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The HrpB–HrpA two-partner secretion system is essential for intracellular survival of Neisseria meningitidis Adelfia Talà,1 Cinzia Progida,1 Mario De Stefano,2 Laura Cogli,1 Maria Rita Spinosa,1 Cecilia Bucci1** and Pietro Alifano1* 1 Dipartimento di Scienze e Tecnologie Biologiche ed Ambientali (DiSTeBA), Università del Salento, Via Provinciale Monteroni, 73100 Lecce, Italy. 2 Dipartimento di Scienze Ambientali, Seconda Università degli Studi di Napoli, Via A. Vivaldi 43, 81100, Caserta, Italy. Summary In this study we used HeLa cells to investigate the role of the HrpB–HrpA two-partner secretion (TPS) system in the meningococcal infection cycle. Although there is evidence that several pathogenic microorganisms may use TPS systems to colonize epithelial surfaces, the meningococcal HrpB–HrpA TPS system was not primarily involved in adhesion to or invasion of HeLa cells. Instead, this system was essential for intracellular survival and escape from infected cells. Gentamicin protection assays, immunofluorescence and transmission electron microscopy analyses demonstrated that, in contrast to the wildtype strain, HrpB–HrpA-deficient mutants were primarily confined to late endocytic vacuoles and trapped in HeLa cells. Haemolytic tests using human erythrocytes suggested that the secreted HrpA proteins could act as manganese-dependent lysins directly involved in mediating vacuole escape. In addition, we demonstrated that escape of wild-type meningococci from infected cells required the use of an intact tubulin cytoskeleton and that the hrpB–hrpA genes, which are absent in other Neisseria spp., were upregulated during infection.



Introduction Neisseria meningitidis (meningococcus) is a Gramnegative diplococcus that survives in humans by colonizReceived 26 June, 2008; revised 26 July, 2008; accepted 28 July, 2008. For correspondence. *E-mail [email protected]; Tel. (+39) 832 298856; Fax (+39) 832 298626; **E-mail cecilia.bucci@ unile.it; Tel. (+39) 832 298900; Fax (+39) 832 298626. © 2008 The Authors Journal compilation © 2008 Blackwell Publishing Ltd



ing the nasopharynx (Merz and So, 2000). This invasive pathogen affects human populations worldwide and in some cases it can spread into the bloodstream before crossing the blood–brain barrier causing fatal sepsis and meningitis in otherwise healthy individuals (Dehio et al., 2000; Tzeng and Stephens, 2000; Tinsley and Nassif, 2001; Nassif, 2002; Nassif et al., 2002). Despite the lack of a type III secretion system, N. meningitidis infections initiate a strong host cell signalling cascade leading to bacterial internalization into non-phagocytic cells (Merz and So, 2000). In recent years, many investigators have attempted to define the interaction between N. meningitidis and host cells at the molecular level. The early stages of infection involving interactions between N. meningitidis and epithelial tissues have been well defined. N. meningitidis has evolved a diverse array of surface structures that promote adherence and entry into human cells. Initial adherence of encapsulated bacteria requires type IV pili, fine hair structures which protrude from the bacterial surface (Nassif et al., 2002). Subsequent tight adherence to host cells is mediated by the meningococcal surface adhesins (Opa and Opc) (Merz et al., 2000; Hauck and Meyer, 2003). In contrast to the adherence process, later stages of infection, including the intracellular location of the meningococci and mechanisms of intracellular survival, are not well defined (Merz and So, 2000). In this study, we used an in vitro cellular infection model to investigate the role of a two-partner secretion (TPS) system in meningococcal pathogenesis. TPS is a secretion pathway that, in a growing number of Gram-negative bacteria, has been shown to be devoted to the secretion of large virulence-associated proteins (Yen et al., 2002; Henderson et al., 2004; Jacob-Dubuisson et al., 2004; Newman and Stathopoulos, 2004). Hallmarks of this secretion pathway include the presence of an exoprotein (TpsA) with an N-proximal module called the ‘secretion domain’ and a channel-forming b-barrel activator/ transporter protein (TpsB) that is thought to transport the exoprotein across the outer membrane (Yen et al., 2002; Henderson et al., 2004; Jacob-Dubuisson et al., 2004; Newman and Stathopoulos, 2004). The bestcharacterized TpsA family members include the filamentous haemagglutinin (FHA) of Bordetella pertussis and the high-molecular-weight proteins of Haemophilus



2462 A. Talà et al. influenzae, the calcium-independent haemolysins ShlA and HpmA of Serratia marcescens and Proteus mirabilis, respectively, and CdiA, a protein involved in contact-dependent growth inhibition in Escherichia coli (Henderson et al., 2004; Aoki et al., 2005). In the serogroup B N. meningitidis MC58 two putative TPS loci referred to as hrpB1–hrpA1 (NMB1780– NMB1779) and hrpB2–hrpA2 (NMB0496–NMB0497), coding for the secreted effector protein HrpA and its cognate transporter HrpB have been annotated (Fig. S1) in addition to three additional genes, NMB0493, NMB1214 and NMB1768, distantly related to NMB0497 and NMB1779 (Schmitt et al., 2007). In contrast, in the serogroup A strain Z2491 a single hrpB–hrpA locus (NMA0687–NMA0688) exists (Parkhill et al., 2000) (Fig. S1). Phylogenetically, the NMB0497, NMB1779 and NMA0688 gene products are closely related. In contrast, the NMB0493, NMB1214 and NMB1768 homologues are absent in strain Z2491. This finding has focused our attention on NMB0497 and NMB1779. The absence of a homologous locus in the genomes of Neisseria gonorrhoeae and commensal Neisseria spp. has suggested a specific role for these loci in meningococcal pathogenesis. Very recently, it has been shown that the meningococcal HrpB–HrpA TPS system is functional and contributes to adhesion of un-encapsulated bacteria to epithelial cells (Schmitt et al., 2007).



Results Influence of the meningococcal HrpB–HrpA secretion system on adherence, invasion and intracellular growth/survival in HeLa cells To investigate the role of the hrpB–hrpA loci in the infectious cycle, the H44/76 strain that is evolutionarily related to the sequenced MC58 strain was engineered to express both, one or neither HrpA determinant (Experimental procedures and Fig. S2). In the single-mutant H44/76 WhrpA1, hrpA1 was inactivated by insertion of the circular plasmid pACYCDhrpA harbouring the central portion of the gene. In the mutant H44/76 hrpA2::ermC′, hrpA2 was inactivated by allelic replacement using a hrpA::ermC⬘ cassette. In the double-mutant H44/76 WhrpA1 hrpA2::ermC′, hrpA2 and hrpA1 were sequentially inactivated. hrpA2 was first inactivated by allelic replacement with the hrpA::ermC⬘ cassette which resulted in loss of the central region of the gene. hrpA1 was then inactivated by insertion of the pACYCDhrpA plasmid. This plasmid could only recombine with hrpA1 due to the absence of the recombination target (the central region of the gene) in the inactivated hrpA2. hrpA and hrpB were inactivated in the meningococcal B1940 strain with a single hrpB–hrpA locus (Figs S2 and S3). The resulting strains were named



B1940 WhrpA and B1940 WhrpB respectively. To determine that the phenotypes observed following hrpA inactivation were not a function of polar effects, the hrpA mutant B1940 WhrpA was complemented with hrpB–hrpA (NMB1780–NMB1779) by insertion of the integrative plasmid pNLE-hrpBA into the chromosomal leuS-Ydam region of this strain (Fig. S2). A number of phenotypes were tested in the isogenic hrpA-deficient strains including the ability to grow in DMEM cell culture medium and to adhere to and invade HeLa cells (Spinosa et al., 2007). Growth in DMEM was monitored at different time intervals by incubating the bacteria in 24-well tissue culture plates under static conditions. Adherence to HeLa cells was evaluated at different incubation times in the same medium. Results demonstrated that neither bacterial growth (Fig. 1A) nor adherence (Fig. 1B) was significantly affected by the inactivation of both hrpA paralogues in the H44/76 genetic background. It should be noted that the slight contribution of meningococcal HrpB–HrpA TPS system to adherence could be assessed more clearly by using un-encapsulated bacteria (Schmitt et al., 2007). Inactivation of both or either one of two hrpA paralogues did not modify the invasive phenotype in either the H44/76 or B1940 genetic backgrounds (Fig. 1C), as the number of recoverable bacteria [determined by colony-forming unit (cfu) counts] from infected cells was almost the same for all strains after a 1 h infection followed by a 30 min gentamicin treatment (Fig. 1C, time 0 h). These findings ruled out the possibility that hrpA-encoding proteins might function primarily as bacterial adhesins or invasins. In contrast, meningococcal HrpA played a major role in intracellular growth/survival. In these assays, cells were infected with the bacteria, treated with gentamicin for 30 min to kill extracellular bacteria and then re-incubated for various times at 37°C. The different strains behaved similarly during the first 3 h after gentamicin treatment. Indeed, the number of recoverable cfu from cells decreased dramatically for all strains examined (Fig. 1C, time 3 h). However, at later time points, remarkable differences in the behaviours of the different strains were observed (Fig. 1C, 5–7 h). At about 7 h post infection, the number of recoverable cfu increased about fivefold compared with the initial value of internalized bacteria when parental H44/76 or B1940 was used. In contrast, the number of cfu did not reach the initial values when H44/76 WhrpA1, H44/76 WhrpA1 hrpA2::ermC′, or B1940 WhrpA were used to infect HeLa cells. H44/76 hrpA2::ermC′ did not exhibit a significant deficiency in growth/survival, suggesting a dominant function of hrpA1 (NMB1779) over the hrpA2 (NMB0497) paralogue. Indeed, inspection of the nucleotide sequence in the closely related strain MC58 revealed that the hrpB2–hrpA2 operon suffered from 5′-end truncation resulting in loss of both putative
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Meningococcal TPS and intracellular survival 2463



Fig. 1. Effect of hrpA or hrpB inactivation on adhesion, invasion and intracellular growth/survival. A. Growth of H44/76 or the hrpA-deficient mutant in DMEM was monitored at different times by incubating the bacteria in 24-well tissue culture plates without HeLa cells under static conditions. B. Adherence of H44/76 or the hrpA-deficient mutant to HeLa cells. Bacteria were re-suspended in DMEM supplemented with 2% FBS and 2 mM M-glutamine and added to HeLa cells at an moi of 50. Adherence of viable bacteria was evaluated at different time intervals after removing non-adherent bacteria by sequential PBS washes. HeLa cells were lysed with 0.1% saponin and the lysates plated on GC agar to determine the cfu. Values are relative to H44/76 adherence at 9 h and the data are expressed as the mean ⫾ SD of five independent experiments with triplicate samples. C. Invasion and intracellular growth/survival of H44/76, B1940, hrpA- or hrpB-deficient strains and the hrpA-complemented strain. HeLa cells were infected, treated with 100 mg ml-1 gentamicin to kill extracellular bacteria, re-incubated for different time in DMEM and lysed with 0.1% saponin to release intracellular bacteria. Lysates were then serially plated onto GC agar plates to determine the cfu. D. Growth/survival of extracellular bacteria. HeLa cells were infected as above. Medium was collected at different time intervals after infection and serially plated onto GC agar plates to determine cfu. In (C) and (D), values are relative to the number of intracellular H44/76 or B1940 at time 0 (0 h). The data are expressed as the mean ⫾ SD of five independent experiments with triplicate samples. Statistically significant differences between pairs of values (mutants versus wild type) at a given time point (asterisks) are declared at a P-value < 0.05. © 2008 The Authors Journal compilation © 2008 Blackwell Publishing Ltd, Cellular Microbiology, 10, 2461–2482



2464 A. Talà et al. promoter sequences and N-terminal hydrophobic sequences of HrpB2. In addition, translation of the divergent ORF NMB0495 was predicted to start within the hrpB2 coding region (Fig. S1). All these findings suggested that the locus defined by hrpB2–hrpA2 (NMB0496–NMB0497) may be functionally inactive or less active than the hrpB1– hrpA1 (NMB1780–NMB1779) locus. hrpA inactivation was directly responsible for the observed phenotypes, as the deficiency in growth/survival inside HeLa cells could be completely restored by complementation with pNLE-hrpBA harbouring a functional copy of hrpA (strain B1940 WhrpA/hrpA+) (Fig. 1C). Interestingly, B1940 WhrpB exhibited a phenotype even stronger than that observed for B1940 WhrpA (Fig. 1C) suggesting that the HrpB activator/transporter protein, in addition to HrpA, may direct secretion of additional TPS exoprotein(s). In our assays we noted that the increase in the number of recoverable cfu of intracellular bacteria paralleled the increase in the number of extracellular bacteria when the wild-type strains were used (Fig. 1D). Initially, we interpreted this phenomenon as a result of the growth of extracellular bacteria that had escaped gentamicin killing. An alternative hypothesis was that the meningococci had the ability to exit from HeLa cells. This phenomenon was



greatly reduced in the H44/76 WhrpA1 hrpA2::ermC′ and B1940 WhrpA mutants and it was completely abolished in the B1940 WhrpB mutant. All hrpA- and hrpB-deficient mutants and the wild-type strains exhibited similar growth rates in DMEM (Fig. 1A and data not shown) and were equally sensitive to gentamicin killing (data not shown). Altogether, these data suggested that HrpB–HrpA secretion system might be directly or indirectly involved in meningococcal egression. To define the mechanism of meningococcal egress from infected cells, we first treated cells with compounds that affected the function of either actin (Cytochalasin D) or tubulin cytoskeleton (Paclitaxel, Colchicin or Nocodazole), or the structural integrity of the Golgi complex and endosomes (Brefeldin A). Cells were exposed to these compounds for 30 min 3 h after gentamicin treatment. A strong decrease in the number of both extracellular and intracellular B1940 bacteria was detected when cells were treated with compounds that affected microtubule function (Fig. 2A and B). In contrast, a very mild, but statistically significant decrease was observed with the B1940 WhrpA mutant upon treatment of HeLa cells with Paclitaxel (Fig. 2A and B). This finding suggested that meningococcal escape from infected cells required an intact tubulin cytoskeleton. Fig. 2. Effect of various cytoskeleton inhibitors on meningococcal escape from infected cells. HeLa cells were infected with either B1940 or B1940 WhrpA as in Fig. 1. Three hours after gentamicin treatment cells were treated for 30 min with the indicated compounds as detailed in Experimental procedures. The number of viable extracellular (A) or intracellular (B) meningococci was then determined after 7 h by determining the cfu as described in Fig. 1. The data are expressed as the mean ⫾ SD of three independent experiments with triplicate samples. Statistically significant differences with respect to control (no drug) (asterisks) are declared at a P-value < 0.05.
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Meningococcal TPS and intracellular survival 2465 Fig. 3. Immunofluorescence analysis of cells infected with wild-type or hrpA-deficient mutants. HeLa cells were infected with B1940, B1940 WhrpA, H44/76 or H44/76 WhrpA1 hrpA2::ermC′ strains as indicated. Images were taken 7 h after infection. Antibodies against N. meningitidis were used before permeabilization in combination with a secondary antibody conjugated with Cy5 and, after permeabilization, with a TRITCconjugated secondary antibody. Intracellular bacteria are labelled red while extracellular bacteria are purple (the combination of TRITC and Cy5 signal). To detect cellular markers we used anti-Lamp1 and a FITC-conjugated secondary antibody. Merged images of the different channels are shown. Bars = 10 mm.



Influence of hrpA on bacterial intracellular localization To define the intracellular localization of the different meningococcal strains we analysed infected HeLa cells by immunofluorescence. The hrpA-deficient strains behaved very differently from wild-type B1940 and H44/76 strains. First of all, the number of intracellular bacteria detected by immunofluorescence 7 h after infection was less in wild type-infected cells than in HeLa cells infected with hrpA-deficient bacteria (Fig. 3). These observations contrasted with data obtained from the saponin-lysed cells that showed a marked decrease in the number of intracellular hrpA-defective bacteria 7 h after infection (Fig. 1C). However, in contrast to cfu counts derived from the saponin-lysed cells, immunofluorescence analysis detected both live and dead bacteria suggesting that most mutant bacteria trapped inside HeLa cells were not viable. To confirm this hypothesis, a modified Live/Dead staining assay was carried out. We used two fluorescent nucleic acid stains, 4′,6-diamidino-2-phenylindole (DAPI) and propidium iodide, which differ in their ability to penetrate and stain healthy bacterial cells. The blue/cyan DAPI stain is able to pass through intact cell membranes labelling both live and dead bacteria. In contrast, the redfluorescent propidium iodide can only enter bacteria with



damaged membranes (Fig. 4A). The ratio between propidium iodide- and DAPI-stained meningococci represented the percentage of non-viable versus total bacteria. After analysing more than 500 cells (for each strain) in three distinct experiments, we concluded that more than 72% of hrpA-deficient bacteria were not viable inside HeLa cells 7 h after infection, while, at the same infection time, the percentage of non-viable wild-type bacteria never reached 20% (Fig. 4B). We then decided to investigate the intracellular localization of meningococcal strains B1940 and H44/76 by immunofluorescence using antibodies against several endocytic and exocytic markers including (i) early endosomal markers: Transferrin receptor (TfR), Early Endosomal Antigen 1 (EEA1), Rab4, Rab5 and Rab11, (ii) late endosomal and lysosomal markers: Rab7, CationIndependent Mannose-6-phosphate receptor (CI-M6PR), Rab Interacting Lysosomal Protein (RILP), Lamp1, Lamp2, CD63 (Lamp3) and Cathepsin D, (iii) Golgi markers: 58K, the KDEL receptor, Giantin and Golgin-97, and (iv) endoplasmic reticulum markers: Protein Disulfide Isomerase (PDI) and the KDEL sequence. Salmonella enterica sv. Typhimurium strain 12023 and Shigella flexneri strain M90T were used as controls in these experiments as these two pathogenic microorganisms exhibit
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2466 A. Talà et al. Fig. 4. Live/Dead stain of meningococci during HeLa cell infection. A. HeLa cells were infected with B1940 or B1940 WhrpA. After 7 h of infection, cells and bacteria were stained with either DAPI (labelling both live and dead bacteria, arrowheads) or propidium iodide (labelling only dead bacteria, arrowheads) as described in Experimental procedures. Representative samples are shown. Bars = 5 mm. B. To assess bacterial viability, more than 500 HeLa cells infected with B1940 or B1940 WhrpA were analysed. The data are expressed as the mean ⫾ SD of three separate experiments.



different behaviours during infection of HeLa cells. S. flexneri disrupted the internalization vacuole and replicated in the host cytosol (Sansonetti et al., 1986; Gaillard et al., 1987; Winkler and Turco, 1988; Tilney and Portnoy, 1989; Meyer et al., 1997), while S. enterica replicated within a modified, acidic Lamp1-positive vacuole (Guignot et al., 2004; Harrison et al., 2004). The results of our control experiments were consistent with the literature (Figs S4 and S5). In our assays, only seldom were wild-type meningococci seen colocalized with early or late endocytic markers while colocalization with exocytic markers was never observed (data not shown). Mostly, bacteria were not colocalizing with any of the markers examined although they were inside HeLa cells, as they were not



labelled by antibodies before permeabilization (Fig. 3A and C; Figs 5B and F, 6B and F, and 7B and F; Table 1). N. meningitidis has been shown to use the IgA protease to cleave the Lamp1 protein (Lin et al., 1997) and therefore the lack of colocalization with this marker could reflect this event. However, antibodies against several early endosomal, late endosomal and lysosomal markers have been used in this study and none of them produced consistent colocalization results. Internalized bacteria were often found at the periphery of the cell, close to the cell membrane. In contrast, mutant bacteria were found frequently inside organelles bearing endocytic markers, particularly late endocytic markers such as Rab7, RILP and Lamp (Figs 5D and H, 6D and H, and 7D and H; Table 1). Of
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Meningococcal TPS and intracellular survival 2467 Fig. 5. Co-localization of the B1940 hrpA-defective mutant with Rab7 and RILP. HeLa cells were transfected with GFP-Rab7 (A–D) or with GFP-RILP (E–H) and infected with B1940 (A and B, E and F) or B1940 WhrpA (C and D, G and H) strains. Images were taken 7 h after infection. Antibodies against N. meningitidis were used before permeabilization in combination with Cy5- and TRITC-conjugated secondary antibodies before and after permeabilization respectively. Intracellular bacteria stained red while extracellular bacteria stained purple (the combination of TRITC and Cy5 signals). Merged images of the different channels are shown. Bars = 10 mm.



interest was the observation that some single vacuoles contained more than one bacterium, an event never observed in cells infected with wild-type strains (Figs 5D and 6D). These data, together with those of the intracellular growth/survival assay (Fig. 1) and the Live/Dead staining assay (Fig. 4), demonstrated that meningococcal HrpA proteins were essential for intracellular survival, pos-



sibly by enabling bacteria to escape from vacuoles and then from infected cells. HrpA proteins mediate vacuolar escape The lack of colocalization with several markers prompted us to hypothesize that N. meningitidis, like other
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2468 A. Talà et al. Fig. 6. Colocalization of the H44/76 hrpA-deficient mutant with Rab7 and RILP. HeLa cells were transfected with GFP-Rab7 (A–D) or with GFP-RILP (E–H) and infected with either H44/76 (A and B, E and F) or H44/76 WhrpA1 hrpA2::ermC′ (C and D, G and H) strains. Images were taken 7 h after infection. Antibodies against N. meningitidis were used before permeabilization in combination with Cy5- and TRITC-conjugated secondary antibodies before and after permeabilization respectively. Intracellular bacteria stained red while extracellular bacteria stained purple (the combination of TRITC and Cy5 signals). Merged images of the different channels are shown. Bars = 10 mm.



pathogens, could break free from vacuoles and gain access to the cytosol. In addition, the intracellular wild-type meningococci, whose numbers increased with the infection time, were heterogeneously distributed throughout the cell and never localized to a confined region as was observed for bacteria that replicated inside organelles. Finally, the increasing numbers



of bacteria detected during the incubation time were accompanied by increasing numbers of infected cells. This finding was consistent with rapid intercellular spreading and not a function of residence in a specific compartment of the initially infected cell. Indeed, most infected cells had only few bacteria inside.
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Meningococcal TPS and intracellular survival 2469 Fig. 7. Colocalization of the H44/76 hrpA-deficient mutant with LAMP-1 and LAMP-2. HeLa cells were infected either with H44/76 (A and B, E and F) or with H44/76 WhrpA1 hrpA2::ermC′ (C and D, G and H) strains and examined by immunofluorescence. Images were taken 7 h after infection. Antibodies against N. meningitidis were used before permeabilization in combination with Cy5- and TRITC-conjugated secondary antibodies before and after permeabilization respectively. Intracellular bacteria stained red while extracellular bacteria stained purple (the combination of TRITC and Cy5 signals). Anti-Lamp1 and anti-Lamp2 were used, followed by a FITC-conjugated secondary antibody. Merged images of the different channels are shown. Bars = 10 mm.



Thus, to try to establish whether meningococci reached the cytosol we used digitonin as a permeabilizing agent (Fig. 8) at a concentration that had been demonstrated not to permeabilize internal membranes such as the endoplasmic reticulum, Golgi or lysosomes (Davies and Ioannou, 2000; Kyttala et al., 2004). As a control, we used antibodies against PDI and the KDEL receptor. Incubation with anti-PDI antibodies was not expected to result in target binding under the conditions examined as the endoplasmic reticulum membrane was not permeabilized.



The monoclonal anti-KDEL receptor recognized an epitope on a cytosolic domain of the receptor and therefore served as a control for plasma membrane permeabilization. As expected only the anti-KDEL receptor antibody was able to bind its target under these conditions (Fig. 8A and B). In contrast, binding of the anti-PDI to its target required permeabilization with saponin or Triton (Fig. 8C and data not shown). This strategy established that the endoplasmic reticulum, Golgi and lysosomes were not permeabilized (Fig. 8 and data not shown). Under these
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2470 A. Talà et al. Table 1. Colocalization (percentage) of meningococci with endocytic markers.a Marker



B1940



B1940 WhrpA



Rab4 Rab5 Rab7 Rab11 EEA1 TfR RILP Lamp1 Lamp2 CD63



0.7 ⫾ 0.2 2.0 ⫾ 0.6 4.6 ⫾ 1.2 0.3 ⫾ 0.1 0.3 ⫾ 0.1 1.3 ⫾ 0.3 5.0 ⫾ 1.5 4.4 ⫾ 1.2 5.0 ⫾ 1.5 4.0 ⫾ 1.2



1.0 ⫾ 0.2 5.0 ⫾ 1.5 63.0 ⫾ 6.6 0.3 ⫾ 0.1 0.7 ⫾ 0.2 2.3 ⫾ 1.1 65.0 ⫾ 7.5 64.0 ⫾ 6.4 72.0 ⫾ 7.3 68.0 ⫾ 5.8



a. Values are expressed as the mean ⫾ SD of three independent experiments. Three hundred cells were monitored for each marker in each experiment respectively.



permeabilization conditions we were able to detect bacteria with the anti-N. meningitidis antibody (Fig. 8A and B). Most of these bacteria localized intracellularly, as they were not labelled by the antibody before permeabilization. When the same experiment was performed with the B1940 WhrpA mutant the results were different, i.e. we were able to detect very few bacteria in the digitoninpermeabilized cells compared with the saponinpermeabilized cells (Fig. 8D–F). This difference did not seem to be due to the ability of the mutant to enter the cell by a diverse mechanism as the treatment of cells before infection with drugs affecting either actin or tubulin cytoskeleton, caveolae, clathrin endocytosis, macropinocytosis or different kinases did not reveal any difference between the two strains (data not shown). To estimate the number of putative cytosolic bacteria present we examined approximately 1000 cells infected with B1940 (500 permeabilized with saponin and 500 with digitonin) and counted both extracellular and intracellular bacteria. By comparing the to groups we concluded that more than 75% of intracellular B1940 bacteria were detected by the anti-N. meningitidis antibody in digitonin-permeabilized cells (Fig. 8G). These data indicated that B1940 either reached the cytosol or resided in a cholesterol-rich membrane compartment that, like the plasma membrane, could have been easily permeabilized by digitonin. To discriminate between these two alternatives we decided to use Filipin III (filipin). Filipin is a fluorescent polyene antibiotic widely used for the detection of cholesterol. Filipin does not label bacterial membranes or cholesterol-poor membranes but highlights cholesterolrich membranes. Thus, we infected HeLa cells with wildtype or mutant bacteria and then labelled cells with filipin at the end of the infection period. Consistent with the digitonin permeabilization results, most wild-type bacteria were not found in filipin-labelled vacuoles (Fig. 9B, B′, D and D′) and quantification of bacteria in filipin-labelled vacuoles demonstrated that only about 20% of wild-type



bacteria were present in these vacuoles suggesting that most bacteria localized to the cytosol (Fig. 9I). In contrast, 80% of mutant bacteria were found in filipin-labelled vacuoles (Fig. 9F, F′, H, H′ and I). The data obtained following digitonin permeabilization and filipin labelling indicated that most intracellular wildtype bacteria were present in the cytosol and suggested that HrpA was required by the bacteria to reach the cytosol efficiently. This hypothesis was further supported by transmission electron microscopy analysis of HeLa cells infected with B1940 or B1940 WhrpA (Fig. 10). After a 7 h infection, most wild-type meningococci (> 90%) were found free in the cytoplasm (Fig. 10D–I and L), generally at the cellular periphery (Fig. 10D and G), or localized next to empty, open vacuoles (Fig. 10H and I), while most HrpA-defective bacteria (> 85%) were observed inside vacuoles (Fig. 10J–L). In addition, in contrast to mutant bacteria, wild-type bacteria were also often observed outside the HeLa cells (Fig. 10A) or attached to the host cell membrane (Fig. 10B and C). This finding was consistent with the above-postulated ability of wild-type meningococci to escape from human cells and re-infect them. Although there is no evidence that N. meningitidis possesses haemolytic activity, meningococcal HrpA proteins share a significant homology with the ShlA and HpmA proteins of S. marcescens and P. mirabilis, two well-characterized TpsA proteins exhibiting haemolytic/ cytolytic activity. Thus, we investigated the possibility that the meningococcal HrpB–HrpA secretion system may have cytolytic activity under certain experimental conditions. Meningococci were grown in gonococcus (GC) broth to late logarithmic phase (1.0 OD600) and then removed from the medium by centrifugation. Broth culture supernatants from either B1940, B1940 WhrpA or B1940 WhrpA/hrpA+ were then incubated with human erythrocytes either with or without 10 mM magnesium or 10 mM manganese ion supplements. Supernatants from Staphylococcus aureus strain SA-1 were used as a positive control (Fig. 11). The results demonstrated that, in contrast to S. aureus, no N. meningitidis strain exhibited haemolytic activity either in the presence or in the absence of magnesium supplementation. In contrast, significant haemolysis in comparison with the negative control group (no bacterial supernatant) was detected when the B1940 strain was incubated with the erythrocytes in the presence of manganese at pH 5.8 (Fig. 11). The haemolytic activity of B1940 WhrpA was significantly reduced (to about 37%) compared with that of the parental B1940 strain, and almost fully restored (to about 88%) by genetic complementation (Fig. 11). This finding was consistent with the hypothesis that HrpA may have lytic properties directly or indirectly involved in vacuolar or cellular escape.
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Fig. 8. Anti-N. meningitidis antibody accessibility after digitonin permeabilization of plasma membrane. A–F. HeLa cells were infected with B1940 (A–C) or B1940 WhrpA (D–F) and examined by immunofluorescence. Antibodies against N. meningitidis were used before permeabilization in combination with Cy5- and FITC-conjugated secondary antibodies before and after permeabilization respectively. Anti-KDEL receptor (A and D) or anti-PDI (B, C, E and F) antibodies followed by secondary TRITC-conjugated antibodies were used. Digitonin was used as a permeabilizing agent instead of saponin in (A), (B), (D) and (E). Bars = 10 mm. G. Quantitative analysis of internalized bacteria. Data are expressed as the mean ⫾ SD of three independent experiments. Five hundred cells that were permeabilized with saponin and 500 cells that were permeabilized with digitonin were monitored for each strain in each experiment.



Expression of hrpA and hrpB during the infectious cycle Our data suggested that hrpA and hrpB were essential during the intracellular phase of the infectious cycle. Parallel to these observations was that the hrpB–hrpA loci were expressed in the intracellular milieu. This was evaluated by RT-PCR slot blot and semi-quantitative real-time RT-PCR (Fig. 12) experiments. After infecting HeLa cells with strain H44/76 for 7 h, total RNA was extracted from intracellular or extracellular bacteria, and from control



bacteria grown in DMEM in the absence of HeLa cells. Levels of hrpA-specific transcripts were normalized against those of 16S rRNA. RT-PCR slot blot data demonstrated 3.5- and 5-fold increases in the amounts of hrpA-specific transcripts, respectively, from intracellular and extracellular bacteria compared with control bacteria grown without cells (Fig. 12B and C). More accurate real-time RT-PCR analysis showed 2.2- and 2.7-fold increases, respectively, in the corresponding samples (Fig. 12D, left). As hrpB and hrpA were co-transcribed, the
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Fig. 9. Localization of hrpA-deficient meningococci in filipin-labelled vacuoles. A–H. HeLa cells were infected with B1940 (A–D) or B1940 WhrpA (E–H). After infection, extracellular bacteria were labelled using anti-N. meningitidis antibodies in combination with a FITC-conjugated secondary antibody. Filipin was used to permeabilize cells and to label cholesterol-rich membranes. After permeabilization, anti-N. meningitidis antibodies in combination with TRITC-conjugated secondary antibodies were used to detect bacteria. Therefore intracellular bacteria stained red. Filipin staining in black and white is shown in (A), (C), (E) and (G). Merged images are in (B), (D), (F) and (H). Images at higher magnification are shown in (A′)–(H′). I. Percentage of bacteria present in filipin-labelled compartments. The data are expressed as the mean ⫾ SD of 300 bacteria for each strain.
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Fig. 10. Transmission electron microscopy of infected HeLa cells. HeLa cells were infected with either B1940 (A–I) or B1940 WhrpA (J and K) for 7 h. A–C. B1940 meningococci outside (A) or attached to (B and C) HeLa cells. D–I. B1940 meningococci in the intracellular environment at lower (D and H, arrowheads) or higher (E–G and I) magnification. Note in (H) and (I) the presence of the empty, open (I) vacuole next to bacterial cells. J and K. B1940 WhrpA meningococci inside a vacuole. Panel (K) is an enlargement of a region of (J). Note in (K) the vacuole membrane surrounding the bacterial cells (arrows). Bars represent 0.5 mm in (A), (C) and (E); 0.2 mm in (B), (F) and (K); 1 mm in (D), (G), (H) and (J). L. Percentage of meningococcal cells inside vacuoles. Percentages of B1940 or B1940 WhrpA meningococci inside vacuoles were determined after 1 or 7 h of infection. A total of about 100 bacteria (for each strain and at each time point of infection) were analysed.
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Fig. 11. Haemolytic activity of B1940 and hrpA-deficient mutants. Meningococci were grown in GC broth to late logarithmic phase (1.0 OD600) and then removed from the medium by centrifugation. Broth culture supernatants were incubated with human erythrocytes either in the presence or in the absence of 10 mM MgCl2 or 10 mM MnCl2, at pH 5.8. Staphylococcus aureus SA-1 supernatants were used as a positive control. The haemolytic activity of B1940, B1940 WhrpA and B1940 WhrpA/hrpA+ were determined spectrophotometrically (OD540). Data are shown as mean ⫾ SD of triplicate samples in a representative experiment. Similar results were obtained in three independent experiments. The Student’s t-test was used to determine statistical significance. Statistically significant differences between values from mutants and wild-type meningococci (asterisks) are declared at a P-value < 0.05. Photographs of samples from a representative experiment are shown below the histogram.



Fig. 12. hrpA and hrpB mRNA levels during the infection cycle. A. Genetic map of the hrpB1–hrpA1 (NMB1780–NMB1779) locus from N. meningitidis strain MC58 with the locations of the DNA fragment (open rectangle) used in RT-PCR slot blot experiments (B and C) and of the amplicon (closed rectangles) generated by real-time RT-PCR (D). B. RT-PCR slot blot analysis of hrpA transcripts. Total RNAs were extracted from either intracellular or extracellular bacteria after a 7 h infection of HeLa cells or from control bacteria grown for 7 h in the culture medium (DMEM) alone. The 32P-labelled cDNA probes were hybridized to different amounts (4, 20 and 100 ng) of denatured hrpA-specific fragments (A). For the 16S rDNA-specific fragment, twofold serial dilutions (from 0.05 to 50 ng) were used. C. Densitometry analysis of the RT-PCR slot blot experiments. The relative transcript levels in intracellular H44/76 strain bacteria were arbitrarily assumed to be equal to 100%. The data are expressed as the mean ⫾ SD of five independent experiments with triplicate samples. D. Semi-quantitative analysis of hrpA (left) and hrpB (right) transcripts by real-time RT-PCR. RNA was extracted as above (B). Results were normalized to the 16S rRNA levels. The hrpA and hrpB transcript levels of intracellular H44/76 were arbitrarily set to equal 100%. The data are expressed as the mean ⫾ SD of five independent experiments that were performed using distinct cDNA preparations for each RNA sample.
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Meningococcal TPS and intracellular survival 2475 levels of hrpB-specific transcripts were also determined. Results of RT-PCR experiments demonstrated about 6.9and 5.2-fold increases in the amounts of hrpB-specific transcripts, respectively, from intracellular and extracellular bacteria compared with control bacteria (Fig. 12D, right). Upregulation of the hrpB–hrpA operon was thus consistent with the proposed role for these meningococcal genes. Discussion In this study we used HeLa cells to investigate the role of the HrpB–HrpA secretion system in the meningococcal infection cycle. Although there is evidence that several pathogenic microorganisms may use a similar system to colonize epithelial surfaces (St Geme et al., 1991; Locht et al., 1993; Noel et al., 1994; Hodak et al., 2006; Mazar and Cotter, 2006; Balder et al., 2007; Plamondon et al., 2007), meningococcal HrpA did not act as either an adhesin or an invasin in our assays. Indeed, as mentioned above, the minimal contribution of the meningococcal HrpB–HrpA TPS system to adherence was demonstrated by using un-encapsulated bacteria (Schmitt et al., 2007), which had enhanced adhesive and invasive properties than encapsulated bacteria in our assay (Spinosa et al., 2007). Instead of identifying a role for adherence, our data suggested that the HrpB–HrpA TPS system is essential for intracellular survival and escape from infected cells. These observations focused our studies on the meningococcal survival strategies within the infected cell. This aspect, at the time being, is a matter of concern (Merz and So, 2000). Using human nasopharyngeal tissue in organ cultures, Stephens and co-workers (Stephens et al., 1983; Stephens, 1989) showed by transmission electron microscopy that after meningococci entered via phagocytic vacuoles they remained at an apical location within epithelial cells. Over time, the meningococci could be seen in the subepithelial space, but the mechanism and route of this process remained unclear. Using polarized epithelial cells monolayers, Pujol et al. (1997) observed that after inducing cytoskeletal modifications that lead to the formation of adherence pedestals and cup-like invaginations, meningococci invaded cells and occasionally localized to vacuoles. Colocalization of early and late endocytic markers with encapsulated meningococci infecting human brain microvascular endothelial cells has been recently reported (Nikulin et al., 2006) although the statistical significance of this finding has not been determined. In HeLa cells infected for 7 h, wild-type bacteria belonging to either B1940 or H44/76 virulent serogroup B strains seemed to have a tendency to localize primarily to the cytosol. Indeed, they generally exhibited a scattered distribution inside the cell suggesting that they were not



confined and replicating in a vacuole (Fig. 3) and rarely colocalized with markers specific for early endosomes, late endosomes and lysosomes (Figs 5–7). The majority of these bacteria were accessible to antibodies following selective plasma membrane permeabilization with digitonin suggesting that they were not confined to the cholesterol-poor membrane compartment (Fig. 8) and appeared not to be surrounded by cholesterol-rich intracellular membranes that could be stained with filipin (Fig. 9). The ability to reach the cytosol was directly demonstrated by transmission electron microscopy (Fig. 10A–I and L) and the cytosolic location of intracellular meningococci was consistent with recent studies regarding how meningococci acquire nutrients from host cells (Monaco et al., 2006; Smith et al., 2007). This intracellular colonization pattern dramatically changed in the HrpA-deficient strains B1940 WhrpA and H44/76 WhrpA1 hrpA2::ermC′. At the same infection time (7 h), these mutant bacteria often were arranged in groups, localized to vacuoles that were positive for late endocytic markers (Figs 5–7). Most of these bacteria appeared to be surrounded by filipin-stained membranes (Fig. 9), consistently with transmission electron microscopy data (Fig. 10J–L). Colony-forming unit counts and the Live/Dead staining demonstrated that most of these microorganisms were not viable (Figs 1 and 4). The mechanism of how the meningococcal HrpB–HrpA secretion system mediated intracellular colonization events is matter for future investigation. Invasive bacteria that are able to escape from vacuoles, replicate in the host cell cytoplasm and spread to adjacent host cells do so by means of haemolytic factors and phospholipases (Sansonetti et al., 1986; Gaillard et al., 1987; Winkler and Turco, 1988; Tilney and Portnoy, 1989; Meyer et al., 1997). Remarkably, expression of Listeriolysin O in Bacillus subtilis was sufficient to convert this common soil microorganism into an intracellular parasite in vitro (Bielecki et al., 1990). Thus, one possibility is that the meningococcalsecreted HrpA proteins could act as lysins directly responsible for bacterial escape from vacuoles. The manganese-dependent haemolytic activity present in wild-type strain B1940 supernatants and the significant attenuation of this activity in supernatants harvested from the HrpA-deficient mutant were consistent with this hypothesis (Fig. 11). It is reasonable that the HrpA lysins may only be functional in restricted subcellular compartments under defined physiochemical conditions that include pH, divalent ions and membrane lipid composition. Indeed, cholesterol and pH interdependence has been demonstrated in the binding, oligomerization and pore formation of Listeriolysin O (Bavdek et al., 2007), while membrane binding and insertion of ShlA, whose activation by ShlB strictly requires phosphatidylethanola-
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2476 A. Talà et al. mine as a cofactor (Hertle, 2002), are highly dependent on phosphatidylserine and are facilitated by phosphatidylethanolamine (Hertle, 2002). Indeed, extensive lipid re-modelling occurs during phagosome maturation (Vieira et al., 2002) and, more interestingly, a significant increase in the manganese concentration as a function of the infection time has been found in the phagosomecontaining pathogenic but not non-pathogenic mycobacteria (Wagner et al., 2005). Alternatively, HrpA proteins may facilitate the local action of meningococcal phospholipases on the phagosomal membrane. In the genome of the MC58 strain two loci were annotated: NMB1434 encoding a putative phospholipase D, and NMB0464 encoding a phospholipase A1. While the phospholipase A1 was absent in a number of virulent strains (including FAM18) and functioned as an autolysin (Bos et al., 2005), the putative phospholipase D was conserved in all three virulent sequenced strains (MC58, Z2491 and FAM18), and in N. gonorrhoeae it augmented invasion of and survival within cervical epithelia (Edwards et al., 2003). Future studies will test these two hypotheses that are not mutually exclusive. Interestingly, the hrpB–hrpA homologous loci were absent in the N. gonorrhoeae FA1090 strain (Fig. S1). The absence of these loci in N. gonorrhoeae may contribute to the different behavioural patterns of meningococci and gonococci inside host cells and to the magnitude and presentation of disease. In a recent paper that has questioned the role of the gonococcal IgA1 protease as a major determinant of phagocytosis subversion, after a transient accumulation within infected murine fibroblasts expressing a receptor for an Opa protein, gonococci were shown to be located in vacuoles containing late endocytic markers (Rab7 and RILP), and were killed upon delivery of the lysosomal contents (Binker et al., 2007). Thus, understanding the molecular evolution of the meningococcal HrpB–HrpA TPS system may help discover when and how the meningococci became human pathogens.



Experimental procedures Bacterial strains and growth conditions Neisseria meningitidis B1940 [B:NT:P1.3,6,15; lipooligosaccharide (LOS) immunotype: L3,7,9] is piliated and expresses Opa and Opc adhesins (Frosch et al., 1990; Hammerschmidt et al., 1996a,b; Jack et al., 1998). N. meningitidis H44/76 (B:15:P1.7,16, LOS immunotype L3,7,9, Opa+ Opc+) is an isolate from a patient with invasive meningococcal disease (Holten, 1979) and is an international reference strain (Fredriksen et al., 1991; Høiby et al., 1991). The strains were cultured on GC agar base (OXOID) supplemented with 1% (v/v) Polyvitox (OXOID) at 37°C in a 5% CO2



incubator as described (Salvatore et al., 2001; 2002). E. coli strain DH5a [F- F80d lacZDM15 endA1 recA1 hsdR17 supE44 thi-1 l- gyrA96 D(lacZYA-argF) U169] was used in cloning procedures. This strain was grown in Luria–Bertani (LB) medium. To allow plasmid selection, LB medium was supplemented with ampicillin (50 mg ml-1). S. enterica sv. Typhimurium strain 12023 and S. flexneri strain M90T were kindly provided by professor D.W. Holden (Imperial College, London, UK).



DNA procedures Genomic DNA from N. meningitidis was prepared as described (Bucci et al., 1999). Oligonucleotides used in PCR reactions are listed in Table 2. The amplification reactions consisted of 35 cycles including a 45 s denaturation step at 94°C, a 45 s annealing step at 55°C and a 45 s extension at 72°C. The DNA from strain MC58 (Tettelin et al., 2000) was used as a template. Southern blot hybridizations were carried out according to standard protocols (Sambrook and Russell, 2001). Oligonucleotide synthesis and DNA sequencing were performed by MWG Biotech (Dublin, Ireland). Processing of DNA sequences was performed with the software GeneJockey Sequence Processor software (Biosoft, Cambridge, UK). Multiple sequence alignments were conducted using the software CLUSTAL W software (http://clustalw.genome.jp/) and phylogenetic analysis was performed using the default parameters of the Neighbour-joining function available at the same site.



Plasmids and cloning procedures The Neisseria–E. coli shuttle vectors pDEX and pNLE1 have been previously described (Salvatore et al., 2000; Pagliarulo et al., 2004). pDEX was used to construct plasmids for targeted gene inactivation by single cross-over, while pNLE1 was designed for chromosomal integration into the meningococcal leuS-Ydam region and thus was used to construct plasmids for the complementation tests. pDEhrpA::ermC was obtained by inserting sequentially a BamHI-restricted 1802 bp and an EcoRI-restricted 1844 bp PCR products, respectively, upstream and downstream of ermC⬘ in pDEX. The two PCR products were obtained, respectively, by amplifying the 5′- and the 3′-end-proximal segments of hrpA from the genome of MC58 with the primer pairs hrpA1/hrpA2 and hrpA3/hrpA4. To construct pACYCDhrpA, the DNA corresponding to the central segment of the hrpA gene was amplified using the primers hrpA5 and hrpA6, and the BamHI-restricted 1010 bp PCR product was cloned into the BamHI site of pACYC184 harbouring a functional chloramphenicol-resistance gene. pDEDhrpB was obtained by cloning the BamHI-restricted 771 bp PCR product (primer pair hrpB1/hrpB2) spanning the internal region of hrpB into the BamHI site of pDEX. To construct pNLEhrpBA, the entire NMB1780–NMB1779 (hrpB–hrpA) locus including the putative hrpB promoter sequences was amplified from the genome of B1940 using the primer pair hrpB1-SmaI and hrpA2SmaI (Table 2) and the 8260-bp-long PCR product was cloned into the SmaI site of pNLE1 (Salvatore et al., 2000; Pagliarulo et al., 2004). pNLE-porBP-gfp (green fluorescent protein) was obtained by inserting sequentially a 317-bp-long BamHI–XbaI-restricted PCR fragment (containing the N. meningitidis porB promoter region) and a 780-bp-long XbaI–HindIII fragment (containing the gfp
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Name



Sequencea



hrpA1 hrpA2 hrpA3 hrpA4 hrpA5 hrpA6 hrpB1-SmaI hrpA2-SmaI hrpB1 hrpB2 hrpA-f hrpA-r hrpB-f hrpB-r porBP2 porBP3 gdhA3 gdhA4 16Suniv-1 16Suniv-2 16S-r



5′-TGGTGAGGATCCAAACTCCGAATGGACGCGGATTG-3′ 5′-GCGTTGGGATCCGTCACCAAGCTGAATACCGTTG-3′ 5′-GATACCGTGCTCGAAGGTACCGAATTC-3′ 5′-GAACGGGAATTCGCAATAGGCCTATGGAAGTGC-3′ 5′-CCGCCAGGATCCATTTGAAATCGGATAACGCTG-3′ 5′-CAGCAAGGATCCGCCTGTTTTGATGCTCAGGTCG-3′ 5′-GCAGCTCCCGGGAAAAGGTCGTCTGAAACCTTTTC-3′ 5′-CTCATCCCCGGGAAAATCCTTTGTAAATTATTGG-3′ 5′-CAGCACATGGATCCTGAATTGTTAACTGATGCAAATGTC-3′ 5′-GTAACTTCTGGATCCGCTTTCAGTTTCCGTACCGGTGGC-3′ 5′-CAATGCGCGCTATTCCCAAATTG-3′ 5′-CTACCTGCTTCAATATTCAGCCG-3′ 5′-GTTCAGTATCGGTATAGATGATG-3′ 5′-GCTTTCAGTTTCCGTACCGGTGG-3′ 5′-ATTTAATCTAGACGGGCTTTCCAAGCCGCTTAGCTTTGC-3′ 5′-GATTTGGGATCCTTGCATCCGCCCGTTCCGAAAGAAACC-3′ 5′-GCAGATGGATCCCAGGCAGGATTGTTGGCAATTTCAGTC-3′ 5′-AACGGCTCTAGATTGGGATTGCGTTGTTTGAGGTTGGC-3′ 5′-CAGCAGCCGCGGTAATAC-3′ 5′-CCGTCAATTCCTTTGAGTTT-3′ 5′-CTACGCATTTCACTGCTACACG-3′



a. BamHI, EcoRI, XbaI and SmaI sites used in cloning procedures are underlined.



mut3 gene from pKEN2) (Cormack et al., 1996) into pNLE-1. The porB promoter region was amplified with the primer pair porBP2 and porBP3 (Table 2). pNLE-gdhAP-gfp was obtained by inserting sequentially a 367-bp-long BamHI–XbaI-restricted PCR fragment (containing the N. meningitidis gdhA promoter region) and the 780-bp-long XbaI–HindIII fragment (containing the gfp mut3 gene from pKEN2) into pNLE-1. The gdhA promoter region was amplified with the primer pair gdhA3 and gdhA4 (Table 2). pNLEgdhAP-gfp was introduced into S. flexneri M90T by electroporation, while S. enterica sv. Typhimurium 12023 was transformed with pNLE-porBP-gfp as described (Miloso et al., 1993).



hrpB–hrpA inactivation and hrpA complementation Isogenic strains were engineered expressing both, one or neither hrpA determinants using the H44/76 N. meningitidis strain, an invasive strain evolutionarily close to the sequenced MC58 strain, as parental strain. We verified the presence of the two hrpA genes in this strain by Southern blot analysis (data not shown), and then we developed a strategy to inactivate the genes sequentially (Fig. S2A). The central region of one of the two hrpA paralogues was replaced by the erythromycin-resistance gene ermC⬘ by transformation with a 4764 bp SphI–NdeI fragment derived from pDEhrpA::ermC using double-cross-over replacement (Fig. S2A). Transformation of N. meningitidis was performed by using 0.1–1 mg of DNA and transformants were selected on GC agar containing erythromycin (7 mg ml-1) or chloramphenicol (5 mg ml-1). Transformants were subjected to Southern blot analysis using a probe spanning the 5′-proximal half of hrpA (probe A, Fig. S2A). This analysis confirmed the successful allelic replacement in transformed strains H44/76 hrpA2::ermC′, resulting in the appearance of a 4456 bp HinfI fragment in addition to the 2642 bp HinfI fragment (Fig. S2B, lanes 2–4) corresponding to the other wild-type hrpA gene (Fig. S2B, lane 1). The latter was then insertionally inactivated by transforming H44/76 hrpA2::ermC′ with the



plasmid pACYCDhrpA, harbouring the central region of hrpA (only present in the other hrpA paralogue). Insertion of pACYCDhrpA into the H44/76 hrpA2::ermC′ chromosome generated two HinfI fragments whose lengths were expected to be 2636 and 1312 bp, respectively, in the double mutant H44/76 WhrpA1 hrpA2::ermC′ (Fig. S2B, lanes 5–7). The single mutant H44/76 WhrpA1 was constructed by insertional inactivation of one of two hrpA gene copies. When restricted with HincII, the DNA of this strain produced two expected 4790 and 2586 bp fragments in addition to a 3738 bp fragment (Fig. S2B, lanes 8–10), characteristic of the two wild-type genes (Fig. S2B, lane 11). The Southern blot analyses with the DNA probes spanning either the hrpA 5′-proximal half or the central region of hrpA (probe B, data not shown) could not discriminate between the two gene copies that were inactivated in the single mutants H44/76 hrpA2::ermC′ and H44/76 WhrpA1. To address this issue, a probe spanning the hrpA-3′-proximal half was used, taking advantage of polymorphic restriction sites in this gene region. The results demonstrated that different hrpA gene copies were inactivated in the two strains, namely hrpA2 (NMB0497) in H44/76 hrpA2::ermC′ and hrpA1 (NMB1779) in H44/76 WhrpA1 (data not shown). hrpA inactivation was also successful in strain B1940 (Fig. S2C). When this strain was transformed with pACYCDhrpA, an about 3000-bp-long HincII fragment characteristic of the wildtype allele (Fig. S2C, lane 5) disappeared, and two fragments of about 4300 and 1650 bp were detected by a probe spanning the central region of hrpA (probe B) (Fig. S2C, lanes 1–4), suggesting that B1940 possessed a single hrpA gene copy that was inactivated in B1940 WhrpA. hrpB inactivation in this strain was carried out by transformation of B1940 with pDEDhrpB. Successful inactivation was confirmed by Southern blot analysis demonstrating the appearance of the two 2505-bp- and 1106-bp-long HaeIII DNA fragments (Fig. S3, lanes 1–6) in place of the 1369bp-long DNA fragment characteristic of the hrpB wild-type allele (Fig. S3, lane 7). B1940 WhrpA was complemented by transformation with the integrative plasmid pNLE-hrpBA. Transformants
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2478 A. Talà et al. were selected on GC agar medium supplemented with erythromycin (7 mg ml-1). Successful gene delivery was verified by Southern blot analysis (Fig. S2C). In B1940 WhrpA/hrpA+ the hrpA-specific probe detected the presence of both the 3000-bplong HincII fragment (characteristic of the wild-type hrpA) and the 4300-bp- and 1650-bp-long HincII fragments (characteristic of the inactivated hrpA gene) (Fig. S2D, lane 8).



RNA procedures Total RNA was extracted from either intracellular or extracellular bacteria after a 7 h infection of HeLa cells or from control bacteria grown for 7 h in the culture medium (DMEM) without HeLa cells, as previously described (Monaco et al., 2006). RT-PCR slot blot analysis of meningococcal hrpA-specific transcripts during infection of HeLa cells was performed as previously described (Monaco et al., 2006). Briefly, to prepare gene-specific cDNA probes, the RNAs were subjected to reverse transcription using the oligonucleotides hrpA6 or 16Suniv-2 (loading control) as primers. The labelling procedure consisted of a PCR reaction, where 2 ml of cDNA was used as a template in a 50 ml mixture containing 0.2 mM of each dCTP and dTTP, 2.5 mM of each dATP and dGTP, 0.12 mM [a-32P]-ATP (3000 Ci mmol-1) and [a-32P]GTP (3000 Ci mmol-1), 0.2 mM hrpA5 or 16Suniv-1 primers, and 0.05 U ml-1 Taq polymerase (Perkin Elmer S.p.A). The amplification reaction consisted of a 45 s denaturation step at 94°C, a 45 s annealing step at 55°C and a 45 s extension at 72°C for 20–25 cycles. The number of cycles was critical for operating in the linear range of the PCR, and it was determined in preliminary experiments. The 32P-labelled cDNA probes were hybridized to different amounts (0.05–100 ng) of denatured hrpA- or 16S rRNA-specific DNA fragments generated by PCR with the corresponding primer pairs hrpA5/hrpA6 or 16Suniv-1/16Suniv-2, and fixed onto positively charged Hybond–N+ nylon membranes. The hybridization reactions were carried out in Church buffer (Sambrook and Russell, 2001) at 63°C. Semi-quantitative analysis was performed by quantifying the intensity of the radioactivity bands using a PhosphoImager SI (Molecular Dynamics, Sunnyvale, CA). Semi-quantitative analyses of hrpA- and hrpB-specific transcripts, normalized to 16S rRNA, were also performed by realtime RT-PCR. Total RNAs (1 mg) from either intracellular or extracellular bacteria, or control bacteria grown without HeLa cells were reverse-transcribed by using random hexamers (2.5 mM) with Superscript RT (Invitrogen, Carlsbad, CA). About 0.1–1% of each RT reaction was used to run real-time PCR on a SmartCycler System (Cepheid, Sunnyvale, CA) with SYBR® Green JumpStart Taq ReadyMix (Sigma, St Louis, MO) and the respective primer pairs 16Suniv-1/16S-r (specific for 16S rRNA) or hrpA-f/hrpA-r (specific for hrpA) or hrpB-f/hrpB-r (specific for hrpB). The lengths of PCR products were 185 bp with 16Suniv1/16S-r, 183 bp with hrpA-f/hrpA-r and 175 bp with hrpB-f/hrpB-r. Real-time PCR samples were run in triplicate. The real-time PCR conditions were: 30 s at 94°C, 30 s at 55°C and 30 s at 72°C for 35 cycles. Detection of PCR products was performed at 83°C.



Haemolytic activity assay Meningogoccal strains B1940, B1940 WhrpA and B1940 WhrpA/ hrpA+ were grown in GC broth supplemented with 1% (v/v)



Polyvitox to late logarithmic phase (1.0 OD600) and then removed from the medium by centrifugation. Broth cultures supernatants (800 ml) were incubated with human erythrocytes (2% final concentration) either in the presence or in the absence of 10 mM MgCl2 or MnCl2. Before the incubation the erythrocytes were washed with phosphate-buffered saline (PBS) at pH 5.8. In these assays supernatants harvested from S. aureus SA-1 were used as a positive control. After a 2 h incubation at 37°C the erythrocytes were pelleted by centrifugation and the absorbance read at 540 nm.



Cell culture, adherence and invasion assays HeLa cells (ATCC No. CCL-2) were used for all adherence, invasion and intracellular viability assays described. Several experiments were also repeated with HEp2 (ATCC No. CCL-23) and Chang conjunctiva cells (ATTC No. CCL-20.2) with similar results (data not shown). It should be noted that, as a result of a well-known contamination event, HEp2 (thought to be derived from an epidermoid carcinoma of the larynx) and Chang conjunctiva (thought to be derived from normal conjunctiva) cells present HeLa markers and have been established via HeLa cells contamination, as stated by ATCC (http://www.atcc.org). Cells were grown at 37°C in a 5% CO2 incubator in DMEM supplemented with heat-inactivated 10% fetal bovine serum (FBS), 2 mM M-glutamine, penicillin (50 U ml-1) and streptomycin (50 mg ml-1). Neisseria meningitidis adherence and invasion assays were performed as previously described (van Putten and Paul, 1995; Billker et al., 2002; Spinosa et al., 2007). Briefly, HeLa (or HEp2 or Chang conjunctiva cells) cells were infected at a multiplicity of infection (moi) of 50 for 1 h. Adherence of viable bacteria was evaluated at different time intervals after removing non-adherent bacteria by sequential washing with PBS. For invasion assays, bacteria were centrifuged (60 g) onto cells to start the infection; then cells were washed twice with PBS to eliminate the majority of extracellular bacteria and then exposed to gentamicin to kill the remaining extracellular bacteria. Cells were washed extensively with PBS to remove gentamicin and dead extracellular bacteria, and then lysed with saponin. Gentamicin treatment was performed at 100 mg ml-1, a concentration about 10-fold above the minimal inhibitory concentration (MIC) for 30 min. We determined that this treatment was sufficient to kill all extracellular bacteria by plating the culture medium before and after gentamicin treatment onto GC agar medium. No viable bacteria were detected after treatment with either 100 or 500 mg ml-1 gentamicin indicating a survival value < 10-8. When required, cells were re-incubated in fresh culture medium at various time intervals after gentamicin treatment. For quantification, bacteria present in culture medium (extracellular) or released by saponin from HeLa cells (intracellular) were plated and cfu were counted the day after. The strains used in this study had comparable gentamicin MIC values and were equally insensitive to saponin. Invasion assays with GFP-labelled S. flexneri M90T (harbouring the plasmid pNLE-gdhAP-gfp) and S. enterica sv. Typhimurium 12023 (harbouring the plasmid pNLE-porBP-gfp) were carried as follows. S. flexneri M90T from overnight cultures on LB agar containing ampicillin were re-suspended in DMEM and used to infect HeLa cells at an moi of 100. To start the infection bacteria were centrifuged (600 g) onto cells. After incubation for 30 min at 37°C in the presence of 5% CO2, cells were washed twice with PBS to eliminate the majority of extracellular bacteria and
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exposed to 100 mg ml gentamicin for 30 min to kill remaining extracellular bacteria. Then gentamicin concentration was reduced to 16 mg ml-1 and infections were stopped after 4 h for immunofluorescence microscopy analysis (see below). Infections with S. enterica sv. Typhimurium 12023 were carried out using bacteria grown to middle logarithmic phase in LB broth containing ampicillin. These bacteria were collected by centrifugation, re-suspended in DMEM and used to infect HeLa cells at an moi of 100. To start the infection bacteria were centrifuged (110 g) onto cells. After incubation for 15 min at 37°C in the presence of 5% CO2, cells were washed twice with PBS and exposed to 100 mg ml-1 gentamicin for 1 h. Then gentamicin concentration was reduced to 16 mg ml-1 and infections were stopped after 4 h for immunofluorescence microscopy analysis (see below). Adherence, invasion and intracellular growth/survival of bacteria were tested in at least five independent experiments with triplicate samples. The Student’s t-test was used to determine statistical significance.



Inhibitors of cellular functions To investigate the possible meningococcal cellular escape mechanisms HeLa cells were treated for 30 min with the following drugs: 1 mg ml-1 Cytochalasin D, 50 mM Paclitaxel, 20 mM Nocodazole, 10 mM Colchicine or 5 mg ml-1 Brefeldin A 3 h after gentamicin treatment. After treatment, cells were washed extensively and re-incubated in the culture medium. All inhibitors (Sigma) were dissolved in dimethyl sulfoxide (DMSO) at stock concentrations and then diluted in the medium as required. The final concentration of DMSO was never more than 0.1%. Chemical inhibitors or DMSO was incubated for 4 h with bacteria or HeLa cells, and their effect on bacterial viability was determined. No effect on bacterial or cell viability at the concentrations and times used was observed (data not shown).



2000; Kyttala et al., 2004). Anti-PDI that was not able to recognize its cellular target in digitonin-permeabilized cells could detect PDI when cells were permeabilized with 0.002% saponin or with 0.05% Triton. For filipin staining, Filipin III (Sigma) was re-suspended in DMSO at 50 mg ml-1 under nitrogen, stored at -20°C and protected from light. After fixation and staining of extracellular bacteria as above, cells were incubated for 30 min at 37°C with filipin 1:100 in PBS with 10% FBS. Filipin stains cholesterol-rich membranes and, at the same time, permeabilizes the cells. After permeabilization cells were incubated with primary and secondary antibodies to stain bacteria. Mounted coverslips were examined using a Nikon Optiphot-2 microscope with an episcopic-fluorescence attachment (EFD-3, Nikon). Image processing was carried out with Adobe Photoshop version 7.0.



Bacteria viability assay Viability of intracellular meningococci during infection of HeLa cells was determined by using a modified Live/Dead staining assay. HeLa cells were infected with different meningococcal strains as described above and after a 7 h infection cells and bacteria were stained with either DAPI or propidium iodide (Invitrogen, Carlsbad, CA). For DAPI staining, cells were washed with PBS and treated with 0.25% saponin for 10 min to permeabilize them without killing bacteria (see above). Samples were then incubated in the presence of a 1:1000 diluted solution of DAPI for 5 min in the dark. For propidium iodide staining, cells were washed with 0.9% NaCl and then labelled with an aqueous solution of 30 mM propidium iodide for 15 min in the dark. Treatment with the aqueous solution led to osmotic lysis of HeLa cells allowing the fluorescent dye to reach the intracellular bacteria. After staining, samples were viewed with a Nikon Optiphot-2 microscope with an episcopic-fluorescence attachment (EFD-3, Nikon).



Transmission electron microscopy Transfection and immunofluorescence analysis In some experiments HeLa cells were transfected with GFPRILP or GFP-Rab7 as described (Bucci et al., 2000) prior to infection. Immunofluorescence analysis was performed as previously described to distinguish between extracellular by intracellular bacteria (Spinosa et al., 2007). Briefly, after infection, cells were washed once with PBS and fixed with 3% paraformaldehyde. For staining of extracellular bacteria incubation with primary antibodies was carried out for 20 min at room temperature. After washes in PBS, cells were incubated with secondary antibodies for 20 min in the dark, at room temperature. Subsequently, cells were permeabilized with 0.25% saponin, incubated with primary antibodies to stain bacteria or intracellular markers and then incubated with secondary antibodies. Rabbit polyclonal anti-N. meningitidis antibody was obtained from ViroStat (Portland, ME) and monoclonal H4A3 anti-Lamp1 and H4B4 anti-Lamp2 were obtained from the Developmental Studies Hybridoma Bank at the University of Iowa. Primary and secondary antibodies were used at a 1:500 dilution. Mounted specimens were viewed with the ZEISS LSM510 confocal laserscanning microscope. Images were processed using Adobe Photoshop 7.0. For selective permeabilization of the plasma membrane, digitonin (20 mg ml-1) was used as described (Davies and Ioannou,



HeLa cells were infected with meningococcal strains as described. Infections were carried out at an moi of 50 for 1 or 7 h. Samples were then collected by centrifugation and fixed with 2% glutaraldehyde and 1% formaldehyde in 0.04 M piperazine-N,N′bis (2-ethansulfonic acid) (PIPES) buffer at pH 7.0 for 2 h at room temperature. The samples were rinsed in 0.08 M PIPES buffer and twice in 0.08 M Na-cacodylate buffer and post-fixed in 1% OsO4 in 0.08 M Na-cacodylate buffer, pH 6.7, overnight at 4°C. Following dehydration in a step gradient of ethanol with three changes of anhydrous ethanol and one of propylene oxide incubation step at 4°C, the samples were slowly infiltrated with Epon 912 resin at 4°C, transferred to polypropylene dishes and incubated at 70°C for 24 h. Thin sections were stained with 3% uranyl acetate in 50% methanol for 15 min and in Reynold’s lead citrate for 10 min and then examined with a Leo 912AB electron microscope.
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Supporting information Additional Supporting Information may be found in the online version of this article: Fig. S1. Genetic evolution of the hrpB–hrpA loci in the neisserial genome. Top. The secB-recG-argC-rbn region in the chromosome of N. gonorrhoeae FA 1090. Location of the ORF NGO0116 to NGO0127 (grey boxes) is drawn to scale with their relative orientation (bottom arrows). Y-5′/Y-3′ represents peptide bacteriocin pseudogene that was interrupted by a nemis element (black box). Middle. The secB-recG-argC-rbn region in the chromosome of N. meningitidis Z2491 containing the hrpBhrpA locus. hrpB (NMA0687), hrpA (NMA0688), two incomplete hrpA genes (DhrpA) (NMA0690–NMA0691) and several ORFs of unknown function (NMA0689, NMA0691, NMA0693–NMA0698) are reported (white boxes). Relics of the peptide bacteriocin pseudogene (Y/Y-3′) containing remnants of IS1106 (DIS1106) and IS1016 (DIS1016) (black boxes) flank the hrpB–hrpA locus. Bottom. Duplicated hrpB–hrpA loci in N. meningitidis MC58. Symbols are as above (middle). Additional features are represented by (i) the duplicated NMB1774–NMB1773/NMB0500– NMB0501 ORFs (hatched boxes), (ii) the region NMB0494– NMB0495 (grey boxes) that was targeted by duplication, and (iii) the mobile element IS4351 (black box). Fig. S2. Genetic inactivation of meningococcal hrpA. A. Experimental design for hrpA disruption by double (top) and single (bottom) cross-over. Top. The genetic and physical map of the hrpB1–hrpA1 (NMB1780–NMB1779) genetic region (from N. meningitidis strain MC58) is represented above the map of the genetic determinants of (i) the 4764 bp SphI–NdeI fragment from pDEhrpA::ermC used for allelic replacement (top), and (ii) pACYCDhrpA used for insertional inactivation (bottom). Black rectangles mark position of probe A and B used in Southern blot experiments shown in (B) and (C) respectively. Hc, HincII; Hf, HinfI; B, BamHI; E, EcoRI; S, SphI; N, NdeI; ermC⬘, the erythromycin-resistance gene used as a selective marker for transformation.



B. Southern blot analysis demonstrating the sequential inactivation of the two hrpA paralogues in H44/76 strain. Chromosomal DNAs were extracted from the parental strain H44/76 (lanes 1 and 11) and from several recombinant strains transformed with the 4764 bp SphI–NdeI fragment (lanes 2–4), pACYCDhrpA (lanes 8–10) or both (lanes 5–7). The HinfI-restricted (lanes 1–7) or the HincII-restricted (lanes 8–11) DNAs were analysed by Southern blot using the 32P-labelled probe A. C. Southern blot analysis demonstrating the knock-out of hrpA in B1940 strain and complementation. HincII-restricted DNAs from B1940 (lanes 5 and 6), from four recombinant strains transformed with pACYCDhrpA (B1940 WhrpA) (lanes 1–4 and 7) and from hrpA-complemented strain B1940 WhrpA/hrpA+ (transformed with pNLE-hrpBA) were analysed by Southern blot using the 32P-labelled probe B. Arrows indicate hrpA-specific fragments whose sizes were deduced on the basis of the relative migration of DNA molecular weight ladders (bars). Fig. S3. Genetic inactivation of meningococcal hrpB. A. Experimental design for hrpB disruption by single cross-over. The genetic and physical map of the hrpB1–hrpA1 (NMB1780– NMB1779) genetic region (from N. meningitidis strain MC58) is represented above the map of the genetic determinants of pDEDhrpB used for insertional inactivation. Black rectangle mark position of probe C used in Southern blot experiments shown in (B). Hc, HincII; Hf, HinfI; B, BamHI; E, EcoRI; S, SphI; N, NdeI; ermC⬘, the erythromycin-resistance gene used as a selective marker for transformation. B. Southern blot analysis demonstrating the insertional inactivation of hrpB in B1940 strain. HaeIII-restricted DNAs from B1940 (lane 7) and from six recombinant strains transformed with pDEDhrpB (lanes 1–4) were analysed by Southern blot using the 32 P-labelled probe C. Arrows on the right of each panel indicate hrpB-specific fragments whose sizes were deduced on the basis of the relative migration of DNA molecular weight ladders (bars on the left of each panel). Asterisk marks a 2242-bp-long band that was expected as a consequence of multiple insertions of pDEDhrpB into the chromosome. Fig. S4. Immunofluorescence microscopy analysis of HeLa cells infected with GFP-labelled S. enteric sv. Typhimurium. HeLa cells were infected with the GFP-labelled S. enterica sv. Typhimurium strain 12023 strain (green in left panels) and processed for immunofluorescence. Images were taken 4 h after infection. After saponin permeabilization, anti-Lamp1 was used, followed by a secondary TRITC-conjugated antibody (red in central panels). Merged images of the different channels are shown in right panels. Bars = 10 mm. Note the localization of all bacteria inside Lamp1-positive vacuoles. Fig. S5. Immunofluorescence microscopy analysis of HeLa cells infected with GFP-labelled S. flexneri. HeLa cells were infected with the GFP-labelled S. flexneri strain M90T strain (green in left panels) and processed for immunofluorescence. Images were taken 4 h after infection. After saponin permeabilization, antiLamp1 was used, followed by a secondary TRITC-conjugated antibody (red in central panels). Merged images of the different channels are shown in right panels. Bars = 10 mm. Note the absence of colocalization of bacteria with Lamp1. Please note: Blackwell Publishing are not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
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