pathogenic

30

Vibrio species.

31

2

In the case of Vibrio
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32

Introduction:

33

Pathogenic Vibrio species cause millions of life-threatening human infections annually1,

34

as well as fatal infections in seafood organisms that contribute to major economic losses in

35

aquaculture2. Primarily, Vibrio spp. are responsible for severe diarrheal disease (in the case of

36

Vibrio parahaemolyticus and Vibrio cholerae), as well as wound infections causing necrotizing

37

fasciitis (Vibrio vulnificus). Both V. parahaemolyticus and V. cholerae employ a complex array of

38

pathogenicity factors, including pore forming toxins and secretion systems, to generate disease in

39

a host1.

40

These pathogens possess DNA binding proteins that either repress or activate virulence

41

gene expression, many of which alter DNA conformation3-9. Specifically, the HlyU family of

42

winged helix-turn-helix (wHTH) DNA-binding proteins positively regulate a subset of Vibrio spp.

43

virulence genes9-12. HlyU proteins dimerize and interact with consecutive major grooves of the

44

double-stranded DNA helix and are modeled to induce variably angled DNA bends at intergenic

45

regions13,14. Small drug HlyU inhibitors have been discovered15,16 and some have been shown to

46

limit disease in animal models of infection16. The exact mechanism underlying HlyU positive gene

47

regulation remains unknown. In the cases of V. vulnificus and Vibrio anguillarum, competitive

48

DNA binding studies have implicated HlyU in overcoming virulence gene silencing mediated by

49

Histone-like Nucleoid-Structuring protein (H-NS)17,18. Additional genetic evidence in support of

50

this regulatory paradigm was later found in V. parahaemolyticus, where hlyU was no longer

51

required to support T3SS-1 activity in the absence of hns9. Moreover in V. cholerae, a parallel

52

example between the wHTH ToxT transcriptional activator and H-NS repression has been studied

53

in context of ctxAB (cholera toxin) expression19,20. How transcriptional regulators like HlyU and

54

ToxT impact H-NS repression is not completely understood and various models for de-repression

3
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55

of H-NS have been proposed19,21,22. In many cases, H-NS DNA binding sites do not directly

56

overlap with those of those of the transcriptional regulators raising the possibility of DNA topology

57

or protein-DNA interactions that function at a distance to impact gene expression. For numerous

58

pathogens, H-NS binding to DNA acts to constrain localized DNA supercoiling often leading to

59

dramatic changes in DNA topology such as looping, hairpins, and cruciforms23-25. In some cases,

60

the altered DNA topology negatively impacts promoter accessibility for key transcriptional

61

initiation events26. Pathogens must therefore possess a variety of mechanisms to overcome these

62

repressive effects on virulence genes27-31.

63

In Vibrio parahaemolyticus, we previously discovered the exsBA intergenic region as an

64

HlyU binding site, which contains inverted repeat sequences separated by A/T rich DNA9. Such

65

DNA nucleotide arrangements are known to form DNA cruciform (or 4-way) structures under

66

certain energetic provisions24,32,33. DNA cruciform structures are dynamic non-β-DNA structures

67

found in all domains of life and are implicated in repressing gene expression

68

initiation in bacteriophages and plasmids32,35 and occasionally as DNA recombination

69

intermediates36. The formation of DNA cruciform structures typically requires high superhelical

70

density – as a mechanism of energy input into the DNA helix – constrained by negative

71

supercoiling which is then relieved by contextual extrusion of DNA strands37. While DNA looping

72

and bending mechanisms have been well characterized in bacterial genetic processes, functional

73

DNA cruciform examples in bacterial chromosomes are rare and there are no examples linked to

74

virulence gene regulation. Notably, protein crystallization studies have implicated HlyU binding

75

to bent dsDNA14,38, however no HlyU-DNA co-crystal has been solved to date and the functional

76

genetic outcomes of this have not been investigated.

4

24,34

, replication
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77

In this study, we set out to investigate the mechanism of HlyU function in context of exsA

78

gene expression and subsequent T3SS-1 gene regulation. V. parahaemolyticus ∆hlyU mutants are

79

known to be significantly impaired for exsA gene expression and exhibit reduced cytotoxicity

80

during infection9. Conversely, hns null mutants exhibit significantly enhanced and de-regulated

81

expression of exsA9,39,40. HlyU and H-NS binding sites within the exsA promoter region do not

82

overlap and are separated by at least 100 base pairs9,40 making competitive DNA binding models

83

challenging to reconcile. Considering the nature and propensity of A/T rich supercoiled DNA to

84

form cruciforms, we hypothesized that a DNA cruciform structure is involved in regulation of exsA

85

expression. We present data that implicates HlyU in attenuating a transcriptionally repressive DNA

86

cruciform leading to V. parahaemolyticus T3SS-1 mediated virulence.

87
88

Results:

89

in silico identification of cruciform forming loci in Vibrio species.

90

Extensive genomic analyses have revealed that potential cruciform forming DNA

91

sequences are found to be significantly enriched at the 3’ end of genetic operons, often within

92

intergenic regions and near transcriptional promoters41,42. To investigate DNA sequences capable

93

of forming cruciform structures within the V. parahaemolyticus exsBA intergenic region, we

94

undertook an in silico approach using Palindrome Analyser43. We allowed for a maximum of one

95

sequence mismatch in the base-paired cruciform stem DNA and excluded cruciforms with stem

96

sequences which contained less than six nucleotides. Furthermore, DNA cruciforms with looped-

97

DNA which are spaced by less than ten nucleotides were also excluded. These criteria were chosen

98

to identify DNA sequences which together supported the annealing constraints for both DNA

99

cruciform formation and HlyU binding9-12.

5
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100

21 cruciform sequences were identified within the ~650 nucleotide exsBA intergenic

101

region which met our criteria for cruciform potential (table S1). Critically, these putative cruciform

102

structures all had positive predicted ΔG values, which is consistent with an energetic supercoiling

103

input requirement for cruciform formation. Three cruciform structures are clustered around the

104

HlyU binding site and have similar G values between 12.94 to 14.14 (table S1).

105

We also investigated if HlyU binding sites from other Vibrio spp. have cruciform forming

106

potential. For all the Vibrio spp. evaluated, the HlyU binding site was in proximity or overlapped

107

with a putative DNA cruciform structure (tables S2-4). These data indicate that DNA sequence

108

features required for cruciform formation are present at a variety of intergenic HlyU binding sites

109

in different Vibrio spp. The observations align with the known enrichment of cruciform forming

110

DNA sequences at specific intergenic DNA locations41. In all cases, the respective DNA sequences

111

exhibit A/T rich DNA (>90%) which aligns with the commonly described conditions that favor

112

cruciform formation in vivo.33,35,37,44

113
114

Identification and Sequence Mapping of Cruciform Structures

115

To functionally evaluate the Vibrio parahaemolyticus exsBA intergenic region for

116

cruciforms, we built on a previously developed T7 endonuclease assay with supercoiled plasmid

117

DNA substrates45. Here, T7 endonuclease cleaves DNA cruciform structures in a sequential two-

118

step process to produce a double-strand DNA cleavage and linearize plasmid DNA. A pUC(A/T)

119

plasmid with an engineered stable cruciform served as a positive control for T7 endonuclease

120

cleavage45 and empty pBluescript acted as a negative control (fig. 1a). As expected, treatment of

121

pUC(A/T) with T7 endonuclease linearized the plasmid, while treatment of pBluescript did not

122

(fig. 1b, pBS and pUC(A/T), see lane 4 for each condition).

6
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123

The exsBA intergenic region of Vibrio parahaemolyticus was cloned into a

124

pBluescript vector (fig. 1a) and assayed by digestion with either T7 endonuclease alone or in

125

combination with other restriction digests (fig. 1b). When recombinant pBluescript containing the

126

exsBA intergenic region was treated with T7 endonuclease, dsDNA cleavage was consistently

127

observed as evidenced by enrichment of DNA that migrated similarly to linearized DNA (fig. 1b,

128

lane 4). This suggested the existence of a DNA cruciform within the exsBA intergenic region.

129

Initial T7 endonuclease digestion of the pUC(A/T) and exsBA constructs followed by sequential

130

PvuII digestion provided additional DNA cleavage products that allowed approximation of

131

cruciform position by DNA fragment sizes (fig. 1b, lane 5, fig. S1). As expected, uniform,

132

cruciform-associated cleavage products of approximately 200 and 100 bp were consistently

133

observed for pUC(A/T). For the exsBA construct DNA cleavage products appearing ~600 and

134

~450bp in size were observed. Importantly, these exsBA associated DNA cleavage products

135

overlap the HlyU binding site9 and multiple predicted cruciform structures identified by

136

Palindrome Analyser (table S1).

137

To further investigate the intergenic exsBA localized cruciform structure, we precisely

138

sequence mapped the relevant T7 endonuclease cut sites (see methods). Here, we found compelling

139

evidence for one of the cruciform structures identified by Palindrome Analyser (fig. 1c, table S1).

140

Critically, three exsBA T7 endonuclease cut sites precisely mapped to the base of the cruciform

141

stem, which is consistent with model synthetic cruciform cleavage studies (fig. 1c)46. Moreover,

142

mung bean nuclease digestion assays efficiently localized single stranded DNA likely associated

143

with ‘loop’ structures of the DNA cruciform (fig. 1c)35. These data indicate that a stable cruciform

144

structure exists at a DNA locus that overlaps a HlyU binding site in V. parahaemolyticus (fig. 1d).

7
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145

To further explore the cruciform forming capacity of HlyU binding sites in other Vibrio

146

species, we subjected HlyU binding intergenic regions from V. cholerae (tlh-hlyA – 1104bp), V.

147

vulnificus (rtxA1 operon region – 362bp) and V. anguillarum (plp-vah – 493bp) to the T7

148

endonuclease and sequential cleavage experiments (fig. S1). T7 endonuclease cleavage produced

149

linearization of the intergenic regions from V. cholerae and V. vulnificus, and unique digestion

150

products were observed on sequential digest with PvuII (fig. S1d, e). However, no significant

151

cleavage from either the sequential digest or the T7 endonuclease digestion alone was observed

152

for the intergenic fragment from V. anguillarum (fig. S1f). A summary of cruciform location and

153

cleavage data is presented in supplementary figure 2. These experiments provide evidence that

154

cruciform structures may form at the site of HlyU binding in a variety of Vibrio spp.

155
156

Evidence for exsBA genetic locus DNA supercoiling and cruciform formation within V.

157

parahaemolyticus cells

158

Next, we set out to find evidence for DNA cruciform formation on the V. parahaemolyticus

159

chromosome within the exsBA intergenic region. We considered the possibility that the exsBA

160

genetic locus is subject to DNA supercoiling, as DNA cruciform formation generally results from

161

excessive torsional forces caused by DNA supercoiling. To investigate this possibility, we

162

measured promoter activity for a chromosomally integrated exsA promoter fused to a luxCDABE

163

reporter9 (fig. 2a). Bacteria were grown in the presence of increasing sublethal doses of novobiocin

164

[0-0.4M], which acts as a DNA gyrase inhibitor and potently reduces DNA supercoiling 47. It

165

was observed that exsA promoter activity was reduced in a dose dependent manner upon increasing

166

concentration of novobiocin (fig. 2b). These data indicate that the exsBA intergenic region is

167

subject to DNA supercoiling which impacts on transcriptional activity.

8

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.07.483294; this version posted March 7, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

168

Next, we set out to investigate DNA cruciform formation within the exsBA intergenic

169

region on chromosomal DNA. We employed a pulse-chase chemical treatment of cells with

170

chloroacetaldehyde (CAA) which is known to interact with single-stranded DNA and unpaired

171

bases to form DNA ethanoadducts48. We hypothesized that if a DNA cruciform exists at this locus

172

in a proportion of cells, CAA treatment would reduce overall exsA promoter activity and thus

173

negatively impact the expression of a transcriptional luciferase reporter.

174

The experiments were performed using an initial pulse of 40nM CAA which was

175

determined to not inhibit subsequent cell growth (fig. S3). DNA ethenoadduct formation via CAA

176

modification was performed in wildtype and ∆hns strains containing an exsA promoter-luxCDABE

177

reporter integrated into the chromosome of each strain to permit cis-regulation by DNA binding

178

proteins, including HlyU and H-NS (fig. 2a). We reasoned that the ∆hns mutant, owing to its lack

179

of H-NS containment of DNA negative supercoiling, should be deficient for DNA cruciform

180

structures, and generally less affected for exsA promoter activity. in situ real time exsA promoter

181

activity measurements consistently revealed that the CAA-treated wildtype reporter strain

182

exhibited significantly reduced exsA promoter activity when compared to untreated cells at 150

183

and 180 minutes (fig. 2c). In contrast, CAA treatment of the ∆hns reporter strain did not exhibit a

184

difference at these same time points using a 2-way ANOVA with Bonferroni multiple test

185

correction (fig. 2c). These data suggest that CAA mediated ethanoadduct modification of unpaired

186

DNA bases reduced transcriptional activity of the luciferase reporter. Moreover, H-NS

187

containment of DNA supercoiling may play a role in the formation of the unpaired DNA within a

188

cruciform structure. Importantly, these data are consistent with the well-established requirement

189

for DNA supercoiling towards cruciform formation in vivo33,37

190
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191

Inverted repeat and palindrome sequence elements contribute to HlyU binding

192

The HlyU binding site upstream of exsA in V. parahaemolyticus consists of a 55bp DNA

193

stretch9 that partially overlaps the cruciform-forming locus (fig. 1d). We sought to investigate the

194

DNA sequence within this 55bp region that is necessary for HlyU binding using electrophoretic

195

mobility shift assays (EMSA). For these experiments, dsDNA fragments spanning 55bp were

196

formed by annealing two single-stranded complementary oligos (see methods) and incubated with

197

purified his-tagged HlyU (fig. S4). HlyU was able to bind to the wildtype DNA sequence

198

consistently producing two shifted DNA species in EMSA experiments (denoted as S1 and S2, fig.

199

3a,c). Scrambling the palindrome sequence ATTTAATTTA between the perfect inverted repeats

200

(ATATTAG and CTAATAT) to form mutant PAL1 abrogated HlyU binding to the DNA target

201

(fig. 3a,b). This provided evidence that the palindrome sequence is necessary for HlyU interaction

202

with DNA.

203

To further explore this specific exsBA region, we generated a series of mutations in the

204

inverted repeat sequences adjacent to the palindrome, as well as the palindromic sequence itself

205

(fig. 3b). Every modification to these sequence elements impacted HlyU interaction with DNA by

206

EMSA (fig. 3c) with one caveat. One of the inverted repeat mutations distal to exsA (IR1) partially

207

bound HlyU producing only S2, the low molecular-weight shift species (fig. 3c). This is the only

208

mutation that is adjacent (does not overlap) to the cruciform stem sequences (C1 and C2)

209

previously identified (fig. 1d) (see discussion). Taken together, these data identify that both the

210

inverted repeat sequences and the palindromic spacer are necessary DNA elements for efficient

211

HlyU binding and that the cruciform-forming locus within the exsBA intergenic region partially

212

overlaps with the site of HlyU binding.

213
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214

Mutations that alter HlyU binding negatively impact T3SS-1 activity in V. parahaemolyticus

215

The genetic and biochemical data suggested that HlyU binding to DNA attenuates a

216

transcriptionally repressive cruciform leading to exsA expression. To address this further, we

217

investigated the V. parahaemolyticus chromosomal intergenic exsBA locus by mutational analysis.

218

Mutations were introduced onto the chromosome by allelic exchange and verified by DNA

219

sequencing. The resulting mutant strains were compared to the parental strain, as well as T3SS-1

220

deficient ΔhlyU and ΔvscN1 mutants9,49 using protein secretion and host cell infection assays.

221

T3SS-1 specific protein secretion was markedly reduced in each mutant, except for mutant IR1

222

which appeared slightly reduced, as detected by SDS-PAGE analysis (fig. 4a). The ability of these

223

mutants to cause cytotoxicity towards HeLa cells during infection was significantly impaired

224

compared to the parental strain (fig. 4b). The IR1 and IV2 mutants exhibited intermediate

225

cytotoxicity and therefore retain intermediate T3SS-1 activity. HeLa cytotoxicity was restored in

226

all the mutants by complementation with exsA in trans (table S5), which bypasses the effect of the

227

chromosomal mutations. These in vivo analyses identify that mutations negatively impacting on

228

HlyU binding produce a marked decrease in T3SS-1 activity as measured by secretion and

229

infection (cytotoxicity) assays.

230
231

HlyU binding attenuates a DNA cruciform in the exsBA intergenic region to support gene

232

expression

233

Next, we set out to determine if HlyU binding to DNA serves to attenuate cruciform

234

formation to support efficient gene expression. Informed by the cruciform mapping data (fig. 1)

235

and EMSA data (fig. 3), we aimed to generate modified exsBA DNA constructs that could still

236

form cruciforms but were unable or inefficient for HlyU binding. We reasoned that such DNA

237

constructs could be generated given the intermediate phenotypes consistently observed for the IR1
11
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238

and IV2 mutant bacterial strains (fig. 3). With this approach, we deleted each inverted repeat

239

element independently (IR1 and IR2), both inverted repeat elements (IR1IR2), and the A/T

240

rich palindrome which centers the inverted repeat sequences (PAL).

241

The modified DNA was assessed with Palindrome Analyzer for cruciform forming

242

potential. This analysis revealed that each DNA construct still retained cruciform forming potential

243

with comparable G values ranging from 12.94 to 14.37 to the original cruciform (14.14) even

244

with the nucleotide deletions (fig. S5). Proof of cruciform formation for these constructs was

245

obtained by demonstrating T7 endonuclease cleavage of the cloned supercoiled DNA sequences

246

(fig. 5a). This further substantiates the high propensity for A/T rich DNA (>90%) in intergenic

247

regions to form cruciforms given appropriate base pairing and energetic provisions24,33.

248

Furthermore, the corresponding genetic deletions created different DNA juxtapositions for the

249

exsBA intergenic DNA sequence which were predicted to alter HlyU binding. Indeed, purified

250

HlyU was shown to bind inefficiently to the modified linear DNA fragments and required high

251

amounts to initiate shifts in EMSA experiments (fig. 5b).

252

Next, the corresponding modified exsBA intergenic DNA fragments were fused to a

253

promoter-less luxCDABE cassette in a plasmid reporter system and assessed for luciferase

254

expression in wild type V. parahaemolyticus. In this system, chromosomally encoded ExsA

255

proteins act in trans to activate the cloned exsA promoter in the plasmid construct to support light

256

emission. Moreover, HlyU proteins acting in trans interact with appropriate exsBA DNA and

257

inform on cruciform attenuation. We did observe some HlyU-independent light emission from this

258

plasmid system (i.e., within a hlyU strain) however the level was significantly reduced compared

259

to wild type V. parahaemolyticus (fig. S6) thus demonstrating that maximal gene expression was

260

HlyU-dependent. All the modified exsBA intergenic DNA constructs were introduced in wildtype

12
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261

V. parahaemolyticus and were shown to produce reduced light emission compared to the wildtype

262

exsBA intergenic sequence (fig. 5c). Notably, the PAL construct, which forms a cruciform but

263

is missing the 14 palindromic nucleotides that make up the central core of the HlyU binding site

264

was the most negatively impacted for light expression. The IR2 and IR1IR2 constructs

265

supported intermediate levels of light emission, below that of wildtype exsBA DNA but higher

266

than PAL and IR1. Combined with the T7 endonuclease cleavage results, these data indicate

267

that different cruciforms produce repressive structures that impact on transcription activity. More

268

importantly, the ability of HlyU to efficiently bind its target sequence has a positive effect on

269

transcriptional activity, likely by competitively attenuating a cruciform structure.

270
271

HlyU is required for ExsA auto-activation

272

The HlyU binding site partially overlaps the cruciform forming locus and constitutes a co-

273

localized cis-genetic element that is involved in exsA gene expression. However, the location of

274

HlyU binding is approximately 70 base pairs downstream of the known auto-regulatory exsA

275

promoter5,9. Based on this promoter positioning, it is unclear how HlyU positively impacts exsA

276

promoter activity however alterations to local DNA topology induced by HlyU binding could be

277

involved.

278

To better study this system and parse the role of HlyU that supports ExsA production, we

279

reconstituted the exsBA intergenic region in a transcriptional luciferase reporter system within a

280

heterologous E. coli strain (DH5αλpir) which does not contain native HlyU or ExsA proteins.

281

Recombinant plasmids coding for HlyU and ExsA were generated, and we confirmed the

282

expression of HlyU and ExsA in this system by immunoblotting cell lysates (fig. 6a).
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283

As expected, expression of both HlyU and ExsA in E. coli supported robust transcriptional

284

activity of the exsBA intergenic region as measured by the luciferase reporter (fig. 6b). By

285

expressing HlyU alone in the heterologous system (without ExsA), we identified that HlyU was

286

not only necessary, but also sufficient to drive low level luciferase expression (fig. 6b). This

287

observation suggests the existence of an additional cryptic promoter downstream of the ExsA

288

autoregulated promoter. Critically, ExsA alone was unable to generate luciferase expression from

289

the exsBA intergenic region, revealing that HlyU is essential to support transcriptional activity

290

driven from the ExsA autoregulated promoter. This suggested that HlyU binding to DNA is

291

involved in the removal of a repressive DNA cruciform. Indeed, mutations that alter HlyU binding

292

yet maintain cruciform forming potential were significantly reduced for exsA-luxCDABE

293

expression (fig. 6c). These data suggest that HlyU binding is critical for cruciform attenuation

294

which supports exsA expression. Moreover, these E. coli heterologous system data are in direct

295

agreement with the inverted repeat deletion plasmid experiments performed in V.

296

parahaemolyticus in figure 5.

297
298

Transcriptional Start Site Mapping Identifies a Cryptic Promoter

299

The potential of a cryptic HlyU dependent promoter within the exsBA intergenic region

300

was very interesting in that it would theoretically support initial ExsA production to autoregulate

301

the ExsA-dependent exsA promoter (e.g. positive feedback loop). To address this possibility, we

302

mapped transcriptional start sites (TSS) for mRNA species containing the exsA open reading frame

303

using 5’-Rapid Amplification of cDNA Ends (5’RACE). As expected, we identified exsA mRNA

304

originating from near the known auto-regulatory distal exsA promoter (fig. S7a,b). Notably, we

305

discovered a shorter exsA mRNA transcript initiating downstream of the HlyU binding site and

14
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306

cruciform forming locus (fig. S7a,b). We then confirmed the presence of a cryptic proximal exsA

307

promoter (P1) using a luciferase reporter fusion. The entire exsBA intergenic region generated

308

significant luciferase expression consistent with the existence of the distal auto-regulatory

309

promoter and with previous experiments9 (fig. 7a). However, when the auto-regulatory distal

310

promoter P2 was removed (∆P2), the newly identified P1 promoter was still able to drive luciferase

311

expression (fig. 7b). Importantly, a hlyU null mutant generated significantly less luciferase

312

expression from the same luciferase reporter, indicating that the P1 promoter requires HlyU for

313

maximal activity (fig. 7b). It is noteworthy that the HlyU-dependent P1 promoter is located within

314

a DNA region that directly overlaps with H-NS binding (fig. S7a)40. Collectively, these data

315

identify at least two distinct mRNA species which support exsA expression. These data also

316

address how ExsA is first expressed through HlyU binding upstream of the P1 promoter, allowing

317

ExsA to positively feedback and auto-regulate the distal promoter and therefore much of its own

318

expression.

319
320

The action of HlyU binding at the cruciform locus is dispensable in the absence of H-NS

321

Interpretation of the overall genetic and biochemical data suggested to us that a

322

transcriptionally repressive DNA cruciform within the exsBA intergenic region is attenuated by

323

HlyU to support concomitant exsA gene expression. We and others have previously shown that V.

324

parahaemolyticus hns mutants are deregulated for exsA expression and hyper-secrete T3SS-1

325

proteins

326

intergenic region40. It is possible that H-NS could mask the newly identified P1 promoter from

327

cellular transcriptional machinery (fig. S7a). The exact mechanism of H-NS gene silencing of exsA

328

expression is unknown but based on the large section of DNA coverage, it likely involves H-NS

9,39

. H-NS has been shown to bind an approximately 200 bp span within the exsBA
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329

nucleation that leads to nucleofilament mediated DNA ‘stiffening’ to silence transcription50.

330

Moreover, H-NS contributes to constraining chromosomal DNA supercoiling23 which could also

331

impact on exsA expression. In support of this view, magnesium, which is known to reduce H-NS

332

associated nucleofilaments 30,51 is a potent inducer of exsA expression and T3SS-1 activity in wild

333

type V. parahaemolyticus49.

334

synergistic with contextual HlyU action to support T3SS-1 activity as hlyU null mutants are

335

defective for exsA expression and efficient T3SS-1 secretion9 (see fig. 4a). We attempted to rescue

336

a hlyU mutant for T3SS-1 activity by culturing it in elevated amounts of magnesium (up to 55mM)

337

which inhibits H-NS binding to DNA in vitro51 but were not successful in restoring exsA

338

expression (data not shown). This further highlighted the critical role of HlyU for exsA expression

339

and suggested synergistic actions of HlyU binding to DNA along with a separate undefined H-NS

340

de-repression mechanism for efficient T3SS-1 expression.

Nonetheless, any influence of magnesium on H-NS must be

341

We set out to investigate the T3SS-1 associated regulatory effect of HlyU binding to

342

DNA in the presence and absence of H-NS. Notably, H-NS contributes to constraining DNA

343

supercoiling which is a requisite condition for DNA cruciform formation37. We hypothesized that

344

the important role of HlyU binding to exsBA intergenic DNA would be dispensable for T3SS-1

345

activity in the absence of H-NS. Indeed, a ∆hns∆hlyU strain exhibited deregulated T3SS-1 activity

346

revealed by elevated T3SS-1 proteins in a secretion assay (fig. 7c). Further, in a ∆hns/PAL2 double

347

mutant where HlyU is present but unable to efficiently bind exsBA intergenic DNA due to

348

alteration of the target palindrome sequence, similarly exhibited high levels of T3SS-1 secreted

349

proteins (fig. 7c). In stark contrast, the same PAL2 mutation in the presence of HlyU and H-NS

350

was unable to support efficient T3SS-1 protein secretion (i.e. PAL2, fig. 7c), revealing a context

351

specific H-NS associated phenotype for this mutation. This suggests that HlyU binding near the
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352

site of cruciform formation is a critical event for productive exsA expression in wild type V.

353

parahaemolyticus with a condensed nucleoid under typical torsional stresses. In the absence of

354

H-NS, the strict requirement for HlyU binding to exsBA intergenic DNA is eliminated. This

355

suggests that in V. parahaemolyticus, a separate but synergistic mechanism of HlyU-mediated

356

cruciform attenuation and H-NS activity contributes to exsA gene expression and T3SS-1

357

associated virulence.

358
359

Discussion:

360

This study reports HlyU DNA-binding at the site of a DNA cruciform as the first step in

361

an extensive regulatory cascade leading to T3SS-1 virulence gene expression in Vibrio

362

parahaemolyticus. We propose the following mechanism for DNA cruciform involvement in exsA

363

expression and T3SS-1 activity in Vibrio parahaemolyticus: 1) HlyU binding to DNA attenuates

364

a repressive DNA cruciform which supports internal promoter activity leading to initial low level

365

exsA mRNA expression, 2) initial ExsA production (mediated by HlyU function) autoregulates the

366

upstream exsA promoter to drive elevated exsA transcription, and 3) high cellular levels of ExsA

367

drives the expression of multiple ExsA-dependent T3SS-1 gene operons5 leading to host cell

368

cytotoxicity (fig. 7d).

369

In many pathogenic Vibrio species, HlyU has been proposed to alleviate H-NS mediated

370

virulence gene silencing by outcompeting and displacing H-NS from A/T rich DNA sequences17,18.

371

This view agrees with reports for Vibrio spp. DNA binding regulators such as LuxR and ToxT19,52

372

and aligns with the roles of DNA binding regulators in other pathogens (e.g., SsrB, Ler53,54) . It is

373

reasonable to consider that each DNA binding regulator displaces H-NS associated DNA in a

374

contextual and localized manner. Moreover, H-NS nucleofilament DNA formation at A/T rich

17
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375

regions and DNA bridging mechanisms introduce negative DNA supercoiling and localized DNA

376

structural changes30. Such conditions overcome the energetics of DNA duplex stability to generate

377

unpaired DNA bases such as those found in cruciforms. We recognize our data for DNA cruciform

378

formation always depended on DNA supercoiling whether it was in vitro (purified supercoiled

379

plasmid DNA) or in vivo (CAA treated bacteria). Critically, these observations agree with

380

previous DNA supercoiling mechanistic studies and A/T rich sequence requirements for DNA

381

cruciform formation24,37,44.

382

DNA cruciforms are very challenging to study due to the localized energy input and base

383

pairing requirements that contribute to their formation. We used a variety of traditional genetic

384

and biochemical tools in addition to pharmacological (novobiocin) and chemical genetic

385

approaches (chloroacetaldehyde treatment) to thoroughly investigate the DNA cruciform at the V.

386

parahaemolyticus exsBA locus. Our T7 endonuclease cruciform cleavage data was in striking

387

agreement with model oligonucleotide J-structure cruciform cleavage studies46. Specifically, we

388

observed multiple T7 endonuclease cruciform cleavages 3-5 nucleotides from the cruciform base

389

(fig. 1c), which is the established sequence independent location of cleavage for this enzyme.

390

Additional independent evidence for single stranded ‘loop’ DNA associated with cruciforms was

391

obtained with mung bean nuclease digestions. We also found T7 endonuclease cleavage evidence

392

for cruciform forming DNA in proximity to HlyU binding sites in V. cholerae (hlyA) and V.

393

vulnificus (rtxA1 operon region), but not for V. anguillarum (rtxH-rtxB). Palindrome analyser

394

indicated the putative V. anguillarum cruciform as requiring more energy input for cruciform

395

formation (ΔG=17.29) than that seen in the other Vibrio spp. (ΔG=14.14 for V. parahaemolyticus,

396

fig. 1c). This provides two possibilities: 1) that a cruciform structure simply doesn’t exist at this

397

site in Vibrio anguillarum or 2) that our plasmid system is incapable of creating the necessary

18
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398

conditions for cruciform formation outside of the V. anguillarum cell.

Nonetheless, DNA

399

cruciforms are found near HlyU binding sites in multiple pathogenic Vibrio spp. In the case of V.

400

parahaemolyticus exsBA genetic locus, the DNA cruciform appears to operate as a

401

transcriptionally repressive element that requires attenuation to permit exsA gene expression from

402

a cryptic internal promoter that is masked by H-NS. As T3SS-1 biosynthesis is a major cellular

403

investment in V. parahaemolyticus (expression of 40+ genes)5, it follows that the entry master

404

regulator ExsA is tightly repressed to prevent spurious expression. Furthermore, exsA expression

405

is contextually de-repressed by HlyU to support coordinated T3SS-1 associated gene expression

406

during host infection.

407

Our data expands knowledge relating to HlyU-DNA binding outcomes. The DNA binding

408

data along with HlyU crystal structures suggest that a core A/T rich palindrome forms DNA major

409

grooves to accommodate 4 helical domains found within wHTH HlyU dimers14,38. Furthermore,

410

inverted repeat DNA elements are implicated in binding the HlyU ‘wing’ domains to support

411

efficient binding12. Notably, the IR1 mutant V. parahaemolyticus strain presented in this study is

412

particularly interesting as it produced an intermediate level of T3SS-1 activity and host

413

cytotoxicity compared to wild type bacteria. The IR1 mutation alters the inverted DNA repeat

414

sequence on the left side of central core palindrome, while the right inverted DNA repeat element

415

IR2 is unchanged (fig. 3b). Our data indicates that HlyU achieves incomplete and imperfect

416

binding in context of IR1 altered DNA (fig. 3c). We speculate that this imperfect binding likely

417

supported partial attenuation of cruciform formation, thus allowing for partial exsA expression.

418

Critically, a similar outcome was not observed for the alterations of the DNA inverted repeat to

419

the right of the core palindrome DNA (i.e., IR2 mutants). The key difference between IR1 and

420

IR2 DNA elements is that IR1 is outside of the cruciform forming DNA stem and loop sequences,
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421

whereas IR2 directly overlaps and is within the cruciform DNA locus (fig. 1d). While additional

422

studies will be required to unravel these experimental observations, it appears that HlyU binding

423

in the immediate vicinity of the cruciform locus produces DNA topology changes that contextually

424

reveal a cryptic promoter leading to exsA gene expression.

425

Our data supports two models for V. parahaemolyticus HlyU interaction with cruciform

426

forming DNA. In the first model, perhaps the simplest, HlyU interacts with double-stranded DNA

427

and as such prevents the formation of a DNA cruciform by sterically hindering annealing of

428

cruciform stem associated nucleotides. This notion is best supported by our data, most notably by

429

DNA-binding EMSA analysis using linear dsDNA. The requirement of HlyU for exsA promoter

430

activation in situ (fig. 6b) is also consistent with this interpretation. An alternative more complex

431

possibility is that HlyU interacts with bent DNA found at the base of the cruciform structure and

432

destabilizes the cruciform directly by conformational changes induced by protein binding. Such

433

an interaction is possible based on studies evaluating the formation and structure of DNA

434

cruciforms24,33,37,46 and HlyU binding to a bent planar face of DNA12,14. We explored this

435

possibility with in vitro studies but were unsuccessful in showing a direct HlyU interaction with a

436

synthetic cruciform DNA structure (data not shown). We cannot exclude the possibility that the

437

synthetic DNA cruciform was improperly formed or assumed a conformation less favorable for

438

HlyU binding. Therefore, the presented data has limitations in that it does not identify a defined

439

HlyU mechanism for direct cruciform binding. Rather the data suggests that cruciform attenuation

440

is necessary for initial exsA gene expression and the process is strictly dependent on HlyU binding

441

to DNA. Complex biophysical protein-DNA binding experiments beyond the scope of this study

442

will be required to test the proposed models in future studies.
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443

DNA cruciforms and other 4-way junctions are found in all living cells and some plasmids

444

and viruses. The dynamic and temporal aspects of cruciform formation are modestly understood

445

however DNA supercoiling is thought to provide energy to facilitate DNA strand extrusion at A/T

446

rich containing regions37. This outcome would likely occlude or prevent RNA polymerase access

447

to specific DNA promoters24. Accordingly, specialized DNA binding proteins would be required

448

to act near certain DNA cruciforms to permit transcription related activities. The data presented

449

here newly implicate HlyU in destabilizing a transcriptionally repressive DNA cruciform thus

450

contextually supporting access to a previously silenced genetic promoter. Considering that

451

chromosomal DNA supercoiling and A/T rich DNA are common features of intergenic

452

regions32,34,37,41,42, we believe that cruciform attenuation, driven by specialized DNA binding

453

proteins, may represent an overlooked extricating mechanism to de-repress gene expression.

454

455

Materials and Methods

456

Bacterial cultures and growth conditions

457

Vibrio parahaemolyticus RIMD2210633 was cultured in either LB-Miller (10g/L tryptone,

458

5g/L yeast extract, 10g/L NaCl) or LBS (10g/L tryptone, 5g/L yeast extract, 20g/L NaCl, 20mM

459

Tris-HCl, pH 8.0). Antibiotic concentrations used for V. parahaemolyticus are as follows:

460

chloramphenicol (2.5 µg/mL). V. parahaemolyticus was cultured at room temperature (~22˚C),

461

30˚C, or 37˚C, depending on a given experiment’s requirements. E. coli strains were cultured in

462

LB-Miller at 37˚C containing the following antibiotics when necessary: ampicillin (100 µg/mL),

463

chloramphenicol (30 µg/mL), and tetracycline (5 µg/mL).

464
465

Recombinant DNA approaches
21
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466

PCR and DNA cloning was performed using standard techniques. All DNA polymerases

467

and restriction enzymes were purchased from New England Biolabs (NEB) unless stated

468

otherwise. Control cloning and restriction digestion experiments were performed in parallel for

469

interpretation purposes.

470
471

In silico Cruciform Analysis

472

Intergenic sequences known to contain HlyU binding sites by previous studies were

473

selected from various Vibrio spp. and were used as input into Palindrome Analyser - an online

474

bioinformatics tool which identifies cruciform forming DNA sequences and calculates the amount

475

of energy required for cruciform formation43. Our cruciform identification required a cruciform

476

stem of at least 6 base pairs, with a spacer/loop region of at least 10 bp. We allowed up to a single

477

mismatch in the cruciform stem sequences. For each sequence, the 10 (or fewer) possible

478

cruciforms requiring the smallest change in free energy to form are detailed.

479
480

T7 Endonuclease and cruciform restriction mapping assays

481

HlyU binding sites within Vibrio sp. intergenic DNA regions were evaluated for cruciform

482

structures by cloning PCR amplified DNA fragments or synthetic gBlocks (Integrated DNA

483

Technologies (IDT), see Table 3) into pBluescript and transforming the recombinant plasmid DNA

484

into E. coli DH5. Freshly prepared supercoiled plasmid DNA was then isolated from overnight

485

cultures using a Monarch miniprep kit (NEB) and then immediately subjected to restriction

486

digestion with T7 endonuclease (NEB) which cleaves at DNA cruciforms. To determine the

487

approximate localization of DNA cruciform structures, a sequential digest with PvuII (following

488

an initial T7 endonuclease digestion) was performed as previously described45 followed by agarose

489

gel electrophoresis to resolve digested DNA fragments.
22
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490

To precisely detect cruciform cleavage sites, we designed a strategy using T7 endonuclease

491

digestion or mung bean nuclease, the latter which digests single stranded ‘loop’ DNA within DNA

492

cruciforms35. Briefly, supercoiled plasmid DNA was treated with T7 endonuclease followed by

493

reaction purification and treatment with mung bean nuclease to remove ssDNA overhangs and

494

blunt the DNA to a T7 endonuclease cleavage site. Linearized dsDNA was then selectively

495

extracted from an agarose gel, subjected to PvuII digestion (2 PvuII sites flank the DNA cruciform)

496

yielding two blunt ended DNA fragments which were separately cloned into EcoRV treated

497

pBluescript. A similar approach using only mung bean nuclease to detect ssDNA within cruciform

498

‘loops’ was also pursued. DNA sequencing of the resultant recombinant plasmids revealed DNA

499

cruciform cleavage sites for either T7 endonuclease or mung bean nuclease as indicated by ligation

500

to the EcoRV pBluescript site.

501
502

Transcriptional reporter assays using exsBA DNA with altered HlyU binding potential

503

Synthetic gene fragments (IDT) were designed with specific nucleotide deletions that were

504

predicted to impact HlyU binding (Table#). The HlyU binding site is composed of two perfect

505

inverted repeats (ATATTAG, CTAATAT) that flank a central (core) A/T rich palindromic

506

sequence (TAATTTAATTTATT). Each of the altered exsBA DNA fragments along with a wild

507

type exsBA fragment were separately cloned into a plasmid containing a promoter-less luxCDABE

508

cassette to create transcriptional reporter constructs. The corresponding plasmids were

509

incorporated into wild type V. parahaemolyticus. The bacteria were then cultured under T3SS-1

510

inducing conditions (magnesium supplementation and EGTA)49 to induce exsA expression.

511

Luciferase activity derived from the lux cassette was measured as light emission 2.5 hours post

512

induction using a Victor X5 luminometer as previously described55.
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513
514

Vibrio parahaemolyticus chromosomal mutant generation

515

∆hlyU and ∆hns null chromosomal mutants were generated using allelic exchange and

516

sucrose selection as previously described9. Multiple DNA fragments (IDT, synthesized gBlocks)

517

with specific nucleotide substitutions were designed to mutate HlyU binding site or cruciform

518

forming locus within the V. parahaemolyticus exsBA intergenic region on the chromosome (see

519

table S5, table S7 and fig. 3b). The DNA fragments were cloned into suicide plasmid pRE112 and

520

used in allelic exchange experiments. All derived mutant strains were verified by DNA sequencing

521

of PCR amplified chromosomal DNA to confirm genetic changes.

522
523

in situ chromosomal cruciform modification by chloroacetylaldehyde (CAA) pulse-chase

524

treatment

525

Cell permeable CAA was used to chemically modify in situ V. parahaemolyticus

526

chromosomal DNA cruciforms by generating nucleotide base ethenoadducts at specific sites48.

527

Specifically, a CAA treatment (pulse) reacts with unpaired bases within DNA cruciforms resulting

528

in localized DNA damage. Upon removal of CAA (chase) the damaged DNA can be assessed for

529

effects on locus-specific gene expression. In this pulse-chase approach, 1 x109 stationary phase

530

cells from an overnight culture were harvested by centrifugation, washed in PBS (Phosphate

531

Buffered Saline), and then treated with 40nm CAA (or mock-treated with PBS) for 30 minutes.

532

The cells were washed twice with PBS to remove CAA, and then immediately used to measure

533

exsA promoter activity by an in situ real-time quantitative luciferase reporter assay. Cells within

534

the population with CAA damaged DNA cruciform lesions were expected to emit less light than a

535

paired mock-treated sample. We independently confirmed that a 30-minute 40nm CAA pulse
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536

treatment did not impair population-based cell growth metrics as determined by OD600 readings

537

whereas higher concentrations were inhibitory and not pursued further (data not shown).

538

Moreover, maintenance of CAA treatment during active growth conditions was not possible due

539

to unpaired nucleotide bases associated with DNA replication events and various RNA species.

540

Importantly, the assay is population based so cells that grow and repair CAA damaged DNA or

541

suffer mutations are accounted for in the captured data.

542
543

In vitro V. parahaemolyticus T3SS-1 protein secretion assay

544

T3SS-1 protein secretion assays were performed as previously described49. A characterized

545

T3SS-1 defective strain vscN1 along with hlyU9 served as relevant controls allowing for

546

secreted protein profile comparisons.

547
548

V. parahaemolyticus host cell cytotoxicity assays

549

HeLa cells (ATCC) were seeded in a 24-well dish at a density of 100,000 cells/mL and

550

cultured for 16 hours. Overnight cultures of V. parahaemolyticus strains were grown in LB-Miller

551

at 37˚C and diluted in DMEM (Dulbecco Modified Eagle’s Medium, Invitrogen #11995) to

552

generate a multiplicity of infection (MOI) of ~2. The cultured HeLa cells were rinsed twice with

553

phosphate-buffered saline (pH 7.4, ThermoFisher; 10010023), followed by the addition of the

554

relevant bacterial cells to initiate infection. The infection was incubated for 4 hours at 37˚C/5%

555

CO2. Infection supernatants were collected and subjected to centrifugation (15000xg for 1 minute)

556

to remove bacteria and HeLa cells. The fluorescent CyQUANT™ LDH Cytotoxicity Assay

557

(ThermoFisher; C20302) was used to measure released lactate dehydrogenase (LDH) within the
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558

clarified supernatants as directed by the manufacturer. Percent cytotoxicity was calculated

559

according to the following formula:

560
%𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 =

561

|𝐴𝑏𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑛 | − |𝐴𝑏𝑢𝑛𝑖𝑛𝑓𝑒𝑐𝑡𝑒𝑑 |
∗ 100
|𝐴𝑏𝑀𝑎𝑥𝑅𝑒𝑙𝑒𝑎𝑠𝑒 |

562
563

Recombinant HlyU-His Protein Purification

564

E. coli BL21(DE3) containing a cloned V. parahaemolyticus hlyU-his plasmid DNA

565

construct (8) was cultured overnight. The following day, the bacteria were sub-cultured (1/50) and

566

grown to an OD600 of 0.8 and then induced with 0.4mM IPTG and cultured for an additional 3

567

hours. The bacteria were harvested by centrifugation and the cell pellet was frozen at -20˚C. Cell

568

lysates were prepared, and nickel affinity chromatography was performed under soluble conditions

569

as previously described9. Purified HlyU-His was subjected to Amicon ultrafiltration to enrich for

570

dimeric HlyU (~22 kDa). Protein expression and purification steps were assessed by SDS-PAGE

571

analysis (SFig 5).

572
573

Electrophoretic Mobility Shift Assays

574

Electrophoretic mobility shift assays were performed as previously described9. Briefly,

575

DNA oligonucleotides (sequences found in Table 1) were mixed at equimolar concentrations and

576

NaCl was added to a concentration of 50 mM to promote proper annealing of the oligonucleotides.

577

The oligonucleotides were heated to 98˚C followed by sequential cooling (1˚C/5s) to 10˚C thus

578

generating annealed short dsDNA fragments.

579

A DNA master-mix in 1X EMSA buffer (1 mM Tris, 6 mM NaCl, 0.5 mM MgCl2, 0.01

580

mM EDTA, 0.1 mM CaCl2, 0.2% glycerol) was created for each dsDNA fragment and mixed with
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581

variable HlyU-His protein amounts or buffer alone to a final volume of 15µL. Reactions were

582

allowed to equilibrate at room temperature for 30 minutes. Each reaction was subjected to TBE-

583

PAGE for 1 hour at 100V at 4˚C. Gels were stained with 1X SYBR Green (Invitrogen) for 30

584

minutes, rinsed in distilled H2O, and visualized with the BioRad VersaDoc platform.

585
586

5’ RACE

587

To determine mRNA transcriptional start sites in the exsBA intergenic region, a 5’ RACE

588

experiment was performed as previously described56. Vibrio parahaemolyticus RIMD2210633

589

was inoculated at a starting OD of 0.025 in Mg/EGTA containing LB and incubated at

590

30⁰C/250RPM for 3 hours, prior to the isolation of total RNA. Total RNA was used for reverse

591

transcription and PCR amplification. Primer AL400 (an exsA specific primer targeting the 3’ end)

592

was used for reverse transcription, and Gene Specific Primers (GSP) 1 and 2 were designed to

593

target the exsA coding region of mRNA templates (Table S3).

594
595

Reconstitution of exsBA genetic locus transcriptional activity in E. coli

596

Luciferase based reporter plasmids containing modified exsBA sequences were generated

597

using standard cloning techniques (table S5) and were based on a verified exsBA-luxCDABE-

598

VSV105 transcriptional reporter plasmid9.

599

pHlyU-FLAG which expresses C-terminal FLAG epitope tagged HlyU from a recombinant

600

tac promoter was transformed into E. coli DH5αλpir. To generate a FLAG epitope tagged ExsA

601

expression construct driven by the lac promoter, the exsA gene was PCR amplified from V.

602

parahaemolyticus chromosomal DNA using oligonucleotides NT387 and NT388 followed by

603

cloning into pFLAG-CTC. This plasmid served as template DNA in a PCR with primers NT472
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604

and NT473 to generate exsAFL-pRK415 (for ExsA-FLAG expression). All plasmid constructs

605

were verified by DNA sequencing. The expression plasmids or empty control plasmids were

606

transformed into DH5αλpir in various combinations together with appropriate exsBA intergenic

607

DNA luciferase reporter plasmids (table S2).

608

Luciferase assays were performed by inoculating fresh LB with OD 600 normalized

609

overnight E. coli cultures allowing cell growth to mid-log phase (~3 hours). 100 uL of culture was

610

used to measure light emission measured as counts per second along with cell density readings

611

(OD600). Each culture was measured in triplicate and the experiment was repeated twice to attain

612

statistical significance by multiple t-test. Graphs were plotted using R and the ggstatsplot package.

613

An immunoblot was used to detect FLAG epitope tagged HlyU and ExsA from cell lysates. Anti-

614

FLAG (Sigma) and anti-sigma70 (BioLegend) antibodies were used as primary antibodies, and

615

goat anti-mouse HRP (Cell Signaling Technology) as secondary antibodies. Images were captured

616

using a Bio-Rad VersaDoc system.
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Fig. 1. Identification of cruciform structures at the HlyU binding site in the exsBA locus of
V. parahaemolyticus. (A) Schematic diagram of plasmid constructs used for T7 endonuclease I
digestion analyses. Expected restriction fragment sizes and relative location of PvuII and cruciform
sites are identified. The red line and cruciform structure indicate the cloned exsBA DNA region.
(B) Restriction digestion of plasmid DNA visualized by agarose gel electrophoresis. 1-undigested
plasmid, 2-linearized plasmid, 3-PvuII, 4-T7 Endonuclease, 5-T7 Endonuclease followed by
PvuII. T7 Endonuclease targets cruciform structures to cause double-strand break in a two-step
process. PvuII was used as it flanks the cloned DNA and allows for restriction mapping. The black
arrowhead indicates linearized DNA for the respective cruciform forming plasmid constructs
(compare lanes 2 and 4). Complete DNA cleavage by T7 endonuclease is rare due to the two step
cut process (initial nicking) and dissipation of supercoiling in the intermediate stage, explaining
the enriched slower migrating nicked DNA (lane 4, left and right panels). The red arrowheads in
lane 5 of each panel indicate DNA cleavage fragments generated by initial cruciform cleavage by
T7 endonuclease. pBluescript and pUC(AT) are negative and positive controls respectively. This
experiment was repeated at least three times with representative data shown. (C) Schematic
depicting cleavage results of the cruciform sequence mapping assay for the exsBA intergenic
region in V. parahaemolyticus. Red nucleotides indicate stem mismatches in the cruciform
sequence. The asterisks and black squares indicate cut sites that are consistent with the known
specificities of T7 endonuclease and mung bean nuclease respectively. Cleavage data was
obtained from multiple independent cloned DNA fragments (see methods). (D) Schematic diagram
of the genomic locations of HlyU binding and the identified cruciform structure. Yellow rectangles
depict inverted repeats (IR1 and IR2) that flank a palindromic DNA element that constitutes the
HlyU binding site within the exsBA intergenic region. Cruciform stem DNA sequences (C1 and
C2) are indicated by magenta rectangles. Only one ‘side’ of the stem-loop cruciform is shown in
panels C and D for presentation purposes.
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Fig. 2. DNA supercoiling and cruciform formation within the exsBA genetic locus regulate
exsA promoter activity. (A) Schematic depicting the exsBA intergenic-luxCDABE luciferase
transcriptional reporter fusion integrated into the V. parahaemolyticus tdh chromosome locus to
allow expression of the luciferase cassette (8). (B) V. parahaemolyticus harboring the exsBAluxCDABE reporter (depicted in panel A) was treated with increasing concentrations of novobiocin
and exsA promoter activity was quantitatively measured based on in vivo real-time light emission.
(C) Wildtype V. parahaemolyticus and Δhns strains harbouring the integrated exsBA-luxCDABE
transcriptional reporter were treated with either phosphate buffered saline (PBS) or 40nM
chloroacetylaldehyde (CAA). Light emission was measured as counts per second (CPS) every 30
minutes, along with OD600, for a total of 4 hours. Statistical significance was determined by
multiple unpaired t-tests, ** p<0.01, n=2 and data were visualized using R and the ggplot2
package.
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Fig. 3. Mutational analysis identifies nucleotide elements important for HlyU interaction
with DNA near the exsBA cruciform forming locus. (A) Oligonucleotides constituting a
wildtype exsBA HlyU binding site, as well as a mutant in the palindromic region (PAL1), were
annealed by sequential cooling and used as DNA targets for HlyU binding in electrophoretic
mobilty shift assays (EMSA). Arrowheads refer to distinct bands that appear upon elevated
amounts of purified HlyU. S1 and S2 indicate distinct shifted species in the EMSA assay. (B)
Schematic of the specific mutant DNA sequences compared to wildtype (WT). Nucleotides with
a coloured background identify differences from the wildtype sequence. Perfect inverted repeat
DNA sequences are underlined in red separated by a boxed palindrome sequence. (C)
Oligonucleotides of mutants described in (B) were annealed and subjected to EMSA with and
without purified HlyU. Arrowheads refer to shifted HlyU-DNA complexes S1 and S2 All EMSA
experiments were performed at least three times with representative data images shown.
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Fig. 4. V, parahaemolyticus T3SS-1 protein secretion and host cell cytotoxicity are reduced in
bacteria harbouring mutations at the HlyU binding site near the exsBA DNA cruciform
forming locus. (A) Total secreted protein profiles derived from V. parahaemolyticus harbouring
chromosomal mutations at the HlyU binding site and cruciform locus. The specific DNA mutations
are listed in figure 3B and labeled accordingly for each gel lane. Proteins were visualized by
Coomassie staining. M refers to protein standard. The indicated dominant protein species have
been previously identified from WT using mass spectrometry49. The experiment was performed at
least three times with a representative stained protein gel shown. (B) A LDH release assay from
cultured HeLa cells was used to determine host cytotoxicity upon infection with the indicated V.
parahaemolyticus strains. Statistical significance was determined by two-way ANOVA (against
WT) using a Bonferroni test correction. **** p<0.001, n=3. hlyU and vscN1 are known to be
deficient for T3SS-1 activity and were included as comparative controls.
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Fig. 5. Genetic deletions of intergenic exsBA inverted repeat and palindrome sequences
retain cruciform formation but are altered for HlyU binding efficiency. (A) Cruciform
cleavage assays using T7 endonuclease and other restriction enzymes. 1-undigested plasmid, 2linearized plasmid, 3-PvuII, 4-T7 Endonuclease, 5-T7 Endonuclease followed by PvuII. T7
Endonuclease targets cruciform structures to cause double-strand break in a two-step process.
PvuII was used as it flanks the cloned DNA and allows for restriction mapping. Cruciform
associated DNA fragments are indicated by arrowheads in lane 5 of the respective samples. M1
and M2 are DNA molecular size standards (B) EMSA with increasing amounts of purified HlyU
protein mixed with the indicated exsBA genetic deletion fragments. The DNA species were stained
with SYBR green. The (-) indicates no HlyU protein and therefore unshifted DNA template. (C)
Luciferase activity of plasmid constructs with genetic transcriptional fusions to a luxCDABE
cassette. The relevant exsBA intergenic deletions are indicated and ‘exsBA’ represents the wildtype
sequence. Multiple t-tests were performed to determine statistical significance, ***: p-value <
0.01, **:p-value<0.05. All experiments were repeated at least three times. Technical replicates
are shown in panel C.
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Fig. 6. Reconstitution of the exsBA minimal regulon in E. coli provides evidence for a kickstart model of exsA regulation in V. parahaemolyticus. (A) E. coli DH5αλpir cell lysates from
strains harboring plasmids as indicated were subjected to immunoblotting to detect ExsA and
HlyU. (B) DH5αλpir containing an exsBA transcriptional reporter fusion, hlyU, and/or exsA were
assessed for light emission after 3 hours at 37°C. Photons per second (CPS) and cell density
(OD600) were measured. (C) Bacterial strains containing cruciform mutations in context of the
exsBA-luxCDABE transcriptional reporter fusion were assessed for light emission as in panel B.
Multiple t-tests were performed to determine statistical significance, ****: p-value < 0.0001. Data
was plotted with R and the ggstatsplot package.
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Fig. 7. The exsBA intergenic region contains an autoregulatory and internal promoter
elements that require HlyU binding near a cruciform to initiate a positive transcriptional
feedback loop. (A) The exsBA intergenic region drives high level light emission from lux reporter
construct in an HlyU dependent manner in V. parahaemolyticus. (B) Deletion of the autoregulatory
promoter [P2] reveals light emission from an internal promoter that requires HlyU for maximal
activity. (C) HlyU binding to a palindromic sequence near the cruciform locus is no longer required
in the absence of H-NS to support T3SS-1 associated gene expression. Total secreted proteins of
the indicated strains were subjected to SDS-PAGE and then stained by Coomassie blue. The
indicated T3SS-1 proteins have previously been identified by mass spectrometry analyses. (D)
Schematic model of genetic regulation of exsA within the exsBA intergenic region. 1) HlyU binds
to DNA at the exsBA intergenic region and attenuates a cruciform structure allowing the activation
of an internal promoter for exsA expression. 2) Expressed ExsA can autoactivate a distal upstream
promoter, driving a majority of ExsA expression (3). Expressed ExsA can then drive T3SS-1
activity and host-cell cytotoxicity. DNA sequences shown indicate the identified promoter and
transcriptional start sites from the described 5’RACE experiment.
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Fig. S1.

Identification of cruciform structures at intergenic regions in a variety of Vibrio spp.
Restriction digestion of cloned DNA from Vibrio spp. visualized by agarose gel electrophoresis.
1-undigested plasmid, 2-linearized plasmid, 3-PvuII, 4-T7 Endonuclease, 5-T7 Endonuclease
followed by PvuII. T7 Endonuclease targets cruciform structures to cause double-strand break in
a two-step process. PvuII was used as it flanks the cloned DNA using sequences found in the
plasmid backbone and allows for restriction mapping. Red arrowheads in lane 5 of each panel
indicate DNA fragments released by digestion by PvuII and T7 endonuclease. Black arrowheads
indicate the linearized DNA fragment as shown in lane 2. pBluescript (A) and pUC(AT) (B) are
negative and positive controls respectively. Other cloned DNA from Vibrio spp. Includes Vibrio
parahaemolyticus exsBA (C), V. cholerae tlh-hlyA (D), V. vulnificus rtxA1 operon region (E), and
V. anguillarum plp-vah (F).
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Fig. S2.

Restriction maps of cloned Vibrio spp. DNA fragments. The terminal PvuII sites are found
within pBluescript, whereas the denoted internal restriction sites were used for cloning Vibrio
spp. DNA into the vector’s multiple cloning site. The lowest free energy cruciform for each
cloned DNA fragment is shown in red. In the case of V. anguillarum, although cruciform
structures were identified in silico, cruciform cleavage was not detected (Fig S1).
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Fig. S3.

Growth curve for specified V. parahaemolyticus strains used within the
chloroacetylaldehyde pulse-chase experiment. exsBA-lux strains (WT) or exsBA-lux (∆hns)
were treated with chloroacetylaldehyde (CAA) or PBS (negative control, untreated). No
statistical difference was apparent between treated and untreated strain growth rates over a 380minute period.
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Fig. S4.

HlyU-His Protein Purification. Nickel affinity chromatography was used to purify His-tagged
HlyU expressed using an IPTG induction protein expression system in BL21(DE3) E. coli.
Coomassie stained SDS-PAGE lanes are as follows: M – All Blue Protein Marker (Biorad), 1 –
pre-induction cell lysate, 2 – Post-IPTG induction cell lysate, 3 – pre-column soluble lysate, 4 –
post-column flowthrough, 5 -Wash fraction (i), 6 – Wash fraction (ii), 7 – Elution fraction
containing purified HlyU-His.
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Fig. S5.

IR1

TTTAATTTATTCTAATATAAAA (6-10-1, stem-loop-mismatch), G 12.94

IR2, IR1IR2, PAL

TTAAATAGCATAACGTTATTTAA (6-11-0, stem-loop-mismatch), G 14.37

Palindrome analyzer results for exsBA inverted repeats and central palindrome genetic
deletions. The lowest energy cruciforms are shown. The deletion of the central palindrome
alone, or inverted repeat 2 (IR2) resulted in a DNA juxtaposition that created a cruciform
forming element (6-11-0) for three exsBA constructs (IR2, IR1IR2, and PAL).
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Fig. S6.

exsBA-VSVlux
A plasmid-based transcriptional fusion of the exsBA intergenic region to a luxCDABE
cassette is dependent on HlyU for maximal activity in V. parahaemolyticus. Some
background activity occurs in the absence of HlyU presumably due to plasmid DNA replication,
and changes in supercoiling during bacterial growth. The measurements were taken 2.5 hours
post induction (magnesium +EGTA) which corresponds to the maximal activity observed for
wildtype (WT) bacteria.
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Fig. S7.

Two promoters exist at the exsBA intergenic region that transcribe exsA. (A) DNA sequence
of the exsBA intergenic region with corresponding mRNAs labelled as discovered by 5’RACE
analysis. The light blue line indicates the shorter mRNA1 species, which begins 156bp upstream
of the exsA open reading frame, while the light red line refers to the longer mRNA2 species
beginning 408bp upstream of the exsA open reading frame (exsA ORF indicated by orange text).
The ExsA protein binding site is indicated by the brown line1,2, and the HlyU protected region
previously reported (8) is indicated by the black line. The red arrow identifies the beginning of
the ∆P2 DNA fragment used to verify the existence of the second promoter (Fig 6). (B)
Schematic diagram of mRNA species identified via 5’RACE analysis in panel A. Colour scheme
follows from panel A.
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Table S1.
Sequence used in Palindrome Analyser
AAAAGTAATC
AAAATGAGTC
AAAAACAAAC
ACGTTATTTA
GGAATGGCGG
AATAACAACA

GGTTACATTT
ATCGGGACAG
AATTTGAAGG
ATAAAAATAG
TTTCTAAGCT
AACAAAGTAG

AATTAGCGCT
TTGGAAATTA
TTTTGGAAAT
ACTTATAAGA
ATTCGCTATT
TGCTTTGACA

ATCTAATTTA
TATTAATAAC
GTAGTTTCCT
AAGTAAAAGC
TATTTCGGGG
GTTTCTCTTT

TTAAATGTGA
TATTGCCACA
AATTTTTATT
GCTATCTGAA
GGTATGGTAA
TACACACGAG

ATAGAAATAG
AGTGTGTGAT
ATCATATTAG
AATAAAACAA
GTGATATGAA
AGAAATTAAA

CCAATTCAAT
TTATGATTAT
TAATTTAATT
CTACTCATTC
CTTCTATGCT
AATTATGAAG

GTGAAAGAAT
ATCCTACGCC
TATTCTAATA
AGAAGCCTGT
CTTTTCTTTG
GGTAGAAAAT

TGTTGAGCGT
TTGAACACGT
TAAAAACAAA
ATTTGAGCTT
CTTCTTTAAT
GGATGTGTCA

TTTTATAAAT
TGGCTTGGCG
GTCAGAGTTT
AGGCTGCTTA
TGAAATTGTA
GGCCAACTAA

AAAATTGCGA
TTTTGGATTA
AAATAGCATA
ATTCCTCGAA
CTGCTTAGGA
AC

Putative Cruciform Sites Identified by Palindrome Analyser
Repeat-SpacerSequence
∆G
Position in Sequence
Mismatch
TTTAAT TTATTCTAAT ATAAAA
6-10-1
12.94
284
ATATTAG TAATTTAATTTATT CTAATAT
7-14-0
14.1
274
TTTATT CTAATATAAA AACAAA
6-10-1
14.14
289
TTAAAT AGCATAACGTT ATTTAA
6-11-0
14.37
319
ATTTAT TAAATGTGAAT AGAAAT
6-11-1
16.32
36
TTCCTAAT TTTTATTATCAT ATTAGTAA
8-12-1
16.41
256
TTAATT AGCGCTATCT AATTTA
6-10-1
16.99
19
TCTAAT TTATTAAATGTG AATAGA
6-12-1
17.34
32
AAGTAA TCGGTTACAT TTAATT
6-10-1
18.01
3
Intergenic sequence from exsBA in Vibrio parahaemolyticus was used as input into Palindrome Analyser - - an online bioinformatics
tool which identifies putative cruciform forming sequences in provided nucleotide sequences and calculates the amount of energy
required for cruciform formation. For each sequence, the 10 (or fewer) possible cruciforms requiring the smallest change in free
energy to form are detailed. The HlyU protected region is bolded. Cruciform structures which overlap the HlyU protected region
previously identified are highlighted.

1

Table S2.
Sequence used in Palindrome Analyser
TTGGTTTAGG
TGAACATTAT
TTTTGTTCTA
AAATCATTTC
TATTCATTTT

CACGTATCTA
TTGGTATTAA
ATGTTAAATC
TCTTTGTGTT
CTTTTAAATA

CTAAAGAATA
GATCAAACAA
TTAGTAGCTT
TGTTATTTTA
CTGTGATAAC

AGTGCGAAAG
TGAACTGTCA
AATAAAAATA
AGATCTATTA
AATAAAAATG

TGAAATTAAA
GTGGAGAAAA
TCAATAAAAT
ATAATTCGCC
CTTACGAGG

AAACTGGTCA
TACGAAGGGT
TATAATCAGT
ACAAAGGTGC

GACCTATTTT
TTTTATAAAT
CAATATGTGT
CAAAAAACCA

GGATTTATGG
CCTAATTTAG
AAAAATCAAA
ATGTCCTTTT

TGTTAAGCGT
ATAAATAACA
CAGTTTTATT
ATTTTGTGGT

Putative Cruciform Sites Identified by Palindrome Analyser
Sequence
Repeat-Spacer-Mismatch
∆G
TGATTTT AAGCCACATTA AAAATCA
7-11-0
14.17
TTTTATTTT GTGGTCTGAA AAAATAAAA
9-10-0
14.65
CCTAATT TAGATAAATAAC AATAAGG
7-12-1
15.58
CATTATTTG GTATTAAGAT CAAACAATG
9-10-1
15.86
GCACGTAT CTACTAAAGA ATAAGTGC
8-10-1
17.07
TAATAA AAATATCAATAAAA TTATAA
6-14-1
17.29
AAAAAA TGGGTATTCA TTTTCT
6-10-1
17.52
TGTTAA ATCTTAGTAGC TTAATA
6-11-1
17.63
TTGTTA TTTTAAGATCTAT TAATAA
6-13-1
17.73
AAAATAA AAAATGGGTAT TCATTTT
7-11-1
17.94

CAATCAATAA
ATAAGGTTTT
GTGATTTTAA
CTGAAAAAAT

ACGACTATGT
GCTTTATTAA
GCCACATTAA
AAAAAATGGG

Position
312
407
181
115
10
250
431
232
350
426

Intergenic sequence from plp-vah of V. anguillarum was used as input into Palindrome Analyser - an online bioinformatics tool which
identifies putative cruciform forming sequences in provided nucleotide sequences and calculates the amount of energy required for
cruciform formation. For each sequence, the 10 (or fewer) possible cruciforms requiring the smallest change in free energy to form are
detailed. The DNA sequence in bold font represents the known HlyU binding site at this genetic locus. The HlyU protected region
previously identified is bolded3. Cruciform structures which overlap the HlyU protected region previously identified are highlighted.
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Table S3.
Sequence used in Palindrome Analyser
CGTTTACTTC TTATCATTGA
TGGAAGTAAG ATCAAGTCTA
TTATACGGGT TCACTGACTC
TAAATCAACT TTATAAATTA
AATAAAAAGT CTTTAGAGGC
AAATATATA CCAAAACTCCT
CCGCTTCGAG TAAGAAGGGG
ATGCAAAATG GGTATGTTCT
TTGTTTTTTC AGTAGTTTGA

GTAATCAGAG
GTTGATGAAA
TTAAATTATG
ATTCAGACTA
TAAAATCTGT
TGGAGTTGCA
ATATGCATTT
AATTACTTGA
GTATAAGTCA

TGAGGATCTG
GCATCACTAT
CTTTCTTATG
AATTAGTTCA
GATCCGCTGT
GGTAGGCGGC
CTGCTAAAAG
AAATATAAGA
CTTTGTTTGG

GTCAGATCTG
CTTCTTCTTA
TGTAAGCGTA
AATTAAATTA
GAATTTTCAA
AAGAGAGCGA
GATACGCGGT
ATATTACTCA
AAATCTCTCT

TGGGTATTGT
CTTGAAGCGG
TTGAAATCTT
GGCTCATTAA
TTTTACCGTA
ATCCTCATGA
AAGCCGTAGC
ACTCAGAATT
TGTAATAACA

GAATGAGGTA
CTACTGTGTC
TAGAGTTAAA
ATAATATGAA
TTTTACATTT
GCATGGATAA
AGTAAAGCCA
ATAGAAGAGA
CTAAAAATAA

TTCATCTGGT
GGTTAGGCGG
ATGGAGAACT
TATCAGTAAT
AGAAACATAA
ACTGTGTGAT
CACGCAAACT
GTTTATTAGC
CAGAGTCAGT

CAATGAAAAC
GTTCATTTTG
TAACTTTTTT
TGTTATTTTA
GTGATATTTC
TAGGATGAAC
CAAGGATGAC
AACTATTAAT
GAGGTTTAT

ACCCAGCGGC
ATTGCATAGT
TAAATTATTC
GTAAGAATTA
AGTAAGTATG
GAACGTGGCC
GAGGGTAACC
TTGAGTGTTT

TTCCCTAGGT
CAATCTATGC
AATTAATCTT
TTTTACAGCA
TGGTGGCAGA
AACACCGCTG
CATGAGACAC
GATATATTTC

Putative Cruciform Sites Identified by Palindrome Analyser
Repeat-SpacerSequence
∆G
Position
Mismatch
CTAAATT AGTTCAAATT AAATTAG
7-10-1
14.41
358
TTTAAA TTATTCAATTAATC TTTAAA
6-14-0
14.41
309
TGTAAT AACACTAAAA ATAACA
6-10-1
14.96
931
TTAAAT CAACTTTATA AATTAA
6-10-1
14.98
330
TAATTGT TATTTTAGTA AGAATTA
7-10-1
15.25
407
TAAATT AATTCAGACT AAATTA
6-10-1
15.28
344
TTCTAAT TACTTGAAAAT ATAAGAA
7-11-1
15.70
787
CACTAA AAATAACAGAG TCAGTG
6-11-1
16.84
939
GTTTACT TCTTATCATTG AGTAATC
7-11-1
16.85
2
AATTAA ATTAGGCTCA TTAAAT
6-10-1
16.91
371
Intergenic sequence from tlh-hlyA of V. cholerae was used as input into Palindrome Analyser - an online bioinformatics tool which
identifies putative cruciform forming sequences in provided nucleotide sequences and calculates the amount of energy required for
cruciform formation. For each sequence, the 10 (or fewer) possible cruciforms requiring the smallest change in free energy to form are
detailed. The lowest free energy cruciform is indicated as yellow highlighted text. The DNA sequence in bold font represents the
known HlyU binding site at this genetic locus. The HlyU protected region previously identified is bolded4. Cruciform structures which
overlap the HlyU protected region previously identified are highlighted.
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Table S4.
Sequence used in Palindrome Analyser
AAATTTCCCC
AAATAATTAT
ATTATTCACT
ATAAACGAGC

TACTTATTTT
TGTAATGTTT
CAATTCCATA
AAAACAGTCC

ATATAGATAA
ATTTTGTGTC
TTCATGTAAC
GCAATTGATG

GACGAAAATT GTTCCTTTTA AAAGGAATCA CTCTCCGCCT GCAAGCTCAA TTAAAAGGCA AAATATAAGA ATTCAGCCAT
GAAATATTAC ATCGTAAAAC AGTGGTCATC AATAGACTTA AATCGATTAT ATTAGAGCAA TTATTCTATT TTTATCGACC
AATCACCTTG ATTACCTATT AACGTGATAT GCATCATTCA TTTGAATCAA ATTTGTGCAA TAAACACACA ACAAAGACCA
A

Putative Cruciform Sites Identified by Palindrome Analyser
Repeat-SpacerSequence
∆G
Position
Mismatch
AAATAA TTATTGTAATGT TTATTT
6-12-0
13.58
111
ATAAATA ATTATTGTAA TGTTTAT
7-10-1
15.04
109
AATAGA CTTAAATCGAT TATATT
6-11-1
17.30
171
AAGAATT CAGCCATAAAT AATTATT
7-11-1
17.66
97
TGTAATGTTT ATTTTGTGTCG AAATATTACA
10-11-1
19.07
121
ATCACCTT GATTACCTATT AACGTGAT
8-11-1
19.85
252
ATGTAA CAATCACCTTGA TTACCT
6-12-1
21.89
244
TATTCA TGTAACAATCACCT TGATTA
6-14-1
22.21
239
Intergenic sequence from the rtxA1 operon of V. vulnificus was used as input into Palindrome Analyser - an online bioinformatics tool
which identifies putative cruciform forming sequences in provided nucleotide sequences and calculates the amount of energy required
for cruciform formation. For each sequence, the 10 (or fewer) possible cruciforms requiring the smallest change in free energy to form
are detailed. The HlyU binding site is indicated in bold font. Cruciform structures which overlap the HlyU protected region
previously identified are highlighted.
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Table S5.
Strain

Cytotoxicity Score

Wildtype/VSV105 (Positive)

+++

∆hlyU/VSV105 (Negative)

-

WT/VSV105-exsA
∆hlyU/VSV105-exsA

+++
+++

IR1/VSV105-exsA

+++

IR2/VSV105-exsA

+++

PAL2/VSV105-exsA

+

IV1/VSV105-exsA

++

IV2/VSV105-exsA
IV3/VSV105-exsA

+++
+++

Observed cell cytotoxicity of bacterial strains with or without complementation of exsA. +++: cytotoxicity equal to wildtype,
++: cytotoxicity less than wildtype, +: significantly less than wildtype, -: no cytotoxicity (relative to uninfected control). N=2
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Table S6.
Strain Name
RIMD2210633
∆hns
∆vscN1
∆hlyU
IR1
IR2
PAL2
IV1
IV2
IV3
tdh::exsBA-luxCDABE

Organism
V. parahaemolyticus
V. parahaemolyticus
V. parahaemolyticus
V. parahaemolyticus
V. parahaemolyticus
V. parahaemolyticus
V. parahaemolyticus
V. parahaemolyticus
V. parahaemolyticus
V. parahaemolyticus
V. parahaemolyticus

Tn5::hns tdh::exsBA-luxCDABE

V. parahaemolyticus

E. coli
DH5pir
E. coli
BL21(D)
Table of bacterial strains used in this study.

Genotype
Wildtype
hns null
vscN1 null
hlyU null
IR1 mutation in exsA upstream region
IR2 mutation in exsA upstream region
PAL2 mutation in exsA upstream region
IV1 mutation in exsA upstream region
IV2 mutation in exsA upstream region
IV3 mutation in exsA upstream region
exsBA intergenic region fused to promoter-less luxCDABE cassette
and integrated into the tdh locus on chromosome
Tn5 insertion in hns. Strain harbors the exsBA intergenic region fused
to promoter-less luxCDABE cassette integrated into the tdh locus on
chromosome

Source

1
This study

2
3
This study
This study
This study
This study
This study
This study

3
3
Stratagene
Novagen
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Table S7.
Plasmid Name

Description

Source

pVSV105

Vibrio Shuttle Vector 105 contains cat, oriT, a Vibrio host ori, and oriR6Kγ. lac promoter.

4

pVSV105-exsA

VSV105 containing the exsA coding gene ahead of the lac promoter

This study

pEVS104

5

pVSVlux-exsBA

Helper plasmid for tri-parental matings with oriT plasmids.
pVSV105 containing luxCDABE cassette from pJW15 cloned blunt into the SmaI site opposite of the lac
promoter.
pVSVlux containing the WT exsBA intergenic region (656 bp upstream of exsA start site)

pVSVlux-exsBAIR

pVSVlux containing the exsBA intergenic region deleted for inverted repeat 1

This study

pVSVlux-exsBAIR2

pVSVlux containing the exsBA intergenic region deleted for inverted repeat 2

This study

pVSVlux-exsBAIR1IR2

pVSVlux containing the exsBA intergenic region deleted for inverted repeats 1 and 2

This study

pVSVlux-exsBAPAL

pVSVlux containing the exsBA intergenic region deleted for central palindrome A/T rich sequence

This study

pVSVlux-IR1

pVSVlux containing the IR1 mutation containing exsBA intergenic region

This study

pVSVlux-IR2

pVSVlux containing the IR2 mutation containing exsBA intergenic region

This study

pVSVlux-PAL2

pVSVlux containing the PAL2 mutation containing exsBA intergenic region

This study

pVSVlux-IV1

pVSVlux containing the IV1 mutation containing exsBA intergenic region

This study

pVSVlux-IV2

pVSVlux containing the IV2 mutation containing exsBA intergenic region

This study

pVSVlux-IV3

This study

pRE112-IR1

pVSVlux containing the IV3 mutation containing exsBA intergenic region
pFLAG-CTC vector containing the open reading frame coding HlyU under the control of the tac
promoter
pRK415 vector containing the open reading frame coding ExsA under the control of the tac promoter
hlyU coding gene from V. parahaemolyticus cloned in frame with a C-terminal 6x HIS tag. IPTG
inducible expression.
Allelic exchange vector. Contains cat and sacB for allelic exchange procedure and oriR6Kγ origin
(suicide vector).
Allelic exchange plasmid pRE112 containing the IR1 mutation in the exsBA intergenic region.

pRE112-IR2

Allelic exchange plasmid pRE112 containing the IR2 mutation in the exsBA intergenic region.

This study

pRE112-PAL2

Allelic exchange plasmid pRE112 containing the PAL2 mutation in the exsBA intergenic region.

This study

pRE112-IV1

Allelic exchange plasmid pRE112 containing the IV1 mutation in the exsBA intergenic region.

This study

pVSVlux

pFLAG-CTC-hlyU
pRK415-exsA
pET21-hlyU
pRE112

3
3

3
This study

3
6
This study

7

pRE112-IV2

Allelic exchange plasmid pRE112 containing the IV2 mutation in the exsBA intergenic region.

This study

pRE112-IV3

Allelic exchange plasmid pRE112 containing the IV3 mutation in the exsBA intergenic region.

This study

pUC(AT)

Positive control cruciform construct for T7 endonuclease assays
General cloning vector, plasmid for cloning gBlock DNA and for use as negative control in T7
endonuclease assays
PCR amplified V. parahaemolyticus exsBA intergenic region cloned into pBluescript for use in T7
endonuclease assays
Synthetic gene block for V. cholerae hlyA region cloned into pBluescript for use in T7 endonuclease
assays
Synthetic gene block for V. vulnificus rtxA1 region cloned into pBluescript for use in T7 endonuclease
assays
Synthetic gene block for V. anguillarum rtxHB region cloned into pBluescript for use in T7
endonuclease assays
ΔP2 deletion of the exsBA intergenic region cloned into pVSVlux for studying P1 expression in isolation

NEB

pBluescript
pexsBA/pBS
phlyA/pBS
prtxA1/pBS
prtxHB/pBS

pVSVlux-ΔP2

Stratagene
This study
This study
This study
This study
This study

Table of plasmids used in this study.

8

Table S8.
Name
EMSA
IV1-1-EMSA
IV1-2-EMSA
IV2-1-EMSA
IV2-2-EMSA
IV3-1-EMSA
IV3-2-EMSA
IR1-1-EMSA
IR1-2-EMSA
IR2-1-EMSA
IR2-2-EMSA
PAL-1-EMSA
PAL-1-EMSA
PAL-2-EMSA
PAL-2-EMSA
WT-EMSA
WT-EMSA
PCR Amplification and Cloning
NT139
NT140
NT337 (exsBA intergenic)
NT339 (exsBA intergenic)
NT387
NT388
NT452 (ΔP2 exsBA intergenic)
NT472
NT473
5’ RACE
AL400
Qo
GSP1
GSP2

DNA Sequence
TGACTTTGTTTTTATTATAGAATAAATTAAATTACTATAATGATAATAAAAATTA
TAATTTTTATTATCATTATAGTAATTTAATTTATTCTATAATAAAAACAAAGTCA
TGACTTTGTTTTTATATTATAATAAATTAAATTAATAATATGATAATAAAAATTA
TAATTTTTATTATCATATTATTAATTTAATTTATTATAATATAAAAACAAAGTCA
TGACTTTGTTTTTATAGCAGAATAAATTAAATTACTGCTATGATAATAAAAATTA
TAATTTTTATTATCATAGCAGTAATTTAATTTATTCTGCTATAAAAACAAAGTCA
TGACTTTGTTTTTATATTAGAATAAATTAAATTATATCATAGATAATAAAAATTA
TAATTTTTATTATCTATGATATAATTTAATTTATTCTAATATAAAAACAAAGTCA
TGACTTTGTTTTTTATGAATAATAAATTAAATTACTAATATGATAATAAAAATTA
TAATTTTTATTATCATATTAGTAATTTAATTTATTATTCATAAAAAACAAAGTCA
TGACTTTGTTTTTATATTAGATTAATAATAATAACTAATATGATAATAAAAATTA
TAATTTTTATTATCATATTAGTTATTATTATTAATCTAATATAAAAACAAAGTCA
TGACTTTGTTTTTATATTAGATATATTAATATATCTAATATGATAATAAAAATTA
TAATTTTTATTATCATATTAGATATATTAATATATCTAATATAAAAACAAAGTCA
TGACTTTGTTTTTATATTAGAATAAATTAAATTACTAATATGATAATAAAAATTA
TAATTTTTATTATCATATTAGTAATTTAATTTATTCTAATATAAAAACAAAGTCA
CATCATAACGGTTCTGGCAAATATTC
CTGTATCAGGCTGAAAATCTTCTCTC
CCGAATTCAATCGGTTACATTTAATTAGCGC
CCGGATCCCCGTTTCTGTGTTTAGTTGGCCTG
AAACCGCATATGGATGTGTCAGGCCAACTAAACAC
CCGGTACCATTCGCGATGGCGACTTGCTCATCACC
CCGAGCTCGCGTTTTGGATTAAAAAACAAACAATTTGAAGG
CCCCTCTAGACTGTATCAGGCTGAAAATCTTCTCTC
CCCCGGATCCCATCATAACGGTTCTGGCAAATATTC
CTGCGATAGCAAGGCATAGAGGACT
CCAGTGAGCAGAGTGACG
ACGACATCTATGGTGCAATCGC
CCGTTTCTGTGTTTAGTTGGC

Table of oligonucleotides used in this study.
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Table S9. Synthetic gBlock DNA sequences for respective Vibrio spp in T7 endonuclease assays and exsBA intergenic deletion
analyses.
V. cholerae O1 biovar El Tor str. N16961; tlh-hlyA region
CCCCGAGCTCGATAAGCTAGCTAAGCCAGCGATTAGAATAGAGAGTCTTTTTTTCATCGTTTACTTC
TTATCATTGAGTAATCAGAGTGAGGATCTGGTCAGATCTGTGGGTATTGTGAATGAGGTATTCATCT
GGTCAATGAAAACACCCAGCGGCTTCCCTAGGTTGGAAGTAAGATCAAGTCTAGTTGATGAAAGCAT
CACTATCTTCTTCTTACTTGAAGCGGCTACTGTGTCGGTTAGGCGGGTTCATTTTGATTGCATAGTC
AATCTATGCTTATACGGGTTCACTGACTCTTAAATTATGCTTTCTTATGTGTAAGCGTATTGAAATC
TTTAGAGTTAAAATGGAGAACTTAACTTTTTTTAAATTATTCAATTAATCTTTAAATCAACTTTATA
AATTAATTCAGACTAAATTAGTTCAAATTAAATTAGGCTCATTAAATAATATGAATATCAGTAATTG
TTATTTTAGTAAGAATTATTTTACAGCAAATAAAAAGTCTTTAGAGGCTAAAATCTGTGATCCGCTG
TGAATTTTCAATTTTACCGTATTTTACATTTAGAAACATAAGTGATATTTCAGTAAGTATGTGGTGG
CAGAAAATATATACCAAAACTCCTTGGAGTTGCAGGTAGGCGGCAAGAGAGCGAATCCTCATGAGCA
TGGATAAACTGTGTGATTAGGATGAACGAACGTGGCCAACACCGCTGCCGCTTCGAGTAAGAAGGGG
ATATGCATTTCTGCTAAAAGGATACGCGGTAAGCCGTAGCAGTAAAGCCACACGCAAACTCAAGGAT
GACGAGGGTAACCCATGAGACACATGCAAAATGGGTATGTTCTAATTACTTGAAAATATAAGAATAT
TACTCAACTCAGAATTATAGAAGAGAGTTTATTAGCAACTATTAATTTGAGTGTTTGATATATTTCT
TGTTTTTTCAGTAGTTTGAGTATAAGTCACTTTGTTTGGAAATCTCTCTTGTAATAACACTAAAAAT
AACAGAGTCAGTGAGGTTTATATGCCAAAACTCAATCGTTGCGCAATCGCGATATTCACAATATTAA
GCGCAATATCCAGTCCAACCCTGTTGGCAAATATCAATGAAGGTACCCCCC
V.vulnificus (CMCP6, chromosome II); rtxA1 operon intergenic region
CCCCAAGCTTAAATTTCCCCTACTTATTTTATATAGATAAGACGAAAATTGTTCCTTTTAAAAGGAA
TCACTCTCCGCCTGCAAGCTCAATTAAAAGGCAAAATATAAGAATTCAGCCATAAATAATTATTGTA
ATGTTTATTTTGTGTCGAAATATTACATCGTAAAACAGTGGTCATCAATAGACTTAAATCGATTATA
TTAGAGCAATTATTCTATTTTTATCGACCATTATTCACTCAATTCCATATTCATGTAACAATCACCT
TGATTACCTATTAACGTGATATGCATCATTCATTTGAATCAAATTTGTGCAATAAACACACAACAAA
GACCAATAAACGAGCAAAACAGTCCGCAATTGATGACTCGAGCCCC
V.anguillarum (J360 chromosome II); plp-vah region
CCCCAAGCTTTTGGTTTAGGCACGTATCTACTAAAGAATAAGTGCGAAAGTGAAATTAAAAAACTGGTCAGAC
CTATTTTGGATTTATGGTGTTAAGCGTCAATCAATAAACGACTATGTTGAACATTATTTGGTATTAAGATCAAA
CAATGAACTGTCAGTGGAGAAAATACGAAGGGTTTTTATAAATCCTAATTTAGATAAATAACAATAAGGTTTTG
CTTTATTAATTTTGTTCTAATGTTAAATCTTAGTAGCTTAATAAAAATATCAATAAAATTATAATCAGTCAATA
TGTGTAAAAATCAAACAGTTTTATTGTGATTTTAAGCCACATTAAAAATCATTTCTCTTTGTGTTTGTTATTTT
AAGATCTATTAATAATTCGCCACAAAGGTGCCAAAAAACCAATGTCCTTTTATTTTGTGGTCTGAAAAAATAAA
AAATGGGTATTCATTTTCTTTTAAATACTGTGATAACAATAAAAATGCTTACGAGGCTCGAGCCCC
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exsBA deletion fragment for IR1
CCCCGAATTCGGTACCCCGTTTCTGTGTTTAGTTGGCCTGACACATCCATTTTCTACCCTTCATAATTT
TTAATTTCTCTCGTGTGTAAAAGAGAAACTGTCAAAGCACTACTTTGTTTGTTGTTATTTCCTAAGCAG
TACAATTTCAATTAAAGAAGCAAAGAAAAGAGCATAGAAGTTCATATCACTTACCATACCCCCCGAAAT
AAATAGCGAATAGCTTAGAAACCGCCATTCCTTCGAGGAATTAAGCAGCCTAAGCTCAAATACAGGCTT
CTGAATGAGTAGTTGTTTTATTTTCAGATAGCGCTTTTACTTTCTTATAAGTCTATTTTTATTAAATAA
CGTTATGCTATTTAAACTCTGACTTTGTTTTTAATAAATTAAATTACTAATATGATAATAAAAATTAGG
AAACTACATTTCCAAAACCTTCAAATTGTTTGTTTTTTAATCCAAAACGCCAAGCCAACGTGTTCAAGG
CGTAGGATATAATCATAAATCACACACTTGTGGCAATAGTTATTAATATAATTTCCAACTGTCCCGATG
ACTCATTTTTCGCAATTTTATTTATAAAAACGCTCAACAATTCTTTCACATTGAATTGGCTATTTCTAT
TCACATTTAATAAATTAGATAGCGCTAATTAAATGTAACCGATTGAGCTCCCC
exsBA deletion fragment for IR2
CCCCGAATTCGGTACCCCGTTTCTGTGTTTAGTTGGCCTGACACATCCATTTTCTACCCTTCATAATTT
TTAATTTCTCTCGTGTGTAAAAGAGAAACTGTCAAAGCACTACTTTGTTTGTTGTTATTTCCTAAGCAG
TACAATTTCAATTAAAGAAGCAAAGAAAAGAGCATAGAAGTTCATATCACTTACCATACCCCCCGAAAT
AAATAGCGAATAGCTTAGAAACCGCCATTCCTTCGAGGAATTAAGCAGCCTAAGCTCAAATACAGGCTT
CTGAATGAGTAGTTGTTTTATTTTCAGATAGCGCTTTTACTTTCTTATAAGTCTATTTTTATTAAATAA
CGTTATGCTATTTAAACTCTGACTTTGTTTTTATATTAGAATAAATTAAATTAGATAATAAAAATTAGG
AAACTACATTTCCAAAACCTTCAAATTGTTTGTTTTTTAATCCAAAACGCCAAGCCAACGTGTTCAAGG
CGTAGGATATAATCATAAATCACACACTTGTGGCAATAGTTATTAATATAATTTCCAACTGTCCCGATG
ACTCATTTTTCGCAATTTTATTTATAAAAACGCTCAACAATTCTTTCACATTGAATTGGCTATTTCTAT
TCACATTTAATAAATTAGATAGCGCTAATTAAATGTAACCGATTGAGCTCCCC
exsBA deletion fragment for IR1IR2
CCCCGAATTCGGTACCCCGTTTCTGTGTTTAGTTGGCCTGACACATCCATTTTCTACCCTTCATAATTT
TTAATTTCTCTCGTGTGTAAAAGAGAAACTGTCAAAGCACTACTTTGTTTGTTGTTATTTCCTAAGCAG
TACAATTTCAATTAAAGAAGCAAAGAAAAGAGCATAGAAGTTCATATCACTTACCATACCCCCCGAAAT
AAATAGCGAATAGCTTAGAAACCGCCATTCCTTCGAGGAATTAAGCAGCCTAAGCTCAAATACAGGCTT
CTGAATGAGTAGTTGTTTTATTTTCAGATAGCGCTTTTACTTTCTTATAAGTCTATTTTTATTAAATAA
CGTTATGCTATTTAAACTCTGACTTTGTTTTTAATAAATTAAATTAGATAATAAAAATTAGGAAACTAC
ATTTCCAAAACCTTCAAATTGTTTGTTTTTTAATCCAAAACGCCAAGCCAACGTGTTCAAGGCGTAGGA
TATAATCATAAATCACACACTTGTGGCAATAGTTATTAATATAATTTCCAACTGTCCCGATGACTCATT
TTTCGCAATTTTATTTATAAAAACGCTCAACAATTCTTTCACATTGAATTGGCTATTTCTATTCACATT
TAATAAATTAGATAGCGCTAATTAAATGTAACCGATTGAGCTCCCC
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exsBA deletion fragment for PAL
CCCCGAATTCGGTACCCCGTTTCTGTGTTTAGTTGGCCTGACACATCCATTTTCTACCCTTCATAATTT
TTAATTTCTCTCGTGTGTAAAAGAGAAACTGTCAAAGCACTACTTTGTTTGTTGTTATTTCCTAAGCAG
TACAATTTCAATTAAAGAAGCAAAGAAAAGAGCATAGAAGTTCATATCACTTACCATACCCCCCGAAAT
AAATAGCGAATAGCTTAGAAACCGCCATTCCTTCGAGGAATTAAGCAGCCTAAGCTCAAATACAGGCTT
CTGAATGAGTAGTTGTTTTATTTTCAGATAGCGCTTTTACTTTCTTATAAGTCTATTTTTATTAAATAA
CGTTATGCTATTTAAACTCTGACTTTGTTTTTATATTAGCTAATATGATAATAAAAATTAGGAAACTAC
ATTTCCAAAACCTTCAAATTGTTTGTTTTTTAATCCAAAACGCCAAGCCAACGTGTTCAAGGCGTAGGA
TATAATCATAAATCACACACTTGTGGCAATAGTTATTAATATAATTTCCAACTGTCCCGATGACTCATT
TTTCGCAATTTTATTTATAAAAACGCTCAACAATTCTTTCACATTGAATTGGCTATTTCTATTCACATT
TAATAAATTAGATAGCGCTAATTAAATGTAACCGATTGAGCTCCCC
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