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Summary: 23 

 H. pylori is a human gastric pathogen that colonizes ~ 50% of the world’s population. It can 24 

cause gastritis, gastric or duodenal ulcers and also gastric cancer. The numerous side effects of 25 

available treatments and the emergence of antibiotic resistant strains are severe concerns that justify 26 

further research into H. pylori’s pathogenic mechanisms. H. pylori produces secreted proteins which 27 

may play a role in virulence, including the Helicobacter cysteine rich protein HcpE (a.k.a. HP0235). 28 

We demonstrate herein that HcpE is secreted in the culture supernatant both as a soluble protein and in 29 

association with outer membrane vesicles. We show that the structure of HcpE comprises an organized 30 

array of disulfide bonds. We identify DsbK (a.k.a. HP0231) as a folding factor necessary for HcpE 31 

production and secretion in H. pylori and show that recombinant DsbK can interact with and refold 32 

unprocessed, reduced HcpE in vitro. These experiments highlight the first biologically relevant 33 

substrate for DsbK. Furthermore, we show that DsbK has DiSulfide Bond (Dsb) forming activity on 34 

reduced lysozyme and demonstrate a DsbA-type of activity for DsbK upon expression in E. coli, 35 

despite its similarity with DsbG. Finally, we show a role of DsbK in maintaining redox homeostasis in 36 

H. pylori. 37 

 38 

  39 

 40 

41 
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Introduction: 42 

 Helicobacter pylori is a bacterium that chronically infects ~50% of the world population and 43 

causes symptoms ranging from mild gastritis to gastric ulcers and cancers (Uemura et al., 2001; 44 

Watanabe et al., 1998). Prevalence in Canada is ~35% (Goodman et al., 2008) but reaches 95% in 45 

Northern Aboriginal populations (Cheung et al., 2008). Infection is usually contracted at a young age 46 

(Sinha et al., 2004) and can complicate health issues related to poor nutritional conditions, such as the 47 

widespread iron deficiency and anemia seen in First Nations and Inuit communities in Canada 48 

(Christofides et al., 2005; Goodman et al., 2008). H. pylori-mediated chronic gastritis leads to 49 

inflammation and atrophy of the stomach epithelium, which can lead to ulceration. Over 65% of gastric 50 

ulcers are due to H. pylori and peptic ulcers develop in 10% of infected individuals, at an annual cost 51 

estimated by the Center for Disease Control at ~$6 billion in the United States for peptic ulcer disease 52 

alone (www.cdc.gov/ulcer/economic.htm). Likewise, the chronic inflammation induced by the 53 

bacterium is the main trigger of gastric cancers (Rogers et al., 2005; Uemura et al., 2001; Watanabe et 54 

al., 1998). H. pylori is responsible for ~65 and 80% of gastric cancers in developed and developing 55 

countries, respectively (Helicobacter and Cancer Collaborative Group, 2001) and is therefore classified 56 

as a Type I carcinogen (Parkin et al., 2005). The risk of gastric cancer increases ~6-fold after H. pylori 57 

infection (Naumann and Crabtree, 2004), and gastric cancer develops in ~2% of infected patients each 58 

year (Helicobacter and Cancer Collaborative Group, 2001; Kusters et al., 2006; Uemura et al., 2001). 59 

Because of the very high prevalence of H. pylori, this also results in large economic and health 60 

burdens. With about a million new cases yearly worldwide, gastric cancer ranks fourth in prevalence 61 

worldwide. Prognosis for gastric cancer patients is very poor so that gastric cancer is second for the 62 

yearly number of death by cancer worldwide (Ferlay et al., 2010; Forman and Burley, 2006; Parkin et 63 

al., 2005).  64 

 Anti-H. pylori treatments involve at least two antibiotics in high doses and a proton pump 65 

inhibitor. Their numerous side effects lead to poor patient compliance, which contributes to the 66 
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emergence of antibiotic resistance in H. pylori (Albert et al., 2005; Raymond et al., 2010). As a result, 67 

treatment failure rates are high, ranging from 13 to 77% (depending on colonizing strain) in Canadian 68 

Aboriginals (Goodman et al., 2008). This confounds problems of high H. pylori prevalence in these 69 

communities: ~95% versus ~35% nationally (Albert et al., 2005; McMahon et al., 2003; Urgesi et al., 70 

2011). Hence, efficient management of H. pylori infections and novel treatments are paramount to 71 

prevent the development of gastric ulcers and fatal gastric cancer and alleviate co-morbidity issues. 72 

 H. pylori produces an extensive arsenal of virulence factors (reviewed in (Backert and Clyne, 73 

2011; Basso et al., 2010; Yamaoka, 2010)). For example, flagella-mediated motility is essential for 74 

host colonization by H. pylori and flagellum production requires glycosylation of flagellins by 75 

pseudaminic acid (Josenhans et al., 2002; Merkx-Jacques et al., 2004). We have recently revealed that 76 

protein glycosylation extends to proteins other than flagellins and may also affect virulence (Hopf et 77 

al., 2011). The lipopolysaccharide (LPS) and numerous toxins such as VacA and CagA are also 78 

involved in virulence, and their role in elicitation of the tissue inflammation that is typically associated 79 

with long term colonization is better understood (Cheng et al., 2002; O'Connor et al., 2011; Puls et al., 80 

2002; Raju et al., 2012). Despite abundant research regarding its virulence factors, the mechanisms of 81 

pathogenesis of H. pylori are not fully understood and the function of many of its ~ 1,600 proteins is 82 

still unknown (Alm et al., 1999; Tomb et al., 1997). 83 

 Of relevance to this study is the fact that ~23 % of H. pylori proteins are predicted to be secreted 84 

(Tomb et al., 1997) and ~ 6% of those are conserved hypothetical proteins that may play a role for 85 

interactions with the host and for pathogenicity. However little is known about the mechanisms that 86 

govern proper protein folding prior to secretion. This is the case for the Helicobacter Cysteine-rich 87 

Proteins (Hcps), which are found in all H. pylori genomes sequenced to date (Dumrese et al., 2009). 88 

Hcps are also found in related organisms such as Campylobacters and Wolinella succinogenes as 89 

indicated by BLAST searches (www.ncbi.nlm.nih.gov). In H. pylori 26695, the Hcps form a family of 90 

7 proteins that are encoded throughout the genome (Hcp A to G) (Tomb et al., 1997). They share 30-46 91 
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% sequence similarity to one another and share an unusually high cysteine content of 4.9 to 5.8 % 92 

(Table I). They were initially identified as proteins released in H. pylori culture supernatants that were 93 

antigenic when injected in rabbits (Cao et al., 1998). Their specific activity is still up for debate, but 94 

recent data suggest a role in virulence via interactions with immune cells (Deml et al., 2005; Dumrese 95 

et al., 2009; Roschitzki et al., 2011). 96 

 The mechanism of secretion of these proteins outside the bacterial cell is unknown but can be 97 

inferred based on key sequence and structural features of the Hcps. First, the Hcp proteins contain 98 

numerous Sel1-like repeats (SLRs) (Table I) which comprises ~30 amino acids and usually mediate 99 

protein/protein interactions (Grant and Greenwald, 1996). Typically, SLRs adopt a conserved structure 100 

consisting of two antiparallel α-helices maintained in a V shape by interactions between a few 101 

conserved residues (Grant and Greenwald, 1996). Several SLRs stack onto one another to form 102 

solenoid proteins (Mittl and Schneider-Brachert, 2007). This stacking conveys structural stability to 103 

SLR-containing proteins. Interestingly, in Hcps, the helices of each SLR contain a cysteine (Cys), and 104 

crystallography data on HcpB/C have shown that the Cys form disulfide bonds between the two helices 105 

of the SLR motif (Luthy et al., 2002, 2004), leading to their V-shape structure. These disulfide bonds 106 

have been shown to be very important for the stability of HcpB (Devi et al., 2006). Moreover, Hcps 107 

have a signal peptide for Sec secretion into the periplasm. Since Sec secretion involves unfolded 108 

proteins (Natale et al., 2008), Hcps likely fold and form their disulfide bonds in the periplasm before 109 

final secretion outside of the bacterium. The paradigm established for Escherichia coli for the 110 

formation of disulfide bonds in the periplasm is that disulfide bond formation involves an oxidative 111 

pathway to form disulfide bonds de novo, and an isomerization pathway to correct inappropriate bonds 112 

(Heras et al., 2009). In E. coli and in numerous other bacteria, the oxidative and isomerization 113 

pathways involve periplasmic DiSulfide Bond proteins (Dsb), namely DsbA/B for the oxidative 114 

pathway and DsbC/D for the isomerisation pathway (Bardwell et al., 1991; Guilhot et al., 1995; Heras 115 

et al., 2009). A DsbC homologue, DsbG, is present in E. coli but, until recently, no substrate had been 116 
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identified for DsbG (Depuydt et al., 2009; Hiniker and Bardwell, 2004). These observations taken 117 

together suggest that Hcp proteins may interact with periplasmic Dsb proteins to acquire their structure 118 

via formation of correct disulfide bonds between their multiple Cys prior to final secretion to the 119 

outside environment. The formation of disulfide bonds of HcpB has been investigated in E. coli (Devi 120 

and Mittl, 2011), but no data concerning disulfide bond formation of Hcps directly in H. pylori are 121 

available to the best of our knowledge.  122 

 The paradigm described above for Escherichia coli is not conserved in all bacteria (Dutton et al., 123 

2008; Jameson-Lee et al., 2011), including in H. pylori where no DsbA was identified and 4 potential 124 

Dsb proteins were identified: HP0595 as DsbB/DsbI-like, HP0377 as DsbC-like, HP0265 as DsbD-125 

like, and HP0231 as DsbG-like (Kaakoush et al., 2007; Raczko et al., 2005; Tomb et al., 1997). In line 126 

with the fact that Dsb proteins are often involved in bacterial pathogenicity (Heras et al., 2009), 127 

HP0595 and HP0231 are important for gastric colonization in mice (Godlewska et al., 2006; Sabarth et 128 

al., 2002). Recent structural data (Yoon et al., 2011) support our modeling-based prediction of HP0231 129 

as a DsbG homologue, but recent functional data suggest that HP0231 has DsbA-like activity 130 

(Roszczenko et al., 2012). Therefore, further investigations are necessary to clarify the issue. Also, 131 

while activities could be investigated using a variety of model substrates, no physiological substrate has 132 

been identified for any of these H. pylori Dsb-like proteins so far. 133 

 In this work, we focused on HcpE (corresponding to open reading frame HP0235) which is a 134 

conserved hypothetical protein of unknown function exhibiting >94 % sequence identity between the 135 

nine sequenced H. pylori strains available on the NCBI database (http://blast.ncbi.nlm.nih.gov). With 136 

355 amino acids and 19 cysteines, HcpE is the largest member of the Hcp family and contains the 137 

largest number of cysteines. Therefore, Dsb-mediated formation of disulfide bonds can be anticipated 138 

to be essential to its folding. In this manuscript, we demonstrate that HcpE is secreted in culture 139 

supernatants both as a soluble protein and as an outer membrane vesicle-bound form and report on the 140 

modeled structure of HcpE to demonstrate the importance of disulfide bonds for its folding. We 141 
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identified HP0231 (renamed DsbK in this manuscript) as an interacting partner that is able to assist its 142 

solubilization in vitro and that influences its production and secretion in vivo, thereby identifying the 143 

first physiological substrate for DsbK. We further show that DsbK is involved in disulfide bond 144 

formation using surrogate substrates and we show that it behaves more like a DsbA protein than a 145 

DsbG protein when expressed in E. coli. Finally, we show an important role of DsbK in resistance to 146 

oxidoreduction stress in H. pylori. 147 

 148 

Results: 149 

HcpE is secreted in the culture supernatant by various H. pylori strains: HcpE is encoded with a 150 

predicted Sec secretion signal peptide (http://www.expasy.org), which suggests export to the periplasm. 151 

While HcpA and HcpC have been detected in culture supernatants previously ((Bumann et al., 2002; 152 

Cao et al., 1998)), it remained to be demonstrated whether HcpE was also further secreted in the 153 

outside milieu in the absence of cell lysis. To determine if HcpE was secreted by H. pylori 154 

NCTC11637, the bacteria were grown in serum-free broth (Marchini et al., 1995) and the culture 155 

supernatant was ultra-centrifuged, precipitated by trichloroacetic acid and analyzed for HcpE by 156 

Western blotting. Western blotting was performed using a polyclonal serum raised in rabbits against 157 

recombinant HcpE that had been cloned and over-expressed in E. coli as a C-terminally hexahistidine 158 

tagged protein (HcpE-His) and purified by nickel chelation chromatography. An hcpE knockout mutant 159 

was produced by disruption of the hcpE gene by a kanamycin resistance cassette and served as a 160 

negative control for Western blotting purposes. A band migrating at the expected molecular weight of 161 

HcpE (~ 40 kDa) was clearly detected in total cells and in culture supernatants of the wild-type strain 162 

but was absent in the hcpE mutant (Figure 1A). To exclude the possibility that the presence of HcpE in 163 

culture supernatants was due to cell lysis, the amount of urease present in the supernatant was 164 

monitored by phenol red assay (Clyne et al., 1995; Merkx-Jacques et al., 2004). Since urease is 165 

cytoplasmic, its absence from culture supernatants indicates lack of cell lysis. The data show minimal 166 
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urease activity in the supernatants of both the wild-type strain and the hcpE mutant while abundant 167 

urease was present in their cell pellets (Figure 1B). Altogether, these data demonstrate the production 168 

and secretion of HcpE by strain NCTC 111637 grown in serum-free conditions. 169 

 Similar data were obtained for H. pylori strain SS1, a strain of human origin that has been 170 

adapted to mice (Lee et al., 1997): HcpE was also detected in the wild-type pellets and supernatants in 171 

the absence of any cell lysis while no HcpE was detected in the hcpE mutant (Figure 1C and D). 172 

  173 

A portion of HcpE is secreted in association with outer membrane vesicles: Ultracentrifugation of 174 

culture supernatants (after 12,000 x g centrifugation removal of cells and debris) allowed recovery of a 175 

fraction of HcpE in association with membrane fragments as indicated by anti-HcpE Western blot 176 

(Figure 2A). These membrane fragments comprised complete lipopolysaccharides (LPS) with O-177 

antigen as judged by silver staining before and after proteolysis by proteinase K (Figure 2B). 178 

Comparison of the protein profile of these membrane fragments with those of inner and outer 179 

membranes (IM and OM, respectively) suggest that these fragments arise from the OM (Figure 2B and 180 

2C). Indeed, two prominent protein bands of ~ 26 and 32 kDa present in IM are not present in the 181 

HcpE-containing membrane fragments and one prominent band at ~ 14 kDa present in OM is also 182 

present in our HcpE-containing membrane samples (Figure 2C, bands indicated by *). These 183 

membrane fragments also formed readily in the hcpE knockout mutant and their properties appeared 184 

similar to those of the wild-type strain, with the exceptions that they did not comprise HcpE (as 185 

expected) and comprised shorter O-antigens (Figure 2A-C). We therefore tentatively assigned these 186 

membrane fragments to outer membrane vesicles (OMVs) since H. pylori was previously shown to 187 

secrete OMVs (reviewed in (Parker and Keenan, 2012)). OMVs are spherical, bilayered membranous 188 

structures which, in H. pylori, range from 75 to 150 nm in diameter (Mullaney et al., 2009; Parker and 189 

Keenan, 2012). Electron microscopy observation of our samples after uranyl acetate staining confirmed 190 

the presence of bona fide OMVs (Figure 2D).  191 

Page 8 of 65Molecular Microbiology



For Peer Review

 9 

 192 

Modeling of HcpE’s structure predicts formation of nine disulfide bonds to stabilize SLR 193 

domains: The sequence of HcpE contains nine predicted SLR motifs which should collectively 194 

comprise nine disulfide bonds involving 18 cysteine residues (Figure 3) if the structural features 195 

demonstrated by crystallography for HcpB/C (Luthy et al., 2002, 2004) also apply to HcpE. An extra 196 

cysteine residue is present in the signal peptide of HcpE but is anticipated to be removed from the 197 

mature protein after processing of its signal peptide upon secretion through the inner membrane by the 198 

Sec machinery.  199 

 To investigate if the formation of multiple disulfide bonds is also a key feature of HcpE folding, 200 

the structure of HcpE was modeled using the SwissProt modeling software. The best fit was obtained 201 

with the structure of HcpC as a template (Figure 4, panels A, B) (Luthy et al., 2004). In the obtained 202 

model, SLRs 1-3 and 6-9 of HcpE were superimposed to the seven SLRs of HcpC, whereas a stretch of 203 

62 amino acids (amino acids 152 to 213) comprising the two central SLR repeats of HcpE (SLRs 4 and 204 

5) was left misaligned (Figure 4, panel B). The predicted secondary structure elements of this 205 

misaligned stretch of amino acids were for the most part α-helices, as expected if this sequence was 206 

part of genuine SLRs. This suggested that the structure of this portion of the protein might not be 207 

properly modeled using HcpC. Also, the model showed disulfide bonds between Cys residues of SRLs 208 

1-3 and 6-9, as expected, but left the four Cys present in SLRs 4 and 5 in their reduced form, which 209 

was unexpected. It is possible that this inconsistent model reflects the fact that HcpE comprises more 210 

SLRs than HcpC, preventing correct modeling of some of them. 211 

 To resolve this issue, HcpE was re-modeled as two separate but overlapping moieties that each 212 

comprised less SLRs than HcpC, and each comprised SLRs 4 and 5. Specifically, the N-terminal 213 

moiety was modeled using amino acids 1-230, and the C-terminal moiety was modeled with amino 214 

acids 143-355. Using each segment for structure modeling, the structure of SRLs 4 and 5 was properly 215 

modeled onto that of HcpC, with predicted oxidized Cys residues maintaining the two helices of each 216 
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SLR (Figure 4, panel C). The predicted structure of the remainder of the protein remained identical to 217 

that predicted with the full-length sequence, i.e. all expected SRLs modeled as the anticipated V-shape 218 

two-helix structure interconnected via a disulfide bridge. Alignment of both N and C-terminal segments 219 

via their overlapping SLRs using PyMol allowed the production of a reconstituted HcpE model (Figure 220 

4, panel D). In this model, the regular two-helix motif of the SLRs is maintained throughout the 221 

structure of HcpE and gives rise to a super helix with a full 360 degree span. Similar results were 222 

obtained by modeling the structure of other Hcps (Table I, and supplementary Figure S1). 223 

 224 

Structure-based sequence alignment of HcpE validates the 3D model: A structure-based sequence 225 

alignment of the nine SLR motifs produced from the reconstituted HcpE structure provided perfect 226 

alignment of the Cys residues within these motifs, with seven intervening residues between the two Cys 227 

of each SRL motif (Figure 5). Also, this structure-based alignment showed high level of sequence 228 

conservation at positions 3 (K), 4 (A), 7 (Y), 8 (F/Y), 10 (K), 11 (A/G), 12 (C), 21 (C), 24 (L), 25 (G), 229 

28 (Y/F) in HcpE.  Some of these features, including conservation of aligned cysteines interspersed by 230 

seven amino acids, did coincide with the sequence alignment generated from the HcpC structure (Luthy 231 

et al., 2004) (Figure 5), although the boundaries of helices differed slightly between HcpE and HcpC. 232 

This structure-based sequence alignment validated the global accuracy of the modeled structure for 233 

HcpE. 234 

 235 

Identification of HP0231 as folding factor for HcpE by affinity blotting: The facts that the 236 

predicted structure of HcpE described above contains numerous disulfide bonds in a very precise 237 

pattern, that HcpE has a Sec secretion signal to transport it towards the periplasm, and that the Sec 238 

machinery only transports unfolded proteins (Natale et al., 2008) altogether suggest that HcpE might 239 

interact with periplasmic proteins of the Dsb (DiSulfide Bond) family in the periplasm to acquire its 240 

proper structure prior to final secretion. To identify folding factors that interact with the incoming 241 

Page 10 of 65Molecular Microbiology



For Peer Review

 11 

unfolded and reduced HcpE in the periplasm, we used the “affinity blotting of immobilized substrate” 242 

technique. This technique has been used extensively to detect interactions between Type III chaperones 243 

and their cargos (Bennett and Hughes, 2000; Bennett et al., 2001; Fraser et al., 1999; Wattiau et al., 244 

1994). Because the interaction between a folding factor and its substrate involves the unfolded 245 

substrate (i.e HcpE in our case), HcpE was overexpressed in E. coli with an hexa-histidine tag, and 246 

purified HcpE-His was blotted onto a PVDF membrane after SDS-PAGE (which reduces and denatures 247 

it). A matching Coomassie-stained gel (Supplementary Figure S2) was used to ascertain the position of 248 

HcpE on the membrane. Two bands corresponding to HcpE were identified: one was the full-length 249 

HcpE-His (~41 kDa with the His-tag) and the other was a ~30 kDa truncated form of HcpE that arises 250 

spontaneously from degradation of HcpE as ascertained by anti-HcpE Western blotting (Figure S2). 251 

The membrane was incubated with total soluble H. pylori proteins so that the membrane-bound 252 

reduced and denatured HcpE could interact with folding factors from the cell extract, such as Dsb 253 

proteins. The two bands were cut out individually and the interacting partners were identified by mass 254 

spectrometry (MS) after trypsic digestion. The procedure was also conducted on a control H. pylori 255 

protein TsaA expressed with a histidine tag (TsaA-His, migrating at ~27 kDa, Figure S2) and purified 256 

in the same conditions as HcpE-His. TsaA served a dual purpose in this experiment. First, TsaA (also 257 

known as AhpC) is a typical alkyl hydroperoxide reductase involved in peroxide detoxification via 258 

oxidoreduction of its two catalytic cysteines (Poole, 2005). Recycling of AhpCs involves reduction of 259 

their oxidized cysteines by cysteine-containing tripeptide glutathione or by thioredoxin or 260 

glutaredoxins (Prinz et al., 1997). We therefore expected to obtain hits for a variety of factors involved 261 

in thiol oxidoreduction using TsaA, and in this regard TsaA served as a positive control. On the other 262 

hand, TsaA also served as a negative control to eliminate background noise and allow selection of hits 263 

that would be specific for HcpE and would not simply relate to the presence of exposed hydrophobic 264 

domains of the denatured target proteins, to the presence of cysteines or to the presence of a histidine 265 

tag.   266 
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 For each of the full-length and the truncated HcpE proteins and for the TsaA control, several MS 267 

hits were obtained for proteins involved in general metabolism, cell maintenance and protein synthesis, 268 

which may not represent specific interactions but may rather reflect the high abundance of these 269 

proteins (Data not shown). Hits were also obtained for general folding factors such as a peptidyl-prolyl 270 

cis/trans isomerase, the DnaK chaperone and the GroES and GroEL chaperonins (Table II). This may 271 

reflect the fact that these factors bind hydrophobic domains of proteins that are usually buried in the 272 

core of folded proteins and are only exposed in unfolded substrates, as present in our TsaA and HcpE 273 

proteins once they are blotted onto the membrane. While obtaining these hits validated our method as 274 

an adequate tool to detect interactions with folding factors, these folding factors are not specific for 275 

cysteine-containing proteins. We also obtained hits for thioredoxin for all samples (Table II), which 276 

further validated the method to detect interactions for cysteine-containing proteins and their redox 277 

partners. As explained above, the TsaA / thioredoxin interaction was expected based on physiological 278 

processes but the fact that hits for thioredoxin were also obtained with the HcpE samples highlights the 279 

non-specific nature of the interaction beyond the targeting of cysteine-containing proteins. Indeed, 280 

since HcpE is a periplasmic protein and thioredoxins are cytoplasmic proteins, this in vitro interaction 281 

likely simply reflects the high efficiency of thioredoxins in vitro towards all cysteine-containing 282 

proteins (Prinz et al., 1997). Collectively, the lower numbers of hits obtained for the HcpE samples 283 

compared with the TsaA sample reflect the lower abundance of HcpE than TsaA on the membrane. 284 

This was apparent by SDS-PAGE and Coomassie staining (Figure S2) but also by the recovery of less 285 

peptides for the input HcpE (3 peptides only) than for input TsaA (15 peptides). Input HcpE was 286 

actually only identified in the full length HcpE band but not in the truncated HcpE band although the 287 

presence of HcpE had been ascertained by Western blot. Therefore, lower recovery of peptides could 288 

also reflect their different nature and ionization efficiency compared with TsaA-derived peptides. 289 

 Once all non-specific hits were eliminated, a hit specific for HcpE became apparent. This hit 290 

corresponded to open reading frame HP0231 and was obtained with both forms of HcpE (full length 291 
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and truncated) but not with TsaA, suggesting that HP0231 is a specific interacting partner of HcpE 292 

(Table II). The hit was based on a single peptide (MQDNLVSVIEK), affording 4% sequence coverage 293 

with individual peptide scores of 99.6 and 99.1% for full length and truncated HcpE, respectively. 294 

HP0231 corresponds to the DsbG homologue mentioned in the introduction, which we have renamed 295 

DsbK in this manuscript based on the functional data described below. Note that the molecular weight 296 

of DsbK is 29.5 kDa, similar to that of the E. coli DsbG homologue, but it was identified from analysis 297 

of the excised full length HcpE-His band that migrated at ~41 kDa, (in addition to being recovered also 298 

from the truncated HcpE) and can therefore not represent contaminating E. coli DsbG protein carried 299 

forward during HcpE purification. Also, the sequence of the identified peptide is not conserved in E. 300 

coli DsbG but is specific to DsbK. 301 

 This interaction between DsbK and HcpE has never been identified before to the best of our 302 

knowledge. For example, search of the PIMRider protein/protein interaction database 303 

(http://pim.hybrigenics.com/PIMRider/PIMRider-categories/ENTRY-POINTS.html), established based 304 

on yeast two-hybrid screening (Rain et al., 2001) yielded potential interactions of DsbK with 8 305 

proteins, but the scores obtained suggest that the interactions may be non specific, none of these were 306 

confirmed biochemically and none of these encompassed HcpE. This new and specific interaction 307 

highlighted by the affinity blotting method suggests a role of DsbK in assisting the folding of HcpE via 308 

formation of disulfide bonds. This was demonstrated via direct in vitro biochemical assays and via in 309 

vivo assays as described below.  310 

  311 

DsbK is necessary for the production and secretion of HcpE in H. pylori: DsbK was identified as 312 

interacting with reduced and denatured HcpE in vitro, suggesting that HcpE is a potential substrate for 313 

DsbK and that DsbK is an important folding factor for HcpE. However, it is not known whether DsbK 314 

is essential for the production and secretion of HcpE in H. pylori or if other Dsb proteins may fulfill 315 

this role in the absence of DsbK. To test this hypothesis, a knockout mutant was produced by 316 
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disrupting the hp0231 gene (which codes for DsbK) by a kanamycin resistance cassette in strain 317 

NCTC11637. The production and secretion of HcpE in the resulting dsbK mutant was assessed by anti-318 

HcpE Western blotting of various cellular fractions (Figure 6A) and cell lysis was assessed by 319 

measuring the urease activity of these fractions (Figure 6B). In contrast to the wild-type strain, hardly 320 

any HcpE could be detected in total cells (~47 times less as per densitometry of the HcpE signal 321 

normalize to total protein amount loaded on the gel) or in the cytoplasm of the dsbK mutant. The 322 

mutant nevertheless produced small amounts of HcpE which could be detected mainly in periplasm-323 

enriched fraction and to a much lower extent into the OMVs. Indeed, the periplasmic to cytoplasmic 324 

ratio of HcpE (normalized to total protein amounts in each lane) was higher in the mutant (4.8) than in 325 

the wild-type (2.9), and the same trend was observed for the ratio of HcpE present in the periplasm 326 

compared with the OMVs (3.5 in the mutant versus 1.9 in the wild-type). The data indicate that in the 327 

wild-type strain, HcpE is targeted to the periplasm as predicted and that the small amount of HcpE 328 

protein that is produced in the dsbK mutant is still properly targeted towards the periplasm but that its 329 

export in the OMVs is sub-optimal. The very low amount of HcpE observed in OMVs from the dsbK 330 

mutant is likely due to a specific effect of DsbK on HcpE folding prior to secretion as opposed to a 331 

general pleiotropic effect of this mutant that would interfere with OMV formation as indicated by the 332 

normal protein and LPS profiles of the OMV and IM and OM fractions of this mutant (Figure 2). While 333 

production of a pure periplasmic fraction devoid of cytoplasmic proteins could not be achieved under 334 

any of the conditions tested due to premature lysis of spheroplasts, the finding of HcpE in higher 335 

relative abundance in the periplasmic fraction than in the cytoplasmic fraction of the dsbK mutant 336 

indicates that enrichment in periplasmic proteins was efficiently achieved. This is also confirmed by (i) 337 

the higher concentration of HcpE in the periplasmic fraction of the wild-type strain compared with the 338 

cytoplasmic fraction, and (ii) the minimal urease activity measured in the periplasmic fraction 339 

compared with the high activity measured in the cytoplasmic fraction (Figure 6B). As shown by 340 

electron microscopy, the dsbK mutant still produced OMVs (Figure 2D). They exhibited normal LPS 341 
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and protein patterns (Figure 2A, B), but contained much less HcpE than wild-type OMVs (Figure 2A 342 

and 6A). 343 

 Altogether, these data demonstrate a direct biological connection between DsbK and the 344 

production and secretion of HcpE in H. pylori NCTC11637. Similar findings were obtained in strain 345 

SS1 whereby production and secretion of HcpE depended on a functional dsbK gene (Supplementary 346 

Figure S3). 347 

 348 

The interaction between insoluble HcpE and DsbK results in solubilization of HcpE: We showed 349 

above that HcpE interacts with DsbK using affinity blotting of immobilized HcpE and that DsbK is 350 

important for the production and secretion of HcpE in H. pylori. Considering the potential role of DsbK 351 

in disulfide bond formation and the requirement for an organized array of disulfide bonds in the 352 

structure of HcpE, we hypothesized that the interaction between HcpE and DsbK likely results in the 353 

formation of proper disulfide bonds in HcpE to assist its folding in vivo. In vitro, the DsbK-mediated 354 

formation of disulfide bonds in misfolded (and therefore insoluble) HcpE is anticipated to result in its 355 

solubilization. 356 

 Like its HcpA and HcpC counterpart, HcpE tends to be expressed in E. coli in an insoluble form 357 

at 37oC (Luthy et al., 2004; Mittl et al., 2000) (Figure 7). Induction at lower temperatiure did not 358 

increase solubility. However, co-expression of HcpE and DsbK together from the same vector (but 359 

nevertheless as independent proteins) resulted in enhanced production of soluble HcpE when induction 360 

was performed at low temperature (Figure 7). This indicates that the endogenous E. coli Dsb proteins 361 

are not able to assist the folding of HcpE. 362 

 The insoluble HcpE fraction recovered after elimination of soluble proteins by centrifugation 363 

comprised the typical ~41 and 30 kDa bands (on 12% SDS-PAGE gels) corresponding to HcpE (full 364 

length and C-terminal truncation as described above) as indicated by reactivity with anti-HcpE 365 

antibodies. Using more resolutive 16% SDS-PAGE gels the ~41 kDa band could be resolved further in 366 
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two bands that both reacted with the anti-HcpE antibodies (Figure 8). The observed size difference of ~ 367 

3 kDa suggests that the fastest migrating band corresponded to processed (i.e. mature) HcpE whose 368 

signal peptide of 2.7 kDa had been removed, while the band of slightly higher molecular weight 369 

corresponded to un-processed HcpE that still had its signal peptide. Since signal peptide removal only 370 

occurs upon entry in the periplasm, this latter band corresponds to HcpE that has never exited the 371 

cytoplasm and has not been exposed to the oxidative environment of the periplasm or to any Dsb 372 

protein. It is therefore a prime substrate for DsbK-mediated disulfide bond formation. The insoluble 373 

protein suspension was incubated with increasing concentrations of DsbK that had been over-expressed 374 

in E. coli with a Flag tag (~ 31 kDa total size) and enriched by anion exchange chromatography. 375 

Control experiments were performed with anion exchange fractions eluting at the same salt 376 

concentrations as DsbK but that were obtained from E. coli (of the same background) that did not 377 

express DsbK. At the end of the incubation period, the reaction was spun down to pellet the remaining 378 

insoluble HcpE, and the reaction supernatant potentially containing solubilized HcpE was analyzed by 379 

anti-HcpE Western blotting. We observed that recovery of un-processed HcpE occurred exclusively in 380 

the presence of DsbK and that addition of increasing amounts of DsbK allowed its recovery in 381 

increasing amounts. In addition to being dose-dependent, the effect of DsbK was time-dependent, as 382 

full recovery of un-processed HcpE in the soluble fraction could be obtained with a lower dose of 383 

DsbK if the incubation lasted longer. In contrast, the vast majority of processed HcpE present in the 384 

input sample was recovered in the supernatant even in the absence of DsbK and addition of DsbK to 385 

the reaction did not have any effect on recovery of processed HcpE (Figure 8). This indicates that its 386 

prior passage in the periplasm and/or the removal of the signal peptide (which removes 1 cysteine that 387 

could otherwise interfere with formation of the organized array of disulfides needed in mature HcpE) is 388 

sufficient for this protein to continue folding on its own in the redox buffer conditions used in this 389 

assay. Overall, these data demonstrate that the interaction between DsbK and un-processed and 390 

unfolded HcpE results in HcpE solubilization. 391 
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 392 

DsbK has Dsb activity: The experiments above highlight HcpE as a substrate for DsbK and strongly 393 

suggest a role for DsbK in assisting disulfide bond formation in HcpE prior to secretion. This is 394 

consistent with the fact that DsbK is a putative DsbG protein potentially involved in the isomerization 395 

of non native disulfide bonds but its precise biochemical function (role in disulfide bond formation and 396 

DsbG vs DsbA type of activity) is still up for debate (Roszczenko et al., 2012; Yoon et al., 2011). 397 

DsbK has a predicted Sec signal peptide (Kim et al., 2002) that should support its transfer into the 398 

periplasm where it could carry out its Dsb function. However, DsbK is also secreted (Kim et al., 2002) 399 

and is a strong antigen (Haas et al., 2002), which is not expected for a genuine Dsb protein. Therefore 400 

we investigated if DsbK has Dsb activity using lysozyme as a substrate. We resorted to using this 401 

surrogate substrate since the natural substrate of DsbK, HcpE, has no known enzymatic activity that 402 

could provide a read out for DsbK activity. In contrast, lysozyme hydrolyses peptidoglycan readily and 403 

its folding and stability rely on four disulfide bonds (Eyles et al., 1994; Harata, 1994), which in turn 404 

influences its catalytic efficiency. Therefore, inactive denatured and reduced lysozyme was incubated 405 

with recombinant DsbK and regeneration of active lysozyme via the Dsb activity of DsbK was 406 

monitored spectrophotometrically (OD650nm) by recording the ability of lysozyme to lyse micrococcus 407 

cells as described previously (Puig and Gilbert, 1994). Control experiments were performed with E. 408 

coli DsbG and DsbA proteins which, like DsbK had been overexpressed in E. coli with a hexahistidine 409 

tag and were purified to homogeneity by nickel affinity chromatography. 410 

 As shown on Figure 9, in the absence of lysozyme, the micrococcus cells aggregated slightly, 411 

which led to a slight increase in OD650nm. When denatured and reduced lysozyme was added in the 412 

absence of any Dsb protein, a slow and rather linear decrease of OD650nm was observed (Figure 9, all 413 

panels). This indicated low levels of micrococcus lysis which were probably due to spontaneous 414 

refolding of the lysozyme. However, when the denatured and reduced lysozyme had been incubated 415 

with either DsbG (Panel A), DsbA (panel B), or DsbK (Panel C), faster and enhanced lysis of 416 
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micrococcus cells was observed, with an exponential shape indicative of enzymatic reaction. This 417 

indicated that, like DsbA and DsbG, DsbK could assist the regeneration of essential disulfide bonds in 418 

lysozyme and therefore has Dsb activity. 419 

 In this assay, the efficiency of refolding depends on the original oxidation status of the enzyme 420 

preparation used and requires optimization of the ratio of oxidized and reduced glutathione to provide 421 

the proper redox balance to support regeneration of the Dsb protein tested. The data presented above 422 

were obtained using common conditions to provide a direct comparison of the three proteins (DsbK, 423 

DsbG and DsbA). They show a general role of DsbK in disulfide bond formation but yield an overall 424 

weak activity for the three proteins compared with the rather high level of spontaneous refolding. 425 

Further optimization of the assay conditions for DsbK reduced the amount of spontaneous refolding 426 

while allowing for very efficient lysozyme refolding upon addition of DsbK, with lytic activity levels 427 

very close to those observed with native lysozyme (Panel D). In conclusion, this assay establishes that 428 

DsbK has Dsb activity but does not allow discrimination between a DsbA- and a DsbG- type of 429 

activity. 430 

 431 

DsbK behaves like DsbA when over-expressed in E. coli under optimal growth conditions: We 432 

surmised that over-expressing an oxidase like DsbA should enhance the oxidative nature of the 433 

periplasm and enhance the proportion of misfolded proteins via incorrect disulfide bridge formation 434 

that endogenous levels of isomerases may not be able to cope with. This would likely impair bacterial 435 

growth. In contrast, over-expressing an isomerase like DsbG would have little or no impact. Therefore, 436 

to discriminate between a DsbA- or DsbG-type of activity for DsbK, we investigated the effect of over-437 

expressing DsbK or control DsbA and DsbG proteins in E. coli.  All three proteins were cloned with a 438 

C-terminal His tag for over-expression (independently) in E. coli BL21(DE3)pLys.  All strains grew 439 

equally well in the absence of induction as seen by spot plating serial dilutions of all cultures (Figure 440 
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10A, no induction and no DTT panel).  After induction by IPTG for 3 h, all proteins were expressed at 441 

levels detectable both by Ponceau S red staining and anti-Histidine tag Western blotting (Figure 10C).  442 

 A preliminary experiment performed by spot plating the pre-induced cultures on agar containing 443 

IPTG indicated high toxicity of continuous expression of all proteins (Figure S4). Therefore, all further 444 

experiments were conducted by spot-platting the pre-induced cultures on agar devoid of IPTG (pre-445 

induction only). In that case, a toxic effect was still observed for DsbK and DsbA but not for DsbG or 446 

for an irrelevant control protein (GmD, expressed at very low levels) (Figure 10A). Anti-His Western 447 

blot analysis of the cells recovered from the plates after 16h incubation indicated that protein 448 

expression had ceased (as expected because of the lack of IPTG) and that all pre-induced proteins had 449 

been turned over as no traces of DsbA, DsbG or DsbK could be detected (Figure S5A and B). This 450 

indicates that the toxic effect observed for DsbA and DsbK was mediated by the proteins produced 451 

during the pre-induction stage and that only cells that did not express the proteins or had eliminated 452 

them could survive. Overall DsbK and DsbA behaved similarly in this assay, having a strong toxic 453 

effect while DsbG did not. 454 

 455 

The DsbA-like behavior of DsbK in E. coli is exacerbated under reductive stress: Because E. coli 456 

dsbA mutants are sensitive to dithiothreitol (DTT) (Bardwell et al., 1991; Kamitani et al., 1992; 457 

Roszczenko et al., 2012), the oxidase DsbA is anticipated to be necessary to form disulfide bonds 458 

during reductive stress. In such context, few spontaneous bonds would form, and the activity of bond-459 

correcting DsbG would not be important. Hence, investigating the effect of DsbK on the ability of E. 460 

coli to cope with reductive stress should further discriminate between DsbA or DsbG activity for DsbK. 461 

 The cultures from above were therefore also spot-plated on agar containing DTT.  No bacteria 462 

could be recovered for any of the non-induced strains in the presence of 10 mM DTT but lower 463 

concentrations of 5 and 7.5 mM had no noticeable effects (Figure 10A), suggesting that endogenous 464 

Dsb proteins allow the bacteria to cope with these lower concentrations of DTT. Unexpectedly, pre-465 
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expressing DsbA or DsbK not only did not protect against DTT at any of the concentrations tested but 466 

actually severely inhibited bacterial growth so that the toxic effect of pre-expression was exacerbated 467 

compared with the “no DTT” control and hardly any cells were recovered. In contrast, only a minor 468 

deleterious effect of DTT was observed on DsbG-expressing cells: fewer cells were recovered on DTT-469 

containing plates than on “no DTT” plates but the decrease was similar to that observed with the 470 

control protein that was expressed at very low level. The reason why the presence of DsbA or DsbK is 471 

more toxic in the presence of DTT than in normal redox conditions is unclear at this stage but this 472 

assay nevertheless demonstrates a DsbA-like behavior of DsbK, distinct from the DsbG behavior.  473 

 474 

The DsbA-like toxic effect of DsbK in E. coli is bacteriostatic: Similar results were obtained when 475 

the expression assays were performed in broth with continuous spectrophotometric monitoring of 476 

growth. The energetic cost of protein expression combined with the toxic effects highlighted in the 477 

plate assay resulted in a longer lag phase for pre-induced cultures but the same culture density was 478 

reached at stationary phase for all strains and the growth rate was the same as in the absence of pre-479 

induction (Figure 10B). The lengthening of the lag phase was of lower extent for DsbG (~1h) 480 

compared with DsbA (4h) and DsbK (3h) although all proteins were initially expressed at similar levels 481 

in the cells used as inoculum for the growth curves (Figure S5C). All pre-induced proteins had been 482 

eliminated 6h after inoculation (Figure S5D), which likely explains that all strains grew at the same 483 

rates afterwards. 484 

 Addition of DTT to the growth media further lengthened the lag phase in all strains (pre-induced or 485 

not) and decreased the cell density reached in stationary phase compared with the “no DTT” control. 486 

Comparison of the lag phase length for each strain with or without pre-induction under the same DTT 487 

concentration also discriminates between DsbG- and DsbA-types of activities for DsbK, with hardly 488 

any extra deleterious effect upon DsbG expression while expression of DsbA or DsbK greatly 489 

lengthened the lag phase. All pre-induced proteins had been eliminated in the cells tested after 490 

Page 20 of 65Molecular Microbiology



For Peer Review

 21 

exponential growth in the presence of DTT (Figure S5E) which likely allowed all cultures to reach the 491 

same optical density. 492 

 Overall, the two types of DTT-exposure assays (plate- and broth-based) support a DsbA-like 493 

behavior of DsbK when expressed in E. coli rather than a DsbG-like activity. Furthermore, the broth-494 

based assay indicates that the DsbA and DsbK toxic effects are bacteriostatic rather than bactericidal. 495 

 496 

Inactivation of dsbK increases sensitivity of H. pylori to atmospheric oxygen and impairs 497 

resistance to oxido-reductive stress: Beyond its role in HcpE secretion, the physiological role of 498 

DsbK for H. pylori is unknown. DsbK is not necessary for survival under the microaerobic conditions 499 

used to obtain the dsbK knockout mutant and is also not necessary for microaerobic growth in broth 500 

since similar optical densities were attained for the dsbK mutant and the wild-type strain (Figure 11A). 501 

However, spot plating of these cultures for cfu determination revealed a statistically significant ~0.5 to 502 

1 log reduction of viability for the dsbK mutant (Figure 11B). This likely represents an enhanced 503 

sensitivity of the mutant to atmospheric oxygen that the cells were exposed to (for ~ 30 min) during 504 

spot plating. Longer exposure (tested up to 1h30) did not decrease viability further, indicating that 505 

compensatory mechanisms may be triggered to handle the oxidative stress. Alternatively, this may 506 

indicate that the viability of the dsbK mutant had already decreased during microaerobic growth before 507 

spot-plating. 508 

 The exacerbated sensitivity of the dsbK mutant to oxidative stress was further demonstrated by 509 

exposing the wild-type and dsbK mutant to various concentrations of H2O2 for 30 min (under 510 

microaerobic conditions) before spot plating (Figure 11C, lower panels, quantitation Figure 11E). 511 

Hardly any growth was observed for the dsbK mutant upon exposure to 100 mM H2O2 and growth was 512 

totally suppressed with 125 mM H2O2, while wild-type bacteria were readily recovered. We also tested 513 

any effect on resistance to reductive stress by spot plating the different strains on plates containing 514 

DTT (Figure 11C, upper panels, quantitation Figure 11E). While none of the strains was sensitive to 515 
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DTT up to 8 mM, all exhibited sensitivity to 12 mM DTT, with much enhanced sensitivity of the dsbK 516 

mutant compared with the wild-type strain.  All effects described were specific for dsbK as none were 517 

seen for the hcpE mutant with DTT and only very small effects were seen with H2O2. The effects of 518 

H2O2 and DTT on the dsbK mutant could be complemented in trans by chromosomal integration of a 519 

functional dsbK gene (Figure 11D, quantitation Figure 11E). 520 

  Overall, these data show that, despite the presence of other Dsb homologues in H. pylori, DsbK 521 

fulfills at least two important functions in H. pylori: it controls the secretion of proteins (including 522 

HcpE) under optimal microaerobic conditions and also controls bacterial viability via its role in 523 

maintaining redox homeostasis against exposure to environmental redox factors. 524 

 525 

Discussion:  526 

Specific activity and function of DsbK: The mechanism of disulfide bond formation in H. pylori is 527 

still poorly understood and two recent studies on DsbK have yielded contradictory results (Roszczenko 528 

et al., 2012; Yoon et al., 2011). This mirrors the difficulties encountered to elucidate the activity of the 529 

E. coli DsbG (Andersen et al., 1997; Bessette et al., 1999; Depuydt et al., 2009; Missiakas et al., 1993; 530 

Shao et al., 2000; van Straaten et al., 1998). Our work provides functional evidence that DsbK has Dsb 531 

activity on a surrogate substrate, and suggests a DsbA-like activity (oxidase) rather than a DsbG-like 532 

activity (isomerase) when expressed in E. coli.  Although our finding of DsbA-type activity for DsbK 533 

was unexpected in view of its homologies to E. coli DsbG (Yoon et al., 2011), it is in agreement with 534 

functional data obtained using insulin as a substrate (Roszczenko et al., 2012). 535 

 Our E. coli-based DTT sensitivity assays relied on the premise that an oxidase (DsbA type) would 536 

be more important under reducing stress than an isomerase (DsbG type), so that expression of DsbA 537 

was anticipated to provide relief against DTT stress while expression of DsbG would have little to no 538 

effect. Accordingly, no toxicity or benefit of overexpression of DsbG was observed in the presence or 539 

absence of DTT, but unexpectedly, expression of DsbA or DsbK was toxic in two types of assays under 540 
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various concentrations of reducing agent. While we can not explain this toxicity at this stage, both 541 

assays clearly distinguish between a DsbA versus DsbG activity for DsbK in E. coli. 542 

 The behavior differences between the H. pylori dsbK mutant and the E. coli dsbG mutant also 543 

suggest that DsbK and DsbG may not have the same activity and biological role. Indeed, the E. coli 544 

dsbG mutation is conditionally lethal, and mutants can not be recovered unless an oxidant or cystine is 545 

added to the growth medium (Andersen et al., 1997). In contrast, we and others could readily obtain the 546 

dsbK knockout mutant in a variety of H. pylori strains in the absence of any additives (this study for 547 

strains SS1 and NCTC 11167, and (Roszczenko et al., 2012) for strain N6), and the bacteria were 548 

grown under microaerobic (i.e. less oxidative) conditions. We demonstrated that this mutant was 549 

sensitive to oxidative stress, clearly highlighting physiological differences in the role of H. pylori DsbK 550 

and E. coli DsbG. To our surprise, the sensitivity to oxidative stress could not be alleviated by adding a 551 

reducing agent to the medium as the mutant also showed sensitivity to DTT. These data indicate that 552 

DsbK is likely involved in both the isomerisation and the oxidative pathways in H. pylori, thereby 553 

fulfilling both DsbA and DsbG activities. This reconciles the biochemical and structural data 554 

supportive of DsbG activity with its DsbA-like behavior in E. coli. 555 

 Furthermore, most HcpE produced in E. coli was insoluble, no matter what host (BL21(DE3), 556 

BL21(DE3)pLys, ER2526), expression media or temperature are used. Only co-expression of HcpE 557 

with DsbK increased the yield of soluble HcpE (Figure 7). Beyond further supporting the role of DsbK 558 

in the folding of HcpE, this also points out that despite homologies to DsbG and despite a DsbA-like 559 

behavior, DsbK has features not exhibited by endogenous E. coli DsbG or DsbA which fail at 560 

processing HcpE efficiently. This could also suggest that the complement of endogenous E. coli Dsb 561 

proteins is not sufficient to handle the large amount of HcpE produced upon over-expression. 562 

 563 

Biological linkage between HcpE and DsbK: This work is the first to identify a biological substrate 564 

for DsbK. To date, only surrogate substrates have been used to demonstrate the activity of DsbG 565 
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proteins (Andersen et al., 1997; Roszczenko et al., 2012; Shao et al., 2000). Even in E. coli, methods 566 

that identified substrates for other Dsb proteins failed at identifying DsbG substrates (Depuydt et al., 567 

2009; Hiniker and Bardwell, 2004). Recently, a DsbG CXXA mutant was used to trap periplasmic L,D-568 

transpeptidases as DsbG substrates, although each only contains a single cysteine and thus does not 569 

require disulfide bond formation (Depuydt et al., 2009). In H. pylori, two hybrid assays did not identify 570 

bona fide interacting partners for DsbK (Rain et al., 2001) and in vitro activity of DsbK on HP0518 571 

was demonstrated based on the premise that HP0518 contains the same L,D-transpeptidase domain as 572 

found in E. coli DsbG substrates, but no biological linkage between HP0518 and DsbK was established 573 

(Yoon et al., 2011). Therefore, the DsbK /HcpE interaction described in this work that was ascertained 574 

by affinity blotting, direct biochemical data and knockout mutagenesis is the first discovery of a 575 

biologically relevant substrate for DsbK. This is reinforced by the facts that (i) DsbK (a.k.a. HP0231) is 576 

encoded in proximity to HcpE (a.k.a. HP0235) on the bacterial chromosome, although both are 577 

encoded on divergent DNA strands, and (ii) that there is a feedback regulatory loop whereby the total 578 

amount of HcpE produced is drastically reduced in the dsbK knockout mutant, which could occur at the 579 

transcriptional level or by enhanced degradation of misfolded HcpE. Our data do not exclude that other 580 

proteins such as other Hcp proteins could also serve as substrate for DsbK. 581 

 582 

DsbK -assisted folding of HcpE may also be important for its OMV-mediated secretion: A portion 583 

of HcpE is secreted via OMVs in a DsbK-dependent manner. The formation of OMVs by H. pylori is 584 

well documented with functional implications for biofilm formation, activation of phagocytic and 585 

gastric cells, and potential delivery of toxins to gastric cells (reviewed in (Parker and Keenan, 2012)). 586 

Two proteomics studies investigated the general protein composition of OMVs, reporting the presence 587 

of HcpC, D, E, F and G, although not all proteins were actually identified as Hcps (Mullaney et al., 588 

2009; Olofsson et al., 2010). The functional significance of this OMV-mediated secretion of HcpE will 589 

be investigated as soon as the biological activity of HcpE has been elucidated. 590 
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 The dsbK mutant OMVs appeared similar to wild-type OMVs by electron microscopy and by its 591 

total protein composition, except for its lower HcpE content. We can not exclude that the export of 592 

other Hcps to the OMVs is also affected but could not check this for lack of appropriate antibodies. The 593 

data suggest that DsbK-assisted folding of HcpE is important for OMV-mediated secretion of HcpE. 594 

Beyond testing the (unknown) biological activity of these HcpE-containing OMVs, there is no way to 595 

establish that the enclosed HcpE is actually folded. 596 

 Finally, we noted association of urease with the OMVs by measuring urease activity (Figure 6). 597 

Whether urease is released extracellularly via cell lysis or active secretion is controversial (Marcus and 598 

Scott, 2001; Vanet and Labigne, 1998) and conflicting data were reported as to the presence of urease 599 

within OMVs or as contaminants of OMVs (Mullaney et al., 2009; Olofsson et al., 2010; Parker and 600 

Keenan, 2012). The urease activity measured could stem from urease oligomers co-pelleted with the 601 

OMVs upon ultracentrifugation, notwithstanding the original mode of release of urease, since EM 602 

revealed structures reminiscent of urease doughnut-like oligomers (Austin et al., 1991; Hawtin et al., 603 

1990) interspersed with the OMVs. Thus, low levels of lysis not detected in bulk supernatant could be 604 

detected in OMV fractions after concentration of urease by oligomerisation and ultracentrifugation. 605 

 606 

Implications for the DsbK /HcpE interaction and mechanism of action of DsbK: Our refolding 607 

studies indicated that un-processed HcpE (i.e. with signal peptide) was a substrate for DsbK while the 608 

processed form was not and could fold by itself in the assay conditions. This indicates that its prior 609 

passage in the periplasm and concomitant removal of its signal peptide are beneficial to initiate folding. 610 

The signal peptide comprises a cysteine that can potentially shift the pattern of disulfide bond 611 

formation (signal peptide to SLR1, SLR1 to SLR2 etc instead of intra-SLR bonds) if folding occurs 612 

spontaneously. Our data suggest that assistance from DsbK may restore the proper pattern of disulfide 613 

bonds in the presence of this extra Cys residue, and/or that DsbK initiates the oxidation step that failed 614 

to occur for the un-processed HcpE that was only exposed to the relatively reducing cytoplasm. 615 
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 This work does not exclude that additional folding factors may be important for a productive 616 

HcpE / DsbK interaction. Our disulfide bond forming assay ensures regeneration of the redox status of 617 

DsbK by addition of redox compounds. In vivo, interaction with a second Dsb protein such as DsbI 618 

(Roszczenko et al., 2012) likely fulfills this role. DsbI was not identified in our affinity assay likely 619 

because we used soluble extracts while DsbI is membrane-bound, a feature necessary to benefit from 620 

the membrane electron transport chain. Lacking DsbI in our system may have prevented regeneration 621 

of DsbK, thereby locking it onto its substrate and allowing its permanent capture. 622 

 623 

 Overall, this work provides novel insights into disulfide bond formation in H. pylori, and 624 

specifically about the role of DsbK in H. pylori’s physiology. It provides biochemical functional data 625 

for DsbK showing a DsbA-type of activity and mutagenesis data showing both DsbA- and DsbG-types 626 

of activity in H. pylori. This work also identifies the first endogenous substrate for DsbK as a member 627 

of the Hcp family that is likely linked to bacterial pathogenesis. Further efforts are now underway to 628 

determine the specific role of DsbK in bacterial virulence, to identify potential additional substrates and 629 

exploit DsbK and disulfide bond formation for the development of new therapeutics against H. pylori.  630 

 631 

Experimental procedures: 632 

Bacterial strains and growth conditions: H. pylori NCTC11637, SS1 or 26695 cells were grown 633 

under microaerobic conditions of 5% O2, 10% CO2, and 85% N2 for 48 hours on Brain Heart Infusion / 634 

yeast extract (BHI-YE) or Brucella agar plates containing 10% fetal bovine serum or on Columbia agar 635 

plates containing 10% blood. All plates were supplemented with 0.05 µg/ml sodium pyruvate and 636 

background antibiotics: trimethoprim (5 µg/ml), vancomycin (10 µg/ml), and amphotericin B (5 637 

µg/ml). The media was further supplemented with kanamycin (5 µg/ml) to select for the hcpE::kan and 638 

hp0231::kan knockout mutants and chloramphenicol (8 µg/ml) to select for the complemented strain. 639 

Unless stated otherwise, growth of E. coli was done at 37˚C, in Luria-Bertani media supplemented with 640 
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chloramphenicol (34 µg/mL), kanamycin (30 µg/ml), or ampicillin (100 µg/ml) as required for 641 

selection of expression plasmids. 642 

 643 

Cloning of hcpE, hp0231, tsaA and gmd genes into the pET system: All primers used in this work 644 

are listed in Table III. All standard molecular techniques were as described in (Sambrook et al., 1989). 645 

All H. pylori genes were PCR amplified from chromosomal DNA of H. pylori strain NCTC11637 646 

unless otherwise stated. The tsaA gene was amplified with primers HP1563P7 and HP1563P2. The 647 

PCR product was digested with AfIII and BamHI and cloned into the pET23 derivative (Newton and 648 

Mangroo, 1999) with an N-terminal histidine tag yielding pET23-His-TsaA. The hp0235 gene coding 649 

for HcpE was amplified with primers HP0235P1 and HP0235P2. The PCR product was cloned into the 650 

BamHI/EcoRI sites of pUC18 to create pUC18-hp0235. The hp0235 gene was PCR amplified from 651 

pUC18-hp0235 using primers HP0235P8 and HP0235P9 and was sub-cloned into the NotI and NdeI 652 

sites of the pET30a plasmid (Novagen) to create pET30a-HcpE-His that codes for C-terminally 653 

histidine tagged HcpE. The hp0231 gene was amplified with primers HP0231P1 and HP0231P2. The 654 

PCR product and the pET30a vector were cut with NdeI and BamHI and ligated together to yield 655 

pET30a-HP0231-Flag that codes for C-terminally flag tagged DsbK. The cj1319 gene (coding for 656 

GmD) was amplified from Campylobacter jejuni strain NCTC11168 using primers Cj1319P9 and 657 

Cj1319P10 and cloned into the NdeI and XhoI sites of the pET30a vector to yield pET30a-GmD-His. 658 

All constructs were transformed into E. coli DH5α cells with selection with ampicillin or kanamycin 659 

when appropriate. Positive transformants were verified by restriction enzyme digestion and DNA 660 

sequencing (Robarts Research Institute at the University of Western Ontario). 661 

 662 

Construction of a duet vector co-expressing DsbK-Flag and HcpE-His: To subclone HcpE-His into 663 

the pET30-HP0231-Flag construct generated above, HcpE-His was PCR-amplified from pET30a-664 

HcpE-His with primers T7ProX and CtermHis (Table III) which carry XbaI and BamHI sites, 665 
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respectively. The pET30a-HP0231-Flag construct was cut with NheI and BamHI and was ligated with 666 

the cut HcpE-His PCR product to yield pET30a-HP0231-Flag-HcpE-His. In this construct, both 667 

proteins are co-expressed from the T7 promoter as independent translational units. This construct was 668 

used to enhance expression of soluble HcpE-His in E. coli BL21(DE3)pLys. 669 

 670 

Cloning HP0231-Flag-His in the pET vector: A cleavable C-terminal histidine tag was introduced 671 

downstream of the Flag tag in the pET30a-HP0231-Flag construct to allow expression of DsbK-Flag-672 

His. For this purpose, inverse PCR was conducted on the pET30a-HP0231-Flag construct described 673 

above using primer HP0231P3 and HP0231P4. Primer HP0231P4 primed in the C-terminal histidine-674 

tag coding DNA of the pET30 vector while primer HP0231P3 primed in the FlaG tag and introduced a 675 

TEV protease cleavage site (ENLYFQS, (Kapust et al., 2001)) and a small linker (GS) between the 676 

Flag tag and the His tag on the final construct. Both primers had a 5’ BamHI site. The PCR product 677 

was cut with BamHI before ligation with T4 ligase. 678 

 679 

Construction of E. coli DsbA- and DsbG-Flag-His expression clones: The E. coli dsbA and dsbG 680 

genes were PCR amplified from strain DH5α using primers DsbAEcP1/P2 and DsbGEcP1/P2, 681 

respectively. The PCR products were cut with NdeI and BamHI and were ligated with the gel-purified 682 

vector portion of the NdeI and BamHI cut pET30a-HP0231-Flag-His. This yielded pET30a-DsbA-683 

Flag-His and pET30a-DsbG-Flag-His. 684 

Over-expression, and purification of soluble proteins using nickel chelation chromatography: 685 

Protein expression was done in E. coli BL21(DE3)pLysS (Novagen). The cultures were grown at 37˚C 686 

in 1l of LB until they reached an OD600nm of 0.6. For optimal expression of HcpE, cultures were 687 

equilibrated to room temperature for 1 hr before induction with 0.15 mM Isopropyl β-D-1-688 

thiogalactopyranoside (IPTG) over night at room temparature. For all others, induction was carried at 689 
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37oC for 3 h. The cells were harvested by centrifugation at 2,057 g for 30 minutes at 4˚C and stored at -690 

20˚C until needed. For purification of the over-expressed proteins the cell pellet was re-suspended in 30 691 

ml cold binding buffer (5 mM imidazole, 0.5 M NaCl, 20 mM Tris pH 8.3) supplemented with 1 ml of 692 

1M protease inhibitor cocktail (PIC; Invitrogen). The cells were lysed by mechanical disruption (4 693 

passages through French press at 15,000 psi in the presence of 150 µg/ml lysozyme or 2 passages in 694 

cell disruptor (Constant Systems LTD IS6/40/BA/AA model) at 25,000 psi, no lysozyme added). Cell 695 

debris and insoluble proteins were removed by centrifugation at 12,000 g for 30 minutes at 4˚C, and 696 

membranes were removed by ultracentrifugation (Beckman) at 100,000 g for 1 hr. The supernatant was 697 

filtered through 0.8 µm and 0.45 µm pore size filters (Millipore Millex-HV) and used for protein 698 

purification. The histidine-tagged proteins were purified using a POROS 1.6 mL column (Applied 699 

Biosciences) as described before (Butty et al., 2009). The pH of all buffers was adjusted to pH 8.3 for 700 

HcpE and TsaA, and pH 7.5 for DsbK and E. coli DsbG and DsbA. Fractions containing pure proteins 701 

were dialyzed overnight in 50 mM ammonium bicarbonate buffer pH 8.3 or 7.5 as appropriate using a 702 

molecular weight cutoff of 3.5 kDa. Protein concentrations were determined by Bradford assay 703 

(Biorad). The fractions were stored in the presence of 25% glycerol at -20oC. 704 

 705 

Expression and enrichment of DsbK-Flag by anion exchange chromatography: DsbK-Flag (no his 706 

tag) was over-expressed from the pET30a-HP0231-Flag construct in BL21(DE3)pLys cells via 707 

induction with 0.1 mM IPTG at 37˚C O/N. Cells from 1 l of culture were re-suspended in 30 ml of 708 

protein loading buffer (20 mM Tris pH 7.5, 0.5 mM NaCl) containing lysozyme at 150 µg/ml. They 709 

were processed as described above and the soluble proteins were separated by anion exchange 710 

chromatography using a 1.04 ml AcroSepTM Q Ceramic HyperD F column (PALL Life Sciences). 711 

Bound proteins were eluted using a NaCl concentration gradient (from 50 mM to 0.5 M) in 20 mM Tris 712 

pH 7.5 buffer. Fractions were analyzed via SDS-PAGE and Western blotting with anti-Flag primary 713 
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antibody and goat-anti-mouse secondary antibodies. The protein concentration was determined by 714 

Bradford assay (Biorad). 715 

 716 

Construction of the H. pylori hcpE and dsbK knockout mutants: Inverse PCR amplification of 717 

hp0235 from pUC18-hp0235 was performed with primers HP0235P4 and HP0235P5 (Table III) using 718 

Expand Long-Range template polymerase (Roche). The kanamycin cassette was inverse amplified 719 

from the pHel3 vector (Heuermann and Haas, 1998) using Aph3P1 and Aph3P2. After digestion with 720 

ClaI and BglII, the PCR products were ligated together to create plasmid php0235::kan. The hp0231 721 

gene was sub-cloned from the pET-HP0231-Flag construct into the BamHI and EcoRI sites of pUC18 722 

by amplification with primers HP0231P5 and HP0231P2. Inverse PCR was then performed with 723 

primers HP0231P6 and HP0231P7 which introduce ClaI and KpnI sites. The kanamycin resistance 724 

cassette was amplified from pHel3 with Aph3P2 and Aph3P4 and both products were cut with ClaI and 725 

KpnI and ligated together to produce pUC-hp0231::kan. The plasmids were transformed into E. coli 726 

DH5α cells with selection on ampicillin and kanamycin. To generate the H. pylori knockout mutants, 727 

the constructs were transformed into H. pylori NCTC11637 or SS1 following previously described 728 

procedures (Hopf et al., 2011; Merkx-Jacques et al., 2004). The mutants were selected with 4 µg/ml 729 

kanamycin. Transformants were analyzed for proper gene integration by PCR using genomic DNA 730 

isolated with the InstaGene Matrix (BioRad). The primer pairs used were HP0235P1/P2, P2/P10 and 731 

P5/P10 for the hcpE mutant and HP0231P1/P2 and HP0230P2/HP0232P3 for the dsbK mutant. 732 

 733 

Complementation of the H. pylori hp0231 knockout mutant: The hp0231 gene and 500 bp upstream 734 

and downstream were amplified from H. pylori 26695 chromosomal DNA with primers 231Comp1 and 735 

231Comp2. The PCR product was cloned into the PstI and EcoRI sites of the pUC18 vector to obtain 736 

pHP231op. The sequenced plasmid was then used as a template in an inverse PCR reaction using 737 

primers 231Comp3 and 231Comp4 that prime at the end of the hp0231 gene and allow incorporation of 738 
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a N-terminal histidine tag. Separately, a chloramphenicol resistance cassette was amplified from pHel2 739 

vector (Heuermann and Haas, 1998) using CatHelP1 and CatHelP2. After digestion of both PCR 740 

products with XbaI and BamHI, they were ligated together and transformed into E. coli DH5α to 741 

obtain plasmid pHP231opCAT. This plasmid was methylated in vitro with H. pylori NCTC11637 cell 742 

free extracts and S-adenosylmethionine (Donahue et al., 2000) and was introduced in the H. pylori 743 

dsbK mutant by natural transformation with selection with chloramphenicol (Ge and Taylor, 1997). 744 

Integration of the complementing gene was ascertained by PCR. 745 

 746 

Production and screening of anti-HcpE antibodies: HcpE-His was over-expressed from the pET30a-747 

HcpE-His construct as described above. As HcpE was expressed mainly in an insoluble form, it was 748 

purified by metal chelation in the presence of 6M guanidine-HCl. Eluted fractions were dialyzed in 50 749 

mM ammonium bicarbonate pH 8.3, diluted 1/1 (vol/vol) with 1.7 % saline and the mixture was used to 750 

immunize 2 New Zealand white rabbits after a further 1:1 (vol/vol) dilution with Freund’s adjuvant 751 

(Sigma) and filter sterilization. On day 1, the rabbits were immunized with 1 mL of protein preparation 752 

containing 500 µg HcpE prepared with complete adjuvant. The rabbits were boosted on days 14 and 28 753 

with 150 µg of HcpE (comprised in 1 ml with incomplete adjuvant). Blood was collected prior to each 754 

injection. The final blood harvest was performed on day 36. Animal care, inoculations and blood 755 

collection were performed by the Animal Care and Veterinary Services at the University of Western 756 

Ontario according to the approved protocol 2007-103 (from Dr. I. Welch). The blood was allowed to 757 

coagulate for 1 h at room temperature and overnight at 4˚C. The serum was obtained via centrifugation 758 

at 12 000 g for 10 minutes and was stored at -20˚C. 759 

  The specificity of the antibody was determined by Western blotting on total cell extracts from E. 760 

coli over-expressing HcpE-His or total H. pylori extracts. Detection was done with goat anti-rabbit IgG 761 

secondary antibody conjugated to Alexa fluorophor detected at 800 nm on a Licor Odyssey instrument. 762 

To enhance the specificity of the antibody, aliquots of serum were absorbed against E. coli 763 
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BL21(DE3)pLysS for detection of HcpE in our E. coli expression system, or against the hcpE::kan 764 

mutant to enhance detection of HcpE in H. pylori. 765 

 766 

Analysis of the H. pylori secretome to assess HcpE secretion: Wild-type and hcpE mutant H. pylori 767 

strains were grown on BHI-YE plates with background and selective antibiotics for 48 hrs. The cells 768 

were harvested and inoculated at OD600nm of 0.2 in 30 ml of brucella broth supplemented with 1% β-769 

cyclodextrin (Marchini et al., 1995) and the required antibiotics. The cultures were incubated for 12, 770 

16, or 20 h at 37˚C under microaerobic conditions with gentle agitation. At each time point, aliquots of 771 

culture were set aside for OD600nm readings and quantification of cell lysis by the phenol red assay 772 

(Clyne et al., 1995; Merkx-Jacques et al., 2004). The remaining cells were pelletted via centrifugation 773 

at 2,057 g for 30 minutes at 4˚C. Proteins recovered in the supernatants were concentrated by 774 

trichloroacetic acid (TCA) precipitation. Briefly summarized, 10% ice-cold TCA was added to the 775 

supernatant in a 1:1 (vol/vol) ratio. After 15 minutes of incubation on ice, the samples were centrifuged 776 

at 16,000 g for 15 minutes at 4˚C, the supernatant was removed, and the precipitated proteins were 777 

washed in acetone. The samples were centrifuged again for 5 minutes at 16,000 g and pellets were air 778 

dried at room temperature. The proteins were separated by SDS-PAGE (15%) and detected by Western 779 

blotting with anti-HcpE primary antibodies and goat anti-rabbit IgG secondary antibody.  780 

 781 

OMV preparation: The bacteria were inoculated in cyclodextrin-containing broth as described above. 782 

The supernatants were collected after 16 h incubation by centrifugation of the culture at 2,057 g for 10 783 

min, followed by filter-sterilization (0.45 µm size). The filter-sterilized supernatant was then 784 

ultracentrifuged at 150,000 g for 3 h at 4 oC to pellet the OMVs. The OMVs were resuspended in 785 

phosphate saline buffer (PBS, 9 mM NaPO4, 27 mM NaCl, pH 7.4). 786 

 787 
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Electron microscopy: Electron microscopy images were obtained from the Electron Microscopy unit 788 

in the Molecular and Cellular Imaging Facility at the University of Guelph. The OMV samples were 789 

negatively stained with 2% uranyl acetate (Chanyi and Koval, 2014; Koval and Hynes, 1991) and 790 

visualized using an FEI Tecnai G2 F20 field emission electron microscope operating at 120 kV.  791 

Images were obtained using a bottom mount Gatan 4k CCD camera using Tecnai Imaging and Analysis 792 

software. 793 

 794 

Cellular fractionation: H. pylori cells were grown in cyclodextrin-supplemented Brucella broth for 16 795 

h. The cell pellet corresponding to 100 ml of culture was washed 3 times with PBS and resuspended in 796 

ice cold 0.5 mM MgCl2 and 30% sucrose to form spheroplasts. Spheroplasts formation was checked by 797 

phase contrast microscopy (Leitz Labarlux K) every 20 min over 45-60 min while cells were 798 

maintained on ice, and the spheroplasts were pelletted by centrifugation at 4,000 g for 10 min at 4 oC. 799 

The supernatant containing primarily periplasmic protein was reserved on ice. The spheroplasts were 800 

lyzed by resuspension in water, addition of acid-washed (and neutralized) glass beads (Sigma, diameter 801 

< 106 µm, with a beads /cell suspension ratio of 1/3 (v/v)) with 4 cycles of vortexing for 30 sec and 802 

cooling on ice for 30 sec. The cytoplasmic protein fraction was obtained by centrifugation at 12,000 g 803 

for 30 minutes at 4˚C followed by ultracentrifugation (Beckman) at 100,000 g for 1 h. The membranes 804 

recovered in the ultracentrifugation pellet were further separated in the inner and outer membrane 805 

fractions by differential solubilisation with lauryl sarcosyl (Filip et al., 1973; Hopf et al., 2011). Briefly 806 

summarized, the pellet was re-suspended in 50 mM Tris-HCl pH 7.5 containing 1% (w/v) N-lauroyl-807 

sarcosine sodium salt (Sigma) and incubated at room temperature for 1 h. The inner membranes were 808 

recovered in the supernatant following ultracentrifugation at 100,000 g for 1 h at 4ºC. The outer 809 

membrane proteins recovered in the pellet were re-suspended in 50 mM Tris-HCl pH 7.5. All fractions 810 

were analyzed by SDS-PAGE (15%), with Coomassie blue staining and anti-HcpE Western blotting.  811 

  812 
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“Affinity blotting of immobilized substrate” assay to identify folding factors for HcpE: The 813 

“affinity blotting of immobilized substrate” assay was adapted from (Wattiau et al., 1994). Purified 814 

HcpE-His and control His-TsaA were separated by SDS-PAGE (15%) and transferred to a 815 

polyvinylidene difluoride (PVDF) membrane (Roche). Their position on the membrane was determined 816 

via Western blotting on a section of the membrane with anti-histidine tag primary antibody (Amersham 817 

Biosciences) and goat anti-mouse IgG secondary antibody (Molecular Probes). The remaining section 818 

of the membrane was incubated in 10% milk overnight at 4˚C. The membrane was washed 3 times in 819 

50 mM Tris-HCl pH 7.5, containing 150 mM NaCl (TBS) buffer. A soluble cell extract of wild-type H. 820 

pylori NCTC11637, prepared by mechanical disruption and elimination of insoluble and membrane 821 

proteins by ultracentrifugation, was added directly to the membrane and incubated at room temperature 822 

for 1 hr. The membrane was then washed 3 times in TBS buffer. Sections of the membrane 823 

corresponding to the location of the purified proteins were cut out and subjected to trypsinolysis to 824 

recover all peptides stemming from proteins interacting with HcpE or TsaA. The peptides were 825 

analyzed by liquid chromatography mass spectrometry (Q-TOF2) at the Protein Identification Facility 826 

at the University of Western Ontario as described previously (Hopf et al., 2011). 827 

 828 

Refolding assay to assess the ability of DsbK to refold insoluble HcpE: HcpE-His was over-829 

expressed in a 40 ml culture from the pET30a-HcpE-His construct as described above. The cells 830 

harvested, re-suspended in 4 ml buffer (50 mM Tris-HCl pH 7.5) and lysed and processed as described 831 

above. The insoluble proteins (including HcpE-His) recovered in the centrifugation pellet were re-832 

suspended in 2 ml buffer (50 mM Tris-HCl pH 7.5). Enriched DsbK-Flag, from above, was dialyzed 833 

overnight in 50 mM Tris-HCl pH 7.5. The reactions between insoluble HcpE-His and DsbK-Flag were 834 

setup in duplicate with 40 µl of insoluble HcpE suspension, 27 µl of DsbK-Flag (undiluted, diluted 1:2, 835 

or 1:4) and 3 µl of 1M protease inhibitor cocktail. Reactions with no DsbK-Flag were set-up as 836 

negative controls. The reactions were incubated at 37˚C for 1 or 2 h. At each time point, the tubes were 837 
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placed on ice for 5 min to stop the reaction and were centrifuged at 10 000 g for 10 min at 4˚C. 60 µl of 838 

the resulting supernatant, containing the solubilized proteins was carefully removed so as not to disturb 839 

the pellet. Solubilized HcpE-His in the supernatants was assessed by Western blotting with anti-HcpE 840 

antibodies. 841 

 842 

Lysozyme refolding assay: The assay was performed following a previously reported method (Puig 843 

and Gilbert, 1994; Puig et al., 1997). Briefly summarized, lysozyme (0.7 mM to 6.7 mM) was 844 

denatured and reduced in a total volume of 50 µl comprising 8M urea, 130 mM β-mercaptoethanol, 25 845 

mM Tris-HCl pH 8.6 for 1h 37oC. The sample was diluted 35 fold in 0.1 M acetic acid (final pH 4) to a 846 

final concentration of 20-200 µM of lysozyme. For refolding, the sample was further diluted (1.0 to 10 847 

µM lyzozyme) in refolding buffer (5 mM reduced glutathione GSH, 0.5 mM oxidized glutathione 848 

GSSG, 100 mM HEPES, pH 7.0, 20 mM NaCl, 2 mM EDTA, 5 mM MgCl2). Refolding was 849 

performed in 100 µl reactions and was left to proceed for 1h at 37oC in the presence of 5 µM of purified 850 

DsbK-Flag-His, DsbA-Flag-His or DsbG-Flag-His. The reactions were then quenched by addition of an 851 

equal volume of 0.1 M acetic acid.  852 

 The extent of lyzozyme refolding was then assessed by measuring the lysozyme’s lytic activity 853 

on the cell wall of Micrococcus lysodeikticus (Sigma) as described previously (Puig and Gilbert, 1994). 854 

Lysis was monitored spectrophotometrically (as the decrease of turbidity read at 650 nm) over time at 855 

25oC using a 0.5 g/l cell suspension in 100 µl of 60 mM potassium phosphate, 0.1% NaCl, pH 6.2 and a 856 

~2.5 fold dilution of the quenched refolded lysozyme preparation (final lyzozyme concentration 1.0 857 

and 1.5 µM). The assays were performed in triplicates in 96-well plates using an Eon (Bioteck) plate 858 

reader. A control reaction was done using the same molarities of native lysozyme that was diluted in 859 

the same solutions (0.1 M acetic acid, refolding buffer and lysis reaction buffer) as the refolded one. 860 

 861 
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Dithiotreitol exposure assays in E. coli: DsbK-Flag-His, DsbA-Flag-His, DsbG-Flag-His and GmD-862 

His were over-expressed in E. coli BL21(DE3)pLys. Protein expression was induced with 0.1 mM 863 

IPTG when the OD600nm reached 0.5 and was allowed to proceed for 3 h at 37oC. Control non-induced 864 

cultures were grown in parallel. Serial dilutions of all cultures were then spotted (10 µl) in duplicates 865 

on LB agar plates containing 0, 5, 7.5 or 10 mM dithiothreitol (DTT) in the presence or absence of 0.1 866 

mM IPTG. The plates also contained the kanamycin at 30 µg/ml and chloramphenicol at 34 µg/ml to 867 

maintain the expression plasmid and the pLys episome. Growth was assessed after overnight incubation 868 

at 37oC. Protein expression was assessed by anti-His Western blotting on the pre-induced cultures 869 

before plate spotting and on cells recovered from the plates after overnight growth. Similarly, pre-870 

induced or control cultures were inoculated at a 1/4000 dilution (100 µl total) in the wells of a 871 

Bioscreen plate in the presence of 0, 7.5 or 10 mM DTT supplemented with 0.1 mM IPTG or not. 872 

Growth was monitored automatically over 24 h at 37oC under agitation. Protein expression was 873 

assessed by anti-His Western blotting on the pre-induced cultures before inoculation of the Bioscreen 874 

plate and from 10 ul aliquotes withdrawn from the bioscreen plate at 6 h and 24 h of incubation.  875 

 876 

Dithiotreitol and hydrogen peroxide (H2O2) exposure assays in H. pylori: H. pylori NCTC11637 877 

wild-type and dsbK and hcpE mutants were revived from freezer stocks as a ~ 1cm diameter spot on a 878 

Brucella plate containing background antibiotics and appropriate selection. After 48 h of incubation, 879 

the cells were expanded onto a full plate. After 48 h of incubation, the cells were harvested in Brucella 880 

broth. For the DTT assay, their OD600nm was adjusted to 0.5, the cells were then serial diluted by 10 881 

fold and spot plated (10 µl) on plates containing 0, 8, 10 or 12 mM dithiotreitol (DTT). For the H2O2 882 

assay, the OD600nm was adjusted to 1. Aliquotes of 100 µl were then diluted by an equal volume of 883 

broth containing 150, 200 or 250 mM H2O2. After 30 min incubation, the bacteria were serial diluted 884 
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(10-fold intervals) and spotted on blood agar plates. Growth was performed under microaerobic 885 

conditions. 886 

 887 
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 1168 

Table I: List of Hcp family members and their main characteristics. 1169 

  1170 

Name 

(ORF) 

# AA MW # Cys % Cys Structure 

modeled onto: 

# SLRs Disulfide 

bonds 

Hcp A 

(HP0211) 

250 27.4 14 5.6 HcpC 6 
 

Yes 

Hcp B 

(HP0336) 

138 15.3 8 5.8 HcpB structure 
known (Luthy 
et al., 2002) 

4 Yes 

Hcp C 

(HP1098) 

290 31.6 16 5.5 HcpC structure 
known (Luthy 
et al., 2004) 

7 Yes 

Hcp D 

(HP0160) 

306 34.1 15 4.9 HcpC 7 Yes 

Hcp E 

(HP0235) 

355 39.4 19 5.4 HcpC 9 Yes 

Hcp F 

(HP0628) 

225 24.6 12 5.3 HcpC 5 Yes 

Hcp G 

(HP1117) 

256 29.0 5 2.0 HcpC 5 No 

 1171 
ORF: open reading frame; # AA: number of amino acids; MW: Molecular weight; # Cys: number of 1172 

cysteine residues; % Cys: percent of cysteine residues; # SLRS: number of SLR repeats. 1173 

Modeling was done using Swiss-Prot. 1174 

 1175 

1176 
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Table II: Protein hits obtained by mass spectrometry from bands corresponding to full length 1177 

HcpE, truncated HcpE or control TsaA protein using the “affinity of immobilized substrate” 1178 

technique. After pure HcpE-His or TsaA-His were run on a gel, they were transferred onto a PVDF 1179 

membrane.  A section of the membrane was used for Western blotting to locate the proteins. The rest of 1180 

the membrane was incubated with a wild-type H. pylori soluble protein extract. After extensive 1181 

washing, bands corresponding to the location of TsaA or HcpE (full length or truncated) were excised 1182 

and subjected to trypsinolysis to extract peptides of proteins interacting with TsaA or HcpE and the 1183 

peptides were analysed by MS. The molecular weight of the band extracted for MS analysis is 1184 

indicated for each sample. For each hit, the number of unique peptides matched to the hit sequence is 1185 

indicated (top number) as well as the percentage of sequence coverage (bottom number in brackets). 1186 

PPI stands for peptidyl-prolyl cis/trans isomerase. 1187 

 1188 

Protein hit MW of hit 

 

(kDa) 

in TsaA band 

 

(~27 kDa) 

in truncated 

HcpE band 

(~ 30 kDa) 

in full length 

HcpE band 

(~41 kDa) 

PPI 34 None 2 
(6) 

None 

DnaK 67 8 
(21) 

None 2 
(4) 

GroEL 58 19 
(47) 

6 
(16) 

7 
(19) 

GroES 13.0 None 3 
(24) 

None 

Thioredoxin  11.8 4 
(56) 

2 
(23) 

1 
(9) 

TsaA (AhpC) 22.3 15 
(88) 

9 
(49) 

9 
(44) 

HP0235 (HcpE) 39.4 None None 3 
(9) 

HP0231 (DsbK) 29.5 None 1 
(4) 

1 
(4) 

 1189 
 1190 

1191 

Page 45 of 65 Molecular Microbiology



For Peer Review

 46 

Table III: List of nucleotide sequences for primers. 1192 

 1193 

Primer name Sequence (5’ to 3’)  

HP0231P1 GGAAGACCATATGATATTAAGAGCGAGTGTG 
HP0231P2 CGGGATCCTGCTAGCTCACTTGTCGTCGTCGTCCTTGTAGTCAGAGC

CTGCCTTATAATGGTATAAGAAAG 
HP0231P3 GCGGGATCCGGACTGAAAATACAAATTCTCCTTGTCGTCGTCGTCCT

TGTA 
HP0231P4 CGCGGATCCCACCACCACCACCACCACTG 
HP0231P5 CCGG/AATTCATG ATATTAAGAGCGAGTGTGTTG 
HP0231P6 CCAT/CGATGAGCTCACTAAACTTAGGGATC 
HP0231P7 CCGGTACCGGTGGCGTTAAGAGCTTGAAC 
231Comp1 GTGACTGCAGGGGATAAGGGAGCGCGA 
231Comp2 ATGGAATTCCGTTGGGCGTTTTGCTGG 
231Comp3 CGTGGATCCTATAAGGTTGCTCTCATGAAAAAACC 
231Comp4 CTGTCTAGATCAGTGGTGGTGGTGGTGGTGTGCCTTATAATGGTATA

AGAAAGG   
HP0230P2 TCGCCTTGCAAGTTTAAAACCC 
HP0232P3 CTGACCCATGGATAGGGATGAGCGCGCGTTTAGG 
HP0235P1 CTCGAATTTAGAGCATAAAGAAGAGCGTAAG 
HP0235P2 CTCGAATTCTCAATACCCCCTAAGTTTAGTG 
HP0235P4 CCATCGATGAAGATTTTGAAGTGGCG 
HP0235P5 GAAGATCTATTCTAGTGCCTTGCCC 
HP0235P8 GGAAGACCATATGGGTGTCAAATTTTTAAAAATATTAG 
HP0235P9 ATAGTTTCGCGGCCGCATACCCCCTAAGTTTAGTGAGGT 
HP0235P10 CAAGGGGATAAAACTAAAGCG 

DsbAEcP1 GGAAGACCATATGAAAAAGATTTGGCTGGCGC 

DsbAEcP2 GCGGGATCCGGACTGAAAATACAAATTCTCCTTGTCGTCGTCGTCCT
TGTAGTCAGAGCCTTTTTTCTCGGACAGATATTTCAC 

DsbGEcP1 GGAAGACCATATGTTAAAAAAGATACTTTTACTGGC 

DsbGEcP2 GCGGGATCCGGACTGAAAATACAAATTCTCCTTGTCGTCGTCGTCCT
TGTAGTCAGAGCCTTTATTCCCCATAATGATATTAAGC 

CJ1319P9 GGAAGACCATATGGATGGAAAGGGTGA 

CJ1319P10 GCCGCTCGAGAACATTATAAAGTTCGCTT 

HP1563P7 CCTGTACATGTGCATGTTAGTTACAAAACTTGC     

HP1563P2 ACTCTGGATCCTTAAAGCTTAATGGAATTTTC   

Aph3P1 GAAGATCTGATAAACCCAGCGAACCA  

Aph3P2 CCATCGATAGACATCTAAATCTAGGTAC  

Aph3P4 CCGGTACCGATAAACCCAGCGAACCAT 

CatHelP1 GCTCTAGACTCAAAACGATGAAATAGGGC   

CatHelP2 GAGGATCCCCGGGTACCG 

CtermHis CGGGATCCTCAGTGGTGGTGGTGGTGG 

T7ProX TAATACGACTCACTATAGGGG 

HPFlagBP5 CAGGGATCCATGGAACGCCTTTAATAAAATG 

HPFlagBP7 CACGAATTCTCAGTGGTGGTGGTGGTGGTGACTTCCGGACATATGTT
GTAAAAGCCTTAAGACATTTTG 

Page 46 of 65Molecular Microbiology



For Peer Review

 47 

HP0954P1 CGGAATTCATGAGTTGCGTTATCCCAGC 

* Restriction sites relevant to procedures used in this work are bolded and underlined 1194 

 1195 
1196 
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Figure legends: 1197 

 1198 

Figure 1: HcpE is produced by H. pylori strains NCTC11637 and SS1 and is secreted into the 1199 

culture supernatant.  1200 

Panels A and C: Analysis of the production and secretion of HcpE in H. pylori strains NCTC11637 1201 

(panel A) and SS1 (panel C) wild-type in comparison with their isogenic hcpE::kan knockout mutant. 1202 

A Ponceau S red stain (PR) of the total proteins present in each fraction is provided as a loading 1203 

control. HcpE was detected by Western blotting (WB) using a polyclonal serum raised in rabbits 1204 

against purified HcpE. HcpE was detected at the expected ~ 40 kDa in wild-type pellets and 1205 

supernatants (Sup) but was absent from the knockout mutants in both strains.  1206 

Panels B and D: Urease activity assay on the total culture (Tot, strain NCTC11637 only), the cell 1207 

pellet and the culture supernatant (Sup), used as an indication of absence of cell lysis. Urease activity 1208 

was determined using the phenol red assay (Clyne et al., 1995). Panel B is for strain NCTC11637, data 1209 

acquisition of 1 point per min. Panel D is for strain SS1 with 1 point per 2.5 min. Hardly any urease 1210 

activity was observed with the supernatants. 1211 

 1212 

Figure 2: A portion of secreted HcpE is found in outer membrane vesicles. Panel A: SDS-PAGE 1213 

analysis of the pellets obtained by ultracentrifugation of filter-sterilized culture supernatants of wild-1214 

type, hcpE::kan and dsbK::kan mutants. Detectiong was done by Coomassie blue staining and by 1215 

Western blotting with anti-HcpE antibodies. Panel B: The same samples as in panel A were treated 1216 

with proteinase K (+ PK) or not (- PK) before analysis by SDS-PAGE and silver staining. Together, 1217 

panels A and B show that HcpE is abundant in the wild-type samples, absent from the hcpE mutant 1218 

samples as expected, and its amount is drastically reduced in the dsbK mutant despite similar global 1219 

protein and LPS patterns. Panel C: SDS-PAGE analysis of the inner and outer membrane fractions of 1220 

wild-type, hcpE::kan and dsbK::kan mutants. Total membranes were first obtained by 1221 

Page 48 of 65Molecular Microbiology



For Peer Review

 49 

ultracentrifugation of mechanically-disrupted whole cells, and the inner and outer membranes were 1222 

separated by differential solubilisation in lauryl sarcosyl followed by ultracentrifugation. Coomassie 1223 

and silver staining of these membrane fractions indicate that the protein and LPS patterns observed in 1224 

panel B are distinct from inner membranes but are similar to those observed in outer membranes. 1225 

Therefore, these samples likely represent outer membrane vesicles. Panel D: The samples from panels 1226 

A and B were analyzed by electron microscopy after uranyl acetate staining. Spherical membrane-1227 

bound structures of 75 to 150 nm in diameter that are characteristic of outer membrane vesicles were 1228 

observed in all strains. 1229 

 1230 

Figure 3: Schematic representation of the array of Sel-Like Repeats (SLRs) and cysteines present 1231 

in HcpE, and 3D structure of a typical SLR. Panel A: mature HcpE comprises nine SLRs, each 1232 

containing two alpha helices (cylinders a and b). Each helix contains one cysteine (C). The signal 1233 

peptide also contains one cysteine that is eliminated from mature HcpE upon cleavage of the signal 1234 

peptide.  Panel B: modeled 3D structure of an SLR. The two alpha helices of the SLR motif are 1235 

maintained in a V-shape structure via a disulfide bond. 1236 

 1237 

Figure 4: Structures of HcpC and HcpE. Panel A: known crystal structure of HcpC (Luthy et al., 1238 

2004). Panel B: Direct modeling of full-length HcpE onto the HcpC structure using SwissProt. This 1239 

modeling was not successful due to the much larger size of HcpE compared with HcpC. Helices that 1240 

are not modeled within the regular array of SLR motifs are indicated in colors different from the rest of 1241 

the HcpE protein. Panel C: modeling of HcpE as two overlapping moieties (amino acids (AA) 1-230 1242 

and 143-355). The overlapping alpha helices are represented in the same color on each protein moiety. 1243 

Panel D: Final reconstituted HcpE structure, once the overlapping alpha helices are aligned using 1244 

PyMol. The reconstituted HcpE is a solenoid protein and cohesion of its structure in this model relies 1245 

heavily on formation of disulfide bonds between cysteines from each of the nine SLR motifs. 1246 
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 1247 

Figure 5: Structure-based sequence alignments for HcpE and HcpC. The alignments were 1248 

generated from the modeled HcpE structure shown in Figure 4 and from crystallography data for HcpC 1249 

(Luthy et al., 2004). # refers to the SLR position within the Hcp sequence. AA: amino acid position in 1250 

the sequence. ! indicates amino acids conserved in all SLRs for each protein. + indicates conservation 1251 

of similar types of amino acids in 90-99% of SLRs. * indicates conservation of similar types of amino 1252 

acids in 70-89% of SLRs. The shaded box highlights the conserved cysteines that are invariably 1253 

separated by seven residues that form a small loop at the edges of the two intra-SLR alpha helices. The 1254 

same features apply to HcpE (ORF HP0235) and HcpC. In addition, in HcpC, there is conservation in 1255 

sequence and length in the linker that separates SRL motifs from one another.  1256 

 1257 

Figure 6: DsbK is important for the production and secretion of HcpE in H. pylori. Wild-type and 1258 

dsbK knockout mutant bacteria were subjected to spheroplasting conditions to extract periplasmic 1259 

proteins. The process of spheroplasting was monitored by dark field microscopy (oil immersion) as loss 1260 

of typical bacterial “hockey stick” shape of H. pylori NCTC11637. The cells were separated from the 1261 

released soluble proteins by centrifugation. The cells were lyzed by mechanical disruption, debris were 1262 

pelleted away and the supernatant was ultracentrifuged to obtain the cytoplasmic proteins devoid of 1263 

membrane components. Separately, the culture supernatants were filter sterilized and ultracentrifuged 1264 

to pellet the OMVs. Panel A: The samples were analyzed by SDS-PAGE followed by Ponceau S red 1265 

staining (PR) and Western blotting (WB) for the presence of HcpE using anti-HcpE antibodies. The 1266 

bracket highlights the area of the membrane that was subjected to WB. Densitometry was performed 1267 

using the Image J software. Panel B: Urease activity of the various fractions was monitored to assess 1268 

cellular lysis (representative example of 3 independent experiments). Abbreviations: Tot: total cells. 1269 

Sup: culture supernatant. Cytop: cytoplasmic proteins. Perip: periplasmic proteins. Inactivation of dsbK 1270 

clearly leads to reduction in production of HcpE and most of the produced protein appears trapped 1271 
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within the periplasm, with little release in OMVs. A small amount of urease activity was recovered in 1272 

the periplasmic fraction, indicating slight contamination by cytoplasmic proteins during the 1273 

spheroplasting process, which was also apparent from the protein profile. However, the fact that HcpE 1274 

was only found in the periplasmic fraction of the mutant and not in the cytoplasm indicates that 1275 

periplasmic enrichment had been achieved and that the protein transits to the periplasm as expected. 1276 

The low level of HcpE found in the OMVs of the mutant despite efficient secretion of urease to the 1277 

OMVs suggests that the failure of HcpE to fold in the dsbK mutant results in limited export outside the 1278 

bacterium. 1279 

 1280 

Figure 7: DsbK is necessary to obtain soluble HcpE upon expression in E. coli. DsbK and HcpE 1281 

were co-expressed from the same vector as two independent proteins. Control experiments were 1282 

performed with HcpE only. After expression at 37oC or room temperature (RT) and mechanical 1283 

disruption, the soluble proteins and insoluble proteins were separated by centrifugation and analysed by 1284 

SDS-PAGE with detection by Ponceau S red staining (PR) or anti-HcpE Western blotting (WB).  The 1285 

co-expression of DsbK with HcpE allowed recovery of soluble HcpE when expression was performed 1286 

at room temperature while no soluble HcpE could be obtained when folding relied on endogenous E. 1287 

coli Dsb proteins only. T: Total cells. S: Soluble proteins. I: Insoluble proteins. 1288 

 1289 

Figure 8: DsbK is able to solubilize denatured and reduced HcpE in vitro. Insoluble proteins 1290 

obtained after over-expression of HcpE in E. coli were recovered after mechanical disruption of 1291 

bacteria and centrifugation removal of soluble proteins. The insoluble proteins comprised two forms of 1292 

HcpE that migrated at ~ 41 and 39 kDa and that correspond to HcpE with and without its signal peptide 1293 

(SP). In parallel, DsbK was over-expressed in E. coli and enriched by anion exchange chromatography. 1294 

Control anion exchange fractions eluting at the same salt concentrations as DsbK were obtained using 1295 

the same E. coli background strain that did not express DsbK (“No DsbK” lanes). The insoluble HcpE 1296 
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protein suspension was incubated with the E. coli anion exchange fractions containing over-expressed 1297 

DsbK or not, the suspension was centrifugated and the supernatant was analyzed for the presence of 1298 

HcpE by anti-HcpE Western blotting. The Ponceau S red staining panel is provided as a loading 1299 

control. We observed DsbK-dependent and time-dependent recovery of unprocessed HcpE (i.e. HcpE 1300 

with signal peptide) in the supernatant, indicating that DsbK facilitated its solubilisation, likely via 1301 

assisting its folding. PR: Ponceau S red. WB: anti-HcpE Western blot. 1302 

 1303 

Figure 9: DsbK has disulfide bond forming activity on reduced lyzosyme. The ability of lysozyme 1304 

to lyse micrococci (turbidity decrease) that relies on essential disulfide bonds was monitored as per 1305 

Puig and Gilbert 1994 (Puig and Gilbert, 1994). Panels A-C: common reaction conditions show that 1306 

addition of E. coli DsbG, E. coli DsbA or DsbK restored partial activity to reduced and denatured 1307 

lysozyme (Lys). Panel D: optimized assay for DsbK whereby spontaneous refolding of lyzozyme was 1308 

minimized and addition of DsbK restored activity to reduced and denatured lysozyme (Lys) to levels 1309 

similar to those obtained with native lysozyme. The process was extremely fast, as opposed to the slow 1310 

and progressive spontaneous refolding observed in the absence of DsbK. This indicates that the 1311 

formation of the essential disulfide bonds was facilitated by addition of DsbK. 1312 

 1313 

Figure 10: DsbK has DsbA-like behavior when expressed in E. coli. DsbK, E. coli DsbA, E. coli 1314 

DsbG, and a control protein (Cj1319) were over-expressed under the same conditions and the cells 1315 

were serial diluted before spotting on plates (panel A) or inoculation in Bioscreen wells (panel B) 1316 

containing dithiothreitol (DTT) or not. For the plate assay, three dilutions were spotted in duplicates 1317 

each as indicated by the triangles and brackets. For the Bioscreen assay, the same dilution was 1318 

inoculated in 2 wells (with error bars smaller than symbols). Panel A indicates that DsbK shows the 1319 

same deleterious effects as DsbA on bacterial growth, whereby pre-induction of protein expression 1320 

resulted in less colonies compared with DsbG and the control protein. Panel B also shows a DsbA-like 1321 
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toxic effect of DsbK expression that lengthened the lag phase. This effect was bacteriostatic since 1322 

growth rates and final culture densities were similar for all strains. For both assays, the effect was 1323 

exacerbated in the presence of DTT in the growth medium. Panel C shows the levels of protein pre-1324 

induction attained before inoculating plates or bioscreen wells by Ponceau S red staining (PR) and anti-1325 

His Western blotting (WB). DsbK appears highly toxic to the cells since toxicity effects were as high as 1326 

for DsbA while protein expression levels were 3-4 fold less. Note that the control protein is expressed 1327 

at very low levels not detectable by anti-His Western blotting. 1328 

 1329 

Figure 11: DsbK is important for survival to redox stress in H. pylori. Panel A: Growth of the 1330 

dsbK mutant, hcpE mutant and wild-type strain were assessed after growth in broth under microaerobic 1331 

conditions.  The data averaged from 9 independent cultures per strain show that all strains grew to 1332 

similar cell densities under microaerobic conditions. Panel B: The cultures obtained after 24h 1333 

incubation in panel A were exposed to environmental atmosphere for ~30 min followed by spot plating 1334 

and further microaerobic incubation. The data are a representative example out of 6 independent 1335 

experiments, each comprising 3 serial dilutions of each culture spot-plated in triplicates for cfu 1336 

determinations. The data show a ~0.5-1 log reduction in viability for the dsbK mutant, suggesting that 1337 

it was more sensitive to exposure to oxygen (*: p<0.001 for this panel). The effect was not observed for 1338 

the hcpE mutant. Panel C: All strains were grown in broth to the same density, and exposed to various 1339 

concentrations of DTT on plates, or to various concentrations of H2O2 before being spotted on regular 1340 

growth medium to assess viability. All growth was performed under microaerobic conditions. The 1341 

dsbK mutant was impaired for resistance to DTT and H2O2 while the hcpE mutant was not affected. 1342 

Panel D: Same experiment as in panel C to demonstrate complementation of the phenotype observed 1343 

for the dsbK mutant when the gene was reintroduced in the chromosome (compl.). Panel E: 1344 

quantitation of the colonies recovered in panels C and D. Statistics were performed by ANOVA test 1345 
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with * for p<0.05, ** for p<0.01 and *** for p<0.001 on this panel. The absence of any * indicates lack 1346 

of statistical significance. 1347 

 1348 
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Lester et al Fig S1

Fig S1: Modeling of the various Hcp proteins reveals modular structure directly related to number of 
SLR modules present. The structures of HcpB and HcpC were determined experimentally (Luthy et al., 2002, 
2004). All other Hcp proteins (except HcpE) comprise less SLR modules than HcpC and could therefore be 
modeled onto the HcpC structure directly using SwissProt. HcpE was modeled as two overlapping moieties 
(indicated by 2 colors) as described in Figure 4.
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Coomassie Anti-HcpE Western blot

Figure S2: Identification of DsbK as an interacting partner for reduced and 
denatured HcpE. The technique of “affinity blotting of immobilized substrate” was 
adapted to identify an interacting partner for reduced and denatured HcpE. The 
Coomassie-stained gel shows 2 prominent bands in the purified HcpE both reacting 
with anti-HcpE antibodies and corresponding to full length and truncated HcpE 
used for this “affinity of immobilized substrate” analysis. It also shows the TsaA pro-
tein used as a control. The bands were excised after a replica gel had been trans-
-ferred onto PVDF and the position of the bands ascertained by Western blotting.
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Lester et al Fig S3

Lester et al Fig S3: Secretion of HcpE is also dependent on 
DsbK in strain SS1. SDS-PAGE analysis and anti-HcpE Western 
blotting of HcpE in total cells (top panels) or culture supernatants 
(bottom panels) of wild-type or dsbK or hcpE isogenic mutants 
shows decreased production and secretion of HcpE in the dsbK 
mutant. HcpE-His is purified recombinant protein that served as a 
positive control for Western blotting. PR: Ponceau red. WB: Anti-
HcpE Western blot.
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Figure S4: Effect of expresion of DsbK, DsbG and DsbA on bac-
terial growth in E. coli. E. coli BL21(DE3)pLys harbouring a pET 
vector for expression of either protein was pre-induced in broth for 3 
h or not before being plated on LB agar containing IPTG or not. A 3h 
pre-induction was enough to highlight the toxicity of over-expression 
of DsbK and DsbA when plated on agar devoid of IPTG. Continuous 
over-expression on IPTG-containing agar was deleterious for all 
strains, notwithstanding pre-induction status.strains, notwithstanding pre-induction status.
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Figure S5: SDS-PAGE analysis of DsbK, DsbG and DsbA production in E. coli on plates or in broth after induction with IPTG and/or exposure to 
DTT. Detection was by Ponceau Red staining (PR) or anti-Histidine tag Western bloting (WB). The control protein was GMD, which is expressed at very low 
levels. Pure DsbK was used a positive control for  Western blotting. Panels A and C: pre-induction for 3 h in broth prior to spot-plating (Panel A, cells used in 
Panel B) or prior to inoculation in broth (Panel C, cells used for Panels D and E). Panel B: analysis of cells scrapped off from plates after 16h. Panels D and 
E: E: analysis of cells recovered at 6 and 16 h after subculture in broth without (Panel D) or with DTT (Panel E).
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