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Abstract 16 

The H-NS protein represses the transcription of hundreds of genes in Gram-17 

negative bacteria. De-repression is achieved by a multitude of mechanisms, 18 

many of which involve binding of a protein to DNA at the repressed promoter in 19 

a manner that compromises the maintenance of the H-NS-DNA nucleoprotein 20 

repression complex. The principal virulence gene promoters in Shigella flexneri, 21 

the cause of bacillary dysentery, are repressed by H-NS. VirB, a protein that 22 

closely resembles members of the ParB family of plasmid partitioning proteins, 23 

derepresses the operons that encode the main structural components and the 24 

effector proteins of the S. flexneri type III secretion system. Bioinformatic 25 

analysis suggests that VirB has been co-opted into its current role as an H-NS 26 

antagonist in S. flexneri. To test this hypothesis, the potential for VirB to act as a 27 

positive regulator of proU, an operon that is repressed by H-NS, was assessed. 28 

Although VirB has no known relationship with the osmo-regulated proU operon, 29 

it could relieve H-NS-mediated repression when the parS-like VirB binding site 30 

was placed appropriately upstream of the RpoD-dependent proU promoter. 31 

These results reveal the remarkable facility with which novel regulatory circuits 32 

can evolve, at least among those promoters that are repressed by H-NS.33 
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INTRODUCTION 34 

 35 

Gene regulatory circuits in bacteria are subject to evolution and can be 36 

adapted to meet the changing needs of the organisms that harbor them. Similar 37 

circuits can differ in detail in even closely related species in bacteria (60) and in 38 

eukaryotes (11, 12, 47). Transcription control in bacteria functions along a spectrum 39 

of sophistication, and some very effective genetic switches operate through relatively 40 

simple mechanisms. Some of the most basic involve mechanisms that relieve 41 

repression that is mediated by the nucleoid-associated protein H-NS (69). 42 

H-NS is a dimeric DNA binding protein with a preference for A+T-rich 43 

sequences associated with DNA curvature (7, 14, 21, 30). The protein can bind to a 44 

nucleation site and then spread along the DNA through a mechanism that can also 45 

involve the formation of DNA-protein-DNA bridges where each of the DNA binding 46 

domains of the dimer can associate with a separate DNA molecule or spatially 47 

separate portions of the same DNA molecule (2, 16, 17, 25, 45, 79). The binding and 48 

spreading and/or bridging activities lend themselves to transcriptional silencing by 49 

either excluding RNA polymerase from a promoter or trapping RNA polymerase at a 50 

promoter, preventing transcription initiation (15, 65, 77). The resulting repressive 51 

nucleoprotein complex can then be disrupted by a wide variety of mechanisms, many 52 

of which rely on DNA binding proteins that target either the same sites in DNA as H-53 

NS or adjacent ones such that H-NS fails to maintain its repressive relationship with 54 

the target promoter. This can be achieved by displacement of H-NS or by remodelling 55 

the H-NS-DNA complex such that transcription can begin (69). 56 

H-NS is associated with silencing the transcription of horizontally acquired 57 

genes, including virulence genes in Gram-negative bacterial pathogens (20, 22, 43, 58 
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53, 54, 56). It has been suggested that repressing the expression of genes acquired by 59 

lateral transfer avoids any loss of competitive fitness that might arise due to their 60 

inappropriate expression and provides time for the new genes to be integrated into the 61 

existing gene regulatory networks of the bacterium (20, 22, 53, 54, 69). This 62 

integration requires, at least in part, the evolution of a suitable mechanism for the de-63 

repression of the new genes. Ideally, this de-repression mechanism should respond to 64 

environmental cues that are characteristic of the optimal conditions for the expression 65 

of the H-NS-repressed genes. For example, in the case of virulence genes, these cues 66 

might signal that the bacterium is in close association with a suitable host. 67 

Shigella flexneri is the etiological agent of bacillary dysentery; it is a 68 

facultative intracellular pathogen and as such establishes a particularly intimate 69 

relationship with its human host (66). S. flexneri virulence depends on expression of a 70 

type III secretion system and its associated effector proteins (61). The genes coding 71 

for these are located within the so-called Entry Region, a 31-kbp segment of the S. 72 

flexneri 230-kbp virulence plasmid (9, 23). The genes within the entry region are 73 

organized in operons whose promoters are regulated by temperature, osmolarity and 74 

pH (9, 26). The DNA of the plasmid is A+T-rich and all of the virulence promoters 75 

are silenced by H-NS (3, 9). Shifting the bacterium to a temperature of 37˚C at an 76 

osmolarity equivalent to that of physiological saline and at neutral pH derepresses 77 

transcription of the virulence genes (29, 46, 52, 62). The genes are controlled by a 78 

regulatory cascade in which expression of an AraC-like protein called VirF results in 79 

derepression of an intermediate regulatory gene called virB (1, 27, 64, 74, 75). The 80 

virB gene is identical to invE in S. sonnei (78) and it is thought that derepression of 81 

the virB gene represents a regulatory checkpoint that must be passed prior to full 82 

commitment to expressing the elaborate type III secretion system and its effector 83 
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proteins (23). In addition to transcriptional regulation, the expression of the virB gene 84 

is also controlled at the level of mRNA stability in an Hfq-dependent manner in 85 

response to temperature and osmolarity (49, 50).  86 

The VirB protein is required to derepress the principal promoters governing 87 

the expression of the structural genes encoding the type III secretion system and their 88 

associated effector proteins. Its activity has been studied in detail at the icsB promoter 89 

where it has been shown to act as an anti-repressor rather than a direct activator of 90 

RNA polymerase (76). VirB binds to the icsB regulatory region within a segment of 91 

DNA that is also targeted by H-NS. There, VirB polymerizes from its initial binding 92 

site and wraps the DNA, compromising the stability of the H-NS-DNA repression 93 

complex. As the concentration of VirB rises, the H-NS protein becomes displaced 94 

leading to concomitant up-regulation of the icsB promoter (76). The responses of 95 

VirB-dependent promoters to this protein are dose-dependent; even in the absence of 96 

the appropriate environmental signals, artificial over-expression of VirB will up-97 

regulate the transcription of the genes in the VirB regulon (3). 98 

 The origin of the VirB-controlled regulatory checkpoint within the S. flexneri 99 

virulence cascade has been a subject of speculation. VirB does not resemble other 100 

transcription factors but instead shows considerable amino acid sequence identity to 101 

members of the ParB/SopB family of plasmid partition proteins (4, 78). The modern 102 

S. flexneri plasmid is a complicated mosaic of ancestor plasmids and mobile genetic 103 

elements; it has two fully functioning plasmid partition systems and VirB seems to be 104 

a vestige of a third (9, 68). ParB-like proteins usually have a ParA partner protein that 105 

is also required for plasmid partitioning; VirB has no known partner of this type (9). 106 

Certainly, VirB is not required for the normal segregation of the S. flexneri virulence 107 

plasmid and this has led to the suggestion that VirB may have been redirected to gene 108 
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regulation from an earlier role in plasmid segregation, either in the virulence plasmid 109 

or one of its ancestor plasmids (4). 110 

 ParB-like proteins bind to a cis-acting DNA sequence called parS (5, 28, 35, 111 

40, 67, 70) and it has been found that the VirB binding site at the icsB promoter 112 

retains the features of a parS sequence (73, 76). Normally, such parS elements are 113 

located adjacent to the genes coding for the ParA and ParB proteins (35). In the case 114 

of virB, the VirB binding site is located at a distance due to the presence of the icsB 115 

operon between them (Fig. 1). This suggests that the VirB-dependent VirB/H-NS 116 

regulatory circuit at icsB may have arisen due to a simple local rearrangement of the 117 

virulence plasmid (Fig. 1). The essence of the regulatory switch is that one DNA 118 

binding protein (VirB) interferes with the repression complex established by a second 119 

DNA binding protein (H-NS) by virtue of the location of their respective binding 120 

sites. The extremely simple nature of the VirB/H-NS regulatory switch suggests that 121 

similar regulatory motifs could arise easily at other genes due to the emergence of 122 

suitably placed binding sites. This has already happened on the S. flexneri virulence 123 

plasmid where VirB relieves H-NS-mediated repression of the icsP gene from a 124 

VirB-binding site that has a minimal similarity to the full parS sequence (13). In this 125 

study we sought to bring proU, a known target of H-NS-mediated transcription 126 

silencing, under the positive control of VirB, a virulence regulatory protein with no 127 

known history of involvement in proU regulation. 128 

 The proU operon encodes an uptake system for the osmo-protectant glycine-129 

betaine and it is induced at the level of transcription in response to hyper osmotic 130 

stress (32). The operon is transcribed from a σ70-dependent promoter (called P2) that 131 

is flanked by two binding sites for H-NS (Fig. 1). These are the downstream 132 

regulatory element (DRE) lying within proV, the first gene of the operon and the 133 
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upstream regulatory element (URE) located on the other side of P2 (Fig. 1) (31, 33, 134 

44, 58, 59, 71, 72). This arrangement is reminiscent of other H-NS-repressed genes 135 

where the promoter is flanked by H-NS binding sites that may lend themselves to the 136 

formation of a bridged nucleoprotein transcription complex (15, 19, 76). 137 

 138 

139 
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MATERIALS AND METHODS 140 

 141 

Bacterial strains and growth media. All bacterial strains were derivatives of 142 

Escherichia coli K-12 or S. flexneri 2a 2457T and are listed in Table 1. It should be noted 143 

that the open reading frames of the hns genes of E. coli K-12 and S. flexneri are identical 144 

(36). Bacteria were grown in LB broth (172 mM NaCl) or LO (0 mM NaCl) at 37°C. 145 

Antibiotics were used at the following concentrations: carbenicillin, 50 μg/ml; 146 

chloramphenicol, 25 μg/ml; kanamycin, 50 μg/ml and tetracycline, 15 μg/ml. 147 

Plasmid construction and genetic manipulations. For flow cytometric analysis the 148 

proU promoter region of E. coli K-12 derivative MG1655 was amplified as a 500 bp 149 

fragment using the oligonucleotide primers proU fw -270.NotI and proU rev +230.XbaI  150 

(Table S1). The PCR fragment was digested using restriction enzymes NotI and XbaI, 151 

and the digested fragment was ligated into the NotI- and XbaI-digested plasmid pZep08. 152 

The structure of the resulting construct was verified by DNA sequencing and the 153 

construct was designated pZep-proU-1. The VirB binding site from icsB was amplified as 154 

a 160 bp fragment by PCR using the primer pair icsB.fw and icsB.rev that were NotI 155 

tagged (Table S1). The PCR fragment was digested using restriction enzymes NotI, and 156 

the digested fragment was ligated into the NotI digested plasmid pZep-proU-1. The 157 

structure of the resulting construct was verified by DNA sequencing, and the construct 158 

was designated either pZep-proU-2 if the binding site inserted in the reverse orientation 159 

or pZep-proU-3 if the site inserted in the forward orientation. Plasmids pZep-proU-4 to 160 

pZep-proU-7 were constructed in a similar manner.  Control plasmids (denoted by the 161 

letter M) were also constructed which included the 160 bp icsB region with mutations in 162 

the essential Box1/Box2 as previously described (76).  163 
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The VirB binding site from icsB was inserted between the URE and DRE at position -164 

60 resulting in pZep-proU-8 by site-directed mutagenesis of the proU promoter to 165 

include a unique FseI restriction site using the primer set proU SDM FseI fw  and 166 

proU SDM FseI rev. The FseI tagged icsB PCR product was then digested and 167 

inserted at this position. Site-directed mutagenesis was performed using the 168 

QuikChange (Stratagene) kit according to the manufacturer’s guidelines. Replacement 169 

of the URE with 180 bp of the yaeT coding region was performed by PCR 170 

amplification of yaeT with primer set yaeT fw. SmaI and yaeT rev.NotI and insertion 171 

of this amplicon into pZep-proU-6 to create pZep-proU-9. NotI tagged icsB PCR 172 

product was then digested and inserted into NotI digested pZep-proU-9 creating 173 

pZep-proU-10. 174 

Mutagenesis by Lambda Red Recombination.  All knockout mutations and 175 

chromosome integrations were made by homologous recombination using the λ−red 176 

recombination system of Datsenko and Wanner (18). The λ−red recombination 177 

system facilitates integration into the chromosome of PCR products containing 40 bp 178 

of DNA sequence homology at both the 5' and 3' ends of the region of the 179 

chromosome where the PCR product is to be integrated. To generate a proU::tet 180 

mutant the tetRA resistance cassette was PCR-amplified with primer set tet.40 bp 181 

proU fw and rev (Table S1) and spin column purified using HiYield PCR DNA 182 

Fragment Extraction Kit (RBC Bioscience). It was then transformed into 183 

electrocompetent S. flexneri BS184 containing the Red helper plasmid as previously 184 

described (18). The structure of the proU::tet lesion was confirmed by PCR and DNA 185 

sequencing (GATC Biotech), and then used as a template for insertion of the modified 186 

icsB-proU-gfp-cat promoters using primer set icsB.fw.40 bp proU and cat.rev.40 bp 187 

proU or icsB.rev.40 bp proU and cat.rev.40 bp proU. 188 
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β-galactosidase assay. Transcription of the mxiC::lacZ fusion was measured in overnight 189 

cultures of wild type, hns and virB mutant strains grown in LO or LB broth at 37°C. β-190 

galactosidase activity was measured as described by Miller (48). 191 

Flow cytometry analysis. The bacterial culture to be assayed was harvested and 192 

immediately fixed in 4% formaldehyde in phosphate-buffered saline (PBS) and then 193 

stored at 4˚C in the dark. Before analysis samples were diluted to a concentration of 194 

approximately 106 bacteria per ml and then analyzed with an EPICS-XL flow cytometer 195 

(Beckham Coulter). Approximately 10,000 bacteria per sample were assayed and the 196 

results were expressed as mean channel fluorescence after analysis with EXPO-XL 197 

software. Each sample was measured in duplicate and the mean values were determined 198 

from the results of at least three independent experiments. 199 

Immunodetection of VirB protein. Total protein extracts were separated through a 12% 200 

SDS-PAGE. The separated proteins were electroblotted onto a nitrocellulose membrane 201 

using the Bio-Rad miniprotean II system for 1 h at 80V. Nitrocellulose membranes were 202 

stained with Ponceau (0.2% Ponceau dye, 3% trichloroacetic acid) to check the efficiency 203 

of transfer before being blocked overnight with 5% dried skimmed milk in phosphate 204 

buffered-saline (PBS). Detection of VirB protein was preformed in PBS containing 1% 205 

dried skimmed milk with primary polyclonal anti-VirB antiserum (1:500) and a 206 

secondary goat anti-rabbit horseradish peroxidase-conjugated antiserum (1:10,000). 207 

Membranes were developed using the chemiluminescent Pierce West Pico Super Signal 208 

kit. 209 

Real-Time Quantitative Polymerase Chain Reaction. Total RNA was isolated from 210 

cultures using the SV Total RNA Isolation System (Promega) and purity and quality were 211 

assessed by electrophoresis in 1% agarose (1x TAE). Residual DNA contamination was 212 

removed by treatment with DNase I (Ambion DNA-free kit). cDNA templates were 213 
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synthesized by random priming 1 μg of RNA in a 20-μl reaction using the GoScript 214 

Reverse Transcription System (Promega). qPCR primers are listed in Table S1. PCR 215 

reactions were carried out in duplicate with primer set on an ABI 7500 Sequence 216 

Detection System (Applied Biosystems) using FastStart SYBR Green Master with ROX 217 

(Roche) Standard curves were generated for each primer set using five serial 10-fold 218 

dilutions of chromosomal DNA, and included in every run. 219 

 220 

221 
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RESULTS 222 

 223 

Creation of VirB dependence at the proU promoter. The proU operon is 224 

transcribed from a promoter (P2) whose transcription start site is located 225 

approximately 60 nucleotides upstream of the initiation codon of the first structural 226 

gene (proV) and which is recognized by the σ70 - RNA polymerase holoenzyme (E 227 

σ70). A second promoter, P1, located 250 nucleotides upstream of proV is σS- (RpoS)-228 

dependent but its physiological significance is uncertain since deletion of P1 or 229 

elimination of rpoS expression do not affect proU transcription in vivo (32). 230 

Furthermore, quantitative real-time PCR (qRT-PCR) showed that under the conditions 231 

used in this study, transcription of proU is driven by P2 and not P1 (Fig. S1).  232 

The proU promoter region contains two regulatory domains, the upstream 233 

regulatory element (URE) and the downstream regulatory element (DRE), both of 234 

which are known H-NS binding sites (13). These high-affinity binding sites contain 235 

identical matches to the consensus sequence for H-NS binding (Fig. 1). Under 236 

conditions of low osmolarity H-NS is bound in these regions and represses 237 

transcription; upon addition of salt, the proU promoter is de-repressed as H-NS is 238 

displaced, allowing transcription to proceed; full expression occurs at 300 mM NaCl 239 

(32). Transcription silencing at proU may involve a repressive complex consisting of 240 

a DNA-H-NS-DNA bridge at the URE and DRE (7). However, the DRE alone is 241 

sufficient to maintain significant repression under low salt conditions, where it 242 

inhibits the formation of an open transcription complex (7, 51). In this study the 243 

previously characterised binding site for VirB at the icsB promoter was introduced 244 

into the promoter region of proU at different locations and the synthetic promoters 245 
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were monitored for VirB-dependent de-repression under normally repressive 246 

conditions. 247 

The VirB binding site at its native location at icsB is found upstream of the 248 

promoter, bordering the region that is bound by H-NS (76). To mimic this 249 

arrangement, the VirB binding site, including the essential Box 1/Box 2 motif, was 250 

inserted immediately upstream of the URE at the proU promoter. Transcription was 251 

monitored using a gfp fusion where levels of the green fluorescent protein (Gfp) 252 

reflected proU promoter activity (Fig. 2). Expression of proU-gfp was monitored in 253 

wild type, virB mutant and hns mutant backgrounds, under growth conditions that 254 

were normally non-permissive for proU transcription, i.e. LB containing 0 M NaCl. 255 

Control constructs that completely lacked a VirB binding site were also monitored to 256 

determine the level of native proU expression under non-permissive conditions. 257 

Further controls that included constructs with a modified VirB binding site with base 258 

pair substitutions in the essential Box 1/Box 2 motif were also monitored to examine 259 

proU expression in constructs where the antagonist cannot bind. Functional or 260 

mutated VirB binding sites were introduced at position -270 with respect to the 261 

transcription start site. Insertions were made in either a forward or reverse orientation 262 

so as to address the possibility that VirB binding site directionality might influence 263 

derepression (Fig. 2A-C). The gfp gene was placed under the control of each promoter 264 

on a plasmid to monitor proU transcription. All of these experiments were performed 265 

in S. flexneri. 266 

Expression of proU-gfp in the control constructs, either completely lacking the 267 

binding site for VirB or containing the version with a mutated Box 1/Box 2 motif, 268 

was repressed, and repression was maintained regardless of the presence or absence 269 

of VirB protein (Fig. 2A, D and E). Repression was only alleviated when the hns gene 270 
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was inactivated.  However, the modified proU promoters that contained a functional 271 

binding site for VirB were derepressed in the presence of a functioning hns gene (Fig. 272 

2B and C). These proU-gfp expression levels were similar to those seen in the hns 273 

mutant, suggesting that up-regulation of the proU promoter involved relief of H-NS-274 

mediated repression. This de-repression of proU in low salt was contingent on the 275 

presence of the VirB protein. The ability of VirB to de-repress the promoter was not 276 

influenced by the orientation of the VirB binding site (Fig. 2B and C). 277 

To address the possibility that plasmid-associated artefacts might have influenced 278 

the results, the proU-gfp fusion constructs with the various forms of the VirB binding site 279 

were integrated into the chromosome at the native proU locus. Results obtained with these 280 

strains were similar to those from the plasmid-based experiments (data not shown).  281 

VirB-dependent derepression is conditional on binding site location. The VirB 282 

binding site was inserted into different locations upstream of the proU promoter to 283 

investigate the importance of its position relative to the URE and DRE, the cis-acting 284 

negative regulatory elements that are bound by H-NS. The DRE found downstream of 285 

the proU promoter is known to be imperative for the maintenance of proU repression 286 

by H-NS. In contrast, the URE has been shown to be less essential for H-NS-mediated 287 

repression in low osmolarity growth conditions (44, 51). To assess the significance of 288 

the URE for the VirB-mediated derepression mechanism, two new proU promoter 289 

constructs were made, one with the VirB binding site inserted into the URE and the 290 

other with the site located between the URE and DRE (Fig. 3).  291 

The URE and VirB-dependent derepression of proU. Insertion of the VirB binding 292 

site at position -150 with respect to the proU transcription start site interrupted the 293 

URE at approximately its mid-point (Fig. 3A-C). Insertions were made at this position 294 

of the native VirB binding site (Fig. 3B) and of the site with the Box 1/Box 2 295 
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mutations (Fig. 3C). The mutated site was unable to support derepression of the proU-296 

gfp fusion in the presence of VirB while the presence of the native binding site 297 

resulted in only partial VirB-dependent depression. In both cases, derepression was 298 

assessed by comparison with the level of proU-gfp expression seen in the hns 299 

knockout mutant (Fig. 3).  300 

 The VirB binding site was next inserted at position –60, placing it between the 301 

intact URE and DRE elements. This insertion also had the effect of displacing the 302 

URE further upstream from the transcription start site; its promoter proximal 303 

boundary was now at position -160 rather than -60 (Fig. 3). Insertions were made at 304 

this position of both the intact binding site (Fig. 3D) and the mutant derivative with 305 

the Box 1/Box 2 base pair substitutions (Fig. 3E). As before, the mutant binding site 306 

could not support VirB-dependent derepression of proU-gfp transcription, whereas the 307 

intact binding site did (Fig. 3B and 3C).  However, the level of derepression achieved 308 

was not as great as that seen in the hns-deficient strain. Taken together, these data 309 

indicated that successful antagonism of proU repression was affected by both the 310 

presence and the location of an intact URE. 311 

Removal of the URE abolishes VirB-dependent derepression of proU. The proU 312 

promoter region was modified so that the URE was removed completely and replaced 313 

by the VirB-binding site (Fig. 4A and B). A control construct was produced in which 314 

the altered form of the VirB binding site containing the Box 1/Box 2 mutations had 315 

replaced the URE (Fig. 4C). Neither of these constructs supported VirB-dependent 316 

derepression of the proU-gfp fusion, although the fusion was derepressed when 317 

introduced to an hns mutant strain (Fig. 4).  318 

Full VirB-dependent depression of proU transcription had been achieved when 319 

the VirB binding site had been located immediately upstream of the URE (Fig. 2B and 320 
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C). In this construct, the promoter-proximal boundary of the binding site had been at 321 

position -270. The constructs where the URE had been replaced by the VirB binding 322 

site (Fig. 4B and C) were modified by the insertion of a DNA sequence from the yaeT 323 

gene that is known not to bind the H-NS protein (30). This insertion had the effect of 324 

moving the promoter-proximal boundary of the VirB binding site to position -270 325 

with respect to the transcription start site, restoring the distance (but not the H-NS 326 

binding activity) associated with the presence of the URE (Fig. 4D and E). The 327 

presence of an intact VirB-binding site did not result in VirB-dependent derepression 328 

of proU-gfp transcription in the absence of the URE, despite the placement of the 329 

binding site at a location from where it was effective when the URE was present 330 

(compare Fig. 2C and Fig. 4D). 331 

Neither set of constructs in which the URE was removed showed alleviation of 332 

repression compared to the hns mutant. This is consistent with the hypothesis that 333 

while the URE and DRE may act synergistically, the DRE alone can maintain 334 

significant repression (51). 335 

VirB protein levels are sufficient for proU derepression at low osmolarity. The VirB 336 

protein is known to be present at reduced levels in the low osmolarity growth conditions 337 

under which these experiments were conducted (63). To confirm this, VirB protein levels 338 

were monitored in bacteria exposed to increasing concentrations of NaCl. The results 339 

showed a clear increase in protein levels with increasing osmolarity (Fig. 5A). Western 340 

blots were used to monitor variations in VirB protein concentrations in wild type bacteria 341 

and an hns mutant grown at 0 mM NaCl conditions or in standard 172 mM NaCl LB. As 342 

expected, VirB protein levels increased in the hns mutant (the virB promoter is repressed 343 

by H-NS) and no VirB was detected in a virB null mutant (Fig. 5B). Despite levels of VirB 344 

being lower in wild type cells at in low osmolarity, the proU expression data showed that 345 
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there was still a sufficient quantity of VirB to exert an effect on transcription. To verify 346 

this, expression of a lacZ reporter fusion to mxiC, a VirB-regulated gene encoding a 347 

structural component of the type III secretion system was analysed. Beta-galactosidase 348 

activities were assessed at both osmolarities in wild type, virB and hns strains. The results 349 

showed that although VirB protein levels were depleted at 0 M NaCl compared to standard 350 

NaCl (172 mM), there was sufficient protein to de-repress mxiC transcription in agreement 351 

with the data obtained with the proU promoter constructs (Fig 5B). 352 

The modified proU promoter constructs retain osmo-sensitivity. To ensure that the 353 

icsB-proU hybrid promoters used in this study retained the osmotic sensitivity that is 354 

characteristic of proU, the hybrid promoters were tested for activity under conditions of 355 

increasing osmolarity. Both the native proU promoter and those derivatives that had been 356 

modified to accept a binding site for the VirB protein showed strong sensitivity to 357 

increasing osmolarity, showing that the underlying proU promoter function had not been 358 

altered by the introduction of DNA containing the S. flexneri icsB VirB binding site (Fig. 359 

6). 360 

361 
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DISCUSSION 362 

Gene regulatory mechanisms in bacteria cover a spectrum of sophistication and 363 

among the most intensively studied are those that control transcription initiation (8). 364 

Repression and activation of RNA polymerase activity at the initial stages of the 365 

transcription process can be achieved by a wide variety of mechanisms. Among the 366 

most basic are likely to be mechanisms that rely chiefly on modulation of DNA 367 

structure. For example, the ultra-simple bacterium Mycoplasma genitalium has just 368 

one sigma factor and is thought to regulate much of its transcription through changes 369 

in DNA supercoiling (24, 80). However, most regulatory mechanisms involve roles 370 

for DNA binding proteins, especially proteins whose expression and/or activity is 371 

responsive to environmental signals. The distribution in the genome of the DNA 372 

sequence motifs that these proteins recognize and bind determines the extent of their 373 

regulatory influence (37, 42). Genes can acquire and lose regulatory protein binding 374 

sites through mutation and so they can join and leave regulons as part of the process 375 

of regulatory evolution. Regulatory proteins with relatively astringent requirements 376 

for DNA binding can bring large numbers of genes under their control, and this is 377 

certainly so in the case of the nucleoid-associated protein H-NS (14, 20, 22, 38, 43, 378 

53, 54, 57).  379 

 The H-NS protein has a regulatory role throughout the virulence gene cascade 380 

in S. flexneri and its transcription repression activity is opposed there in many cases 381 

by the VirB protein (3). This is a particularly interesting case because VirB shares 382 

many properties with plasmid partitioning proteins of the ParB/SopF family, 383 

including amino acid sequence identity and common requirements in the makeup of 384 

its binding sites in DNA (1, 73, 76). The suggestion that the S. flexneri virulence 385 

regulon has co-opted VirB from an earlier role in plasmid maintenance raises 386 
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interesting questions about the plasticity of gene regulatory circuits and their capacity 387 

for evolution. 388 

 The existing information on the regulatory activity of VirB suggests that it 389 

operates via a very simple mechanism: the concentration of the VirB protein in the 390 

cell is controlled in response to environmental signals and once a threshold 391 

concentration is reached it can displace the H-NS repressor from its target gene 392 

promoters (3, 76). Displacement is most likely to be achieved due to the mutually 393 

incompatible effects of H-NS and VirB on local DNA structure at their overlapping 394 

binding sites. VirB acts simply as an anti-repressor that makes the H-NS-DNA 395 

repression complex untenable; it does not act to recruit or to activate RNA polymerase 396 

(76). 397 

 The simple nature of the VirB regulatory mechanism makes it an interesting 398 

subject for artificial evolution experiments involving genes that are repressed by H-399 

NS but have no known VirB dependency. The proU operon fits this description and is 400 

a particularly attractive subject for investigation because, unlike the S. flexneri 401 

virulence operons, proU is not regulated in response to temperature (7).  402 

 We have modified the proU promoter to make it responsive to the VirB 403 

protein. The experiments described in this report were carried out under low 404 

osmolarity growth conditions where the proU promoter is subject to full transcription 405 

repression, at least part of which is due to binding of the H-NS protein (58). Similar 406 

results were obtained when the modified proU promoter was studied in recombinant 407 

plasmids or on the chromosome at the native location of the proU operon, increasing 408 

confidence that the data reflect intrinsic properties of the promoter-regulator 409 

relationship and not artefacts of genomic position.  410 
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 Placing the VirB binding site immediately adjacent to, and upstream of, the 411 

URE brought the proU promoter under the positive control of the VirB protein. This 412 

showed that the VirB-binding site combination influences proU transcription from a 413 

position that is at least 270 bp upstream of the transcription start site (Fig. 2). At this 414 

range, it is highly unlikely that the VirB protein is acting via protein-protein contact 415 

with RNA polymerase bound to the proU promoter. It is more likely that VirB is 416 

acting as an anti-repressor by antagonizing H-NS-mediated promoter repression, just 417 

as it does at its native targets in the S. flexneri virulence gene regulatory cascade. The 418 

effect on proU promoter activity was the same regardless of the orientation of the 419 

VirB binding site sequence (Fig. 2D and E). This is consistent with the ability of this 420 

same sequence to regulate positively and simultaneously the divergently oriented 421 

promoters of the icsB and the ipgD operons on the S. flexneri large virulence plasmid 422 

(26, 39). There, VirB-DNA interactions resulted in increased hypersensitivity to 423 

DNase I cleavage, a pattern that is consistent with DNA wrapping by the VirB 424 

protein. This form of DNA remodelling by the VirB protein is incompatible with the 425 

maintenance of an H-NS-DNA nucleoprotein complex both in the same and in the 426 

immediately adjacent DNA (76). 427 

 While the placement of the VirB binding site immediately adjacent to the URE 428 

facilitated derepression of the proU promoter by VirB, the placement of the same 429 

DNA sequence immediately adjacent to a truncated URE facilitated only partial 430 

derepression (Fig. 3B). When the intact URE was relocated to a position on the 431 

promoter distal side of the VirB binding site, the efficacy of VirB-mediated 432 

transcriptional derepression was reduced (Fig. 3D). Moreover, the complete removal 433 

of the URE from next to the VirB binding site resulted in a complete loss of VirB-434 

dependent derepression (Fig. 4B). That the effects seen were not due to the distance of 435 
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the VirB binding from the promoter was shown by experiments in which the location 436 

of the binding site at the –270 position was preserved by insertion of a 210-bp 437 

segment of DNA known not to contain H-NS binding sites (Fig. 4D). Here, in the 438 

absence of the URE, the proU promoter remained repressed unless the H-NS protein 439 

was removed from the cell by mutation of the hns gene. These data suggest that the 440 

URE plays an important role in the VirB-dependent derepression mechanism.  441 

 The model that is most likely to account for VirB-mediated derepression of the 442 

proU-gfp fusion under normally non-permissive growth conditions is one that 443 

assumes that both the URE and DRE participate in an H-NS-dependent transcription 444 

repression complex (Fig. 7). The established ability of the VirB protein to act as an 445 

anti-repressor in S. flexneri through disruption of H-NS-DNA complexes can be 446 

applied to this URE-H-NS-DRE complex, particularly if the ability of H-NS to form 447 

DNA-protein-DNA bridges is taken into account (16, 17, 45, 55). Assuming the URE 448 

and DRE are bridged by H-NS dimers to form a structure that is inhibitory for proU 449 

transcription, the binding of the VirB protein to its site located immediately adjacent 450 

to the URE with the associated remodelling of the nucleoprotein complex due to VirB 451 

wrapping of DNA might be expected to reduce the stability of the repression complex 452 

(Fig. 7A). The proposed displacement of H-NS from the bridged structure would be 453 

consistent with the upregulation of the proU-gfp fusion to the levels seen in the hns 454 

mutant.  455 

 Placing the VirB binding site between the URE and DRE or adjacent to a 456 

truncated URE also resulted in upregulation of the proU-gfp fusion under non-457 

permissive conditions, but not to the same level seen in the hns mutant. This indicates 458 

that residual H-NS-mediated repression activity remained when the VirB protein 459 

exerted its anti-repressive activity from these sites. Perhaps disruption of the URE-H-460 
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NS-DRE bridge by altering the URE, resulted in some H-NS molecules adopting a 461 

cis-binding mode at the DRE rather than a trans-binding mode involving URE-H-NS-462 

DRE bridging, with the H-NS-DRE complex exerting some impediment to 463 

transcription (Fig. 7B).   464 

In all cases where VirB derepressed the proU promoter, the VirB binding site 465 

was located immediately adjacent to a DNA sequence that is known to bind H-NS. 466 

Removing the URE abolished VirB dependent de-repression of proU. In the absence 467 

of the URE, repression would be maintained by the DRE alone. The binding of VirB 468 

at position -60 or -270 without the URE present might place the antagonist at too great 469 

a distance for it to displace the repressive complex formed by H-NS-binding at the 470 

DRE (Fig. 7C and D).  471 

 The results reported in this study demonstrate the relative ease with which a 472 

novel genetic switch can evolve based on H-NS displacement with a heterologous 473 

DNA-binding protein. Previous attempts at altering the regulation of the proU 474 

promoter have relied on more sophisticated mechanisms where a dedicated 475 

transcription factor (TyrR) is used to recruit RNA polymerase to the proU promoter in 476 

response to the cognate environmental signals detected by that protein (33). In that 477 

case, the TyrR binding site must be placed at the promoter taking into account spatial 478 

constraints that might interfere with physical interactions between the transcription 479 

factor and RNA polymerase (33). This is in contrast to the simpler anti-repression 480 

mechanism that has been exploited in the case of VirB. The creation of the VirB-481 

dependent proU derepression system also differs from a previously reported redesign 482 

of the bgl promoter where the Lac or Lambda repressors were recruited as positive 483 

regulators. There, the binding sites for the heterologous DNA binding proteins were 484 

inserted at a series of different locations within the bgl equivalent of the URE, 485 
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disrupting its ability to act as a repressive element (10). This is likely to have created a 486 

direct competition between the Lac or Lambda repressors and H-NS for access to bgl 487 

DNA, whereas the VirB protein acts to 'pull the rug' from under H-NS at the 488 

immediately-adjacent proU URE by its DNA wrapping activity by analogy with its 489 

anti-repressor mechanism at icsB in S. flexneri (76). 490 

The adaptability of VirB as an anti-repressor is reflected in the number of 491 

promoters that this protein regulates on the S. flexneri virulence plasmid. Those 492 

binding sites that have been studied have shown similarity to the minimal parS 493 

element that is bound by ParB-like proteins (6, 35, 41). This is a portion of the full-494 

length parS-like motif that is found between the icsB and ipgD promoters, and is 495 

approximately equivalent to the region at the Box 1/Box 2 motif. 496 

It should be noted that the modified proU constructs all retained 497 

osmoregulation and expression was highly induced under osmotic upshock, 498 

comparable to that of the original wild type promoter (Fig. 5). The VirB dependency 499 

added an extra level of regulation to the promoter without altering its native 500 

expression pattern. Also the titre of the VirB protein in the cell was approximately 501 

equivalent to that of wildtype S. flexneri, or perhaps slightly below as virB is 502 

downregulated under low salt conditions (62, 63). Western blot analysis confirmed a 503 

lower concentration of VirB in the cell as compared to levels in bacteria growing at 504 

standard osmolarity, however monitoring expression of a VirB-dependent mxiC::lacZ 505 

fusion on the S. flexneri virulence plasmid demonstrated that the concentration of 506 

VirB present was sufficient to exert its normal effect on transcription (Fig. 6). The 507 

constructs were not subjected to overexpression of VirB protein, but instead, natural 508 

levels of the protein were used to effect de-repression. Therefore, although artificial 509 

constructs were tested here this system did mimic its native equivalent in that 510 
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physiologically relevant conditions were used and proU osmo-regulation remained 511 

intact. This serves to support the proposal that an event of the type engineered here 512 

could evolve by natural means. 513 

We have demonstrated that insertion of a VirB binding site can confer VirB-514 

mediated de-repression on an H-NS repressed promoter that is unrelated to the normal 515 

VirB regulon. This is consistent with the hypothesis that the VirB binding site may 516 

once have been located in the vicinity of its gene (virB), by analogy with the 517 

juxtaposition its parB homologue and its cis-acting parS site (Fig. 1). The insertion of 518 

the icsB-ipg-ipa-acp operon would have disconnected the VirB site from the virB 519 

gene, while simultaneously placing this site at a position in the icsB promoter region 520 

whereby it can act to displace H-NS, creating a new role for the VirB protein. The 521 

experimental results obtained in this study also illustrate that fine-tuning would be 522 

required for this regulatory network innovation to be successful: correct positioning of 523 

the binding sites for the antagonist and repressor is essential for efficient de-524 

repression to occur. This implies that such repositioning of protein binding sites in 525 

DNA accompanied by co-option of cognate regulatory proteins are events that can 526 

occur routinely in bacteria. The creation of new regulatory circuits may afford 527 

bacteria the potential to explore and/or exploit novel environmental niches. It is clear 528 

that studies of H-NS antagonism have much to teach us about the evolution of 529 

regulatory switches, and highlight pitfalls that may arise from facile assignment of 530 

unique biological properties to DNA-binding proteins. 531 
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Table 1: Bacterial strains 787 

   Strain    Relevant characteristic(s)  Reference 

 

 

S. flexneri 2a 2457T  

 

 

BS184  mxiC::mudI1734 KmR (46) 

BS185 BS184 hns::Tn10 TcR (46) 

CJD1018 BS184 virB::pMEP151 (63) 

 

E. coli K-12 

 

 

XL1-Blue 

 

 

MG1655 

recA1 endA1 gyrA96 thi-1 hsdR17 

supE44 relA1 lac ΔFΔ proAB 

lacIqZ_M15 Tn10 (TcR) 

F− Δ ilvG rfb-50 rph-1 

Stratagene 

Lab stocks 

 788 

789 
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Table 2: Plasmids  790 

Plasmid 

 

Relevant Characteristic(s) Reference 

pZep08 GFP reporter plasmid ApR  CmR 

 

(34) 

pZep-proU-1 -270 to +230 PproU cloned into pZep08 

 

This study 

pZep-proU-2 -240 to -80 of PicsB cloned into pZep-proU-1 in 

reverse orientation 

 

This study 

pZep-proU-3 -240 to -80 of PicsB cloned into pZep-proU-1 in 

forward orientation 

 

This study 

pZep-proU-4 -150 to +230 PproU promoter cloned into pZep08 

 

This study 

pZep-proU-5 -240 to -80 of PicsB cloned into pZep-proU-4 in  

reverse orientation 

 

This study 

pZep-proU-6 -60 to +230 PproU promoter cloned into pZep08 

 

This study 

pZep-proU-7 

 

 

-240 to -80 of PicsB cloned into pZep-proU-8 in 

reverse orientation 

This study 

 

 

pZep-proU-8 -240 to -80 of PicsB cloned into pZep-proU-6 in This study 
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 reverse orientation with the URE upstream  

 

pZep-proU-9 210 bp yaeT coding region cloned into  

pZep-proU-6 

 

This study 

pZep-proU-10 -240 to -80 of PicsB cloned into pZep-proU-9 in 

reverse orientation  

 

This study 

 791 

792 
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FIGURE LEGENDS 793 

 794 

FIG. 1. Comparison of the parBA operon from bacteriophage P1, the icsB-ipgD 795 

intergenic region from S. flexneri and the proU promoter from E. coli. The parS 796 

centromere-like site is located downstream of the parBA operon in bacteriophage P1 797 

(top). The P1 parS region corresponds to the VirB-binding region in the S. flexneri 798 

virulence plasmid and the P1 parB gene corresponds to the S. flexneri virB gene 799 

(middle) (3). The grey parallelogram denotes DNA sequence homology between parS 800 

and the S. flexneri VirB binding site; the striped parallelogram illustrates homology 801 

between the parB and virB genes. DNA sequences bound by the H-NS protein or by 802 

the VirB protein are indicated by horizontal brackets. The positions of the essential 803 

Box1/Box2 VirB-binding-and-nucleation sites are shown. The regulatory region of 804 

proU is illustrated (bottom) together with the locations of the proU P2 promoter and 805 

the H-NS binding sites URE and DRE (grey boxes). The angled arrows represent 806 

promoters; the diagram is not drawn to scale. 807 

 808 

FIG. 2.  De-repression of the proU promoter by VirB. Summaries of the structures of 809 

various derivatives of the E. coli proU promoter region are presented at left; levels of 810 

expression of the proU-gfp transcriptional reporter fusion are given at right (diagrams 811 

not to scale). The native proU promoter is shown in (a); proU incorporating 812 

functional VirB binding and nucleation sites (denoted by two black boxes) shown in 813 

the forward (b) reverse orientations (c); proU with inactivated VirB binding sites 814 

(denoted by two dashes in the VirB site) in the forward (d) and reverse (e) orientations 815 

(drawings not to scale).  The constructs were assessed in S. flexneri for proU-gfp 816 
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expression in a virB mutant (black bars), the wild type (white bars) and the hns mutant 817 

(grey bars) under conditions normally repressive for proU transcription.  818 

 819 

FIG. 3. Partial de-repression of the proU promoter by VirB. Summaries of the 820 

structures of various derivatives of the E. coli proU promoter region are presented at 821 

left; levels of expression of the proU-gfp transcriptional reporter fusion are given at 822 

right (diagrams not to scale). The native proU promoter is shown in (a); proU with a 823 

functional VirB binding site located at position -150 (b) or with an inactivated binding 824 

site for VirB (c); proU with a functional binding site for VirB at position -60 with the 825 

URE upstream (d) or with an inactivated binding site for VirB (e). All constructs were 826 

assessed in S. flexneri for proU-gfp expression in a virB mutant (black bars), the wild 827 

type (white bars) and the hns mutant (grey bars) under conditions normally repressive 828 

for proU transcription. 829 

 830 

FIG. 4. The URE and VirB-dependent proU de-repression. Summaries of the 831 

structures of various derivatives of the E. coli proU promoter region are presented at 832 

left; levels of expression of the proU-gfp transcriptional reporter fusion are given at 833 

right (diagrams not to scale). The native proU promoter is shown in (a); proU with a 834 

functional VirB binding site at position -60 (b) or  a mutated VirB binding site at the 835 

same position (c);  proU with a functional VirB binding site at position -270 with the 836 

URE removed (d) or  with an inactivated VirB binding site at the same position (e). 837 

All constructs were assessed in S. flexneri for proU-gfp expression in a virB mutant 838 

(black bars), the wild type (white bars) and the hns mutant (grey bars) under 839 

conditions normally repressive for proU transcription. 840 

 841 
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Fig. 5. VirB protein levels are reduced in low salt but are still sufficient to derepress 842 

promoters. (a) Western blot analysis of VirB protein levels in S. flexneri grown with 843 

increasing increments of salt. (b) Western blot analysis of VirB levels coupled with 844 

expression data from a mxiC-lacZ fusion (a gene expressed from a VirB-dependent 845 

promoter) in wild type, hns, and virB bacteria grown in the presence of 0 mM or 172 846 

mM NaCl. The VirB protein band in the wild type samples is circled to highlight the 847 

increase in VirB concentration in bacteria growing in a medium containing 172 mM 848 

NaCl. 849 

 850 

Fig. 6. Osmoregulation of modified proU promoters. Expression of Gfp was 851 

measured in S. flexneri cells growing in increasing concentrations of NaCl from 852 

pZep08 (promoter-less gfp), pZep-proU-1 (native proU promoter), pZep-proU-2M 853 

(proU with mutated VirB binding site at -270), pZep-proU-2 (proU with functional 854 

VirB binding site at -270 in the reverse orientation), pZep-proU-3 (proU with 855 

functional VirB binding site at -270 in the forward orientation). The data are the 856 

average of three measurements and the error bars represent the standard deviation. 857 

 858 

FIG. 7. VirB-dependent de-repression of the proU promoter. The model is based on 859 

differential sensitivity of the known trans-binding (i.e. bridging) and cis-binding 860 

(non-bridging) modes of DNA binding exhibited by the H-NS protein to antagonism 861 

by the VirB protein. Full derepression is achieved when the URE and DRE are intact 862 

and the binding site for the VirB protein is located immediately upstream of the URE 863 

(a). This mimics the situation in icsB, a natural target for VirB in S. flexneri. Here, 864 

VirB acts to antagonize DNA-H-NS-VirB bridging. If the URE is truncated (b) the 865 

degree of bridging is reduced, allowing H-NS to adopt a non-bridging binding mode 866 
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over part of the DRE, imposing a partial barrier to full transcriptional derepression. 867 

When the VirB binding site is located between the URE and DRE (c), derepression is 868 

also inefficient. Removal of the URE (d) abrogates bridging by H-NS and the 869 

resulting cis binding mode over the DRE produces a partially effective barrier to proU 870 

derepression. Similarly, displacement of the virB binding site to a position at –270 but 871 

with an H-NS non-binding DNA sequence (yaeT) in place of the URE, also permits 872 

the development of the cis-bound H-NS complex at the DRE that is partially effective 873 

at preventing proU derepression. 874 

 875 
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