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Pili of Neisseria gonorrhoeae are phase-variable surface structures that mediate adherence to host target cells. Each pilus is composed of thousands of major pilus subunits, pilins, pilus-associated protein PilC, and possibly other components. Piliated and nonpiliated gonococcal clones may secrete a soluble smaller pilin (S-pilin) that is cleaved after amino acid 39 of the mature pilin protein. Here, purified S-pilin was found to migrate as a 61to 64-kDa double band on nondenaturing gels, suggesting the formation of tetrameric S-pilin proteins with two isomeric forms. In situ studies of binding to formalin-fixed tissue sections demonstrated the binding of S-pilin to human tissue but not to tissue from mouse or rat organs, showing the presence of a human-specific receptor-binding domain within the pilin polypeptide. Pretreatment of the target tissues with proteinase K decreased gonococcal binding dramatically, whereas pretreatment with neuraminidase and meta-periodate, which cleave carbon-carbon linkages between vicinal hydroxyl groups in carbohydrates, did not affect gonococcal binding. In overlay assays, purified S-pilin bound to a band with a migration pattern and size similar to those of CD46, a cellular pilus receptor. Further, binding of N. gonorrhoeae to target cells and tissues could be blocked by both CD46 antibodies and purified S-pilin. These data argue that S-pilin interacts with a protein domain(s) of the CD46 receptor on human cells. 27). Most strains carry two homologous but not identical pilC genes. The expression of each gene can be turned on and off by frameshift mutations in a poly(G) tract in the signal peptide coding region (10). Spontaneous nonpiliated, PilC⫺ gonococcal derivatives of strain MS11 may still express one or two pili but have often acquired new sequences in the expression locus (11). Both nonpiliated PilC⫹ and PilC⫺ gonococcal clones secrete S-pilin. PilC is present at the tip of the pilus fiber, and purified PilC inhibits gonococcal adherence to host cells (28, 29). However, the protein is also present in the membranes and is exposed on the bacterial cell surface (25). In addition to PilC, adherence of N. gonorrhoeae to host cells is modulated by sequence changes in PilE (12, 22, 26). The gonococcal pilus interacts with CD46 (13), also called membrane cofactor protein (MCP), a cell surface glycoprotein involved in complement regulation. The protein is found on virtually all human cell types except erythrocytes. CD46 protects host tissue from complement activation by binding to C3b and C4b and serves as a cofactor for factor I-mediated degradation of C3b and C4b. The CD46 structure contains four complement control protein repeats (CCP-1 to CCP-4) of about 60 amino acids each, a serine-threonine-proline-rich domain, a 12-amino-acid area whose function is undefined, a transmembrane hydrophobic domain, a cytoplasmic anchor, and a cytoplasmic tail. CD46 is expressed in four major isoforms, BC1, BC2, C1, and C2, depending on alternative splicing and choice of cytoplasmic tail, Cyt-1 or Cyt-2. Adherence of N. gonorrhoeae strain MS11 is highest to cells expressing the BC isoforms (14). Further, the serine-threonine-proline-rich domain CCP-3 and the cytoplasmic tail Cyt-1 are crucial for the adherence of piliated N. gonorrhoeae to host cells. The initial pilus-mediated adherence by CD46 is followed by a second step of tight attachment. Opacity (Opa) proteins facilitate this next step of bacterial adhesion and invasion of



Neisseria gonorrhoeae is an organism adapted to the human host, having no other ecological niche. The initial step in N. gonorrhoeae infection involves bacterial attachment to the epithelial cell surface, a process facilitated by pili, fimbrial appendages that extend from the bacterial surface (30, 37). Each pilus is composed of thousands of major pilin subunits, i.e., PilE proteins, of 20 kDa. PilE is expressed as a precursor (propilin) with a seven-amino-acid leader sequence. This leader peptide is cleaved off during transport across the inner membrane. Gonococcal pili undergo both phase and antigenic variations, and variant expression of pili on the gonococcal surface is reflected in colony morphology. Structural variation of pili results predominantly from recombination events between silent (pilS) and expressed (pilE) pilin gene sequences, giving rise to a vast number of pilin structural variants. Many derivatives with a nonpiliated colony morphology express a soluble pilin, S-pilin, that is released into the culture supernatant at high concentrations (7). S-pilin is cleaved after amino acid 39 of the mature pilin. Changes in the pilin sequence produce a spectrum of S-pilin production and pilus expression levels that may influence epithelial cell adherence (17). Glycosylation of pilin favors the production of S-pilin but is not required for S-pilin production in N. gonorrhoeae (19). The role of S-pilin in N. gonorrhoeae pathogenesis and adherence has not been determined, although S-pilin secretion has been proposed to allow the release of toxic pilin monomers that cannot be efficiently assembled into pili (7, 11). PilC is a 110-kDa pilus-associated protein that is involved in biogenesis and adherence functions of the pilus (10, 12, 23, 26,
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target epithelial cells. Several eucaryotic receptors for Opa have been identified. CD66, an immunoglobulin superfamily cell adhesion molecule belonging to the carcinoembryonic antigen family, is a eucaryotic receptor for the majority of Opa proteins (4, 6, 35, 36). Also, certain gonococcal Opa proteins interact with cell surface-associated heparan sulfate proteoglycan receptors (3, 34). Invasion of epithelial cells by piliated or Opa-expressing neisseriae involves cytoskeletal rearrangements (20, 21). It has been demonstrated that interaction of Opa52-expressing bacteria and CD66 on human neutrophils activates a signaling cascade via Src-like protein tyrosine kinases rac1 and PAK (8). In this study, S-pilin from PilC⫺ gonococcal clones was found to bind to human tissue sections but not to mouse or rat tissue. Secreted S-pilin migrated as a 61- to 64-kDa band on nondenaturing gels, suggesting the formation of a tetrameric unit with two isomeric forms. Taken together, the data argue that S-pilin interacts with the epithelial cell surface, most likely with the cellular pilus receptor CD46. MATERIALS AND METHODS Bacterial strains and growth conditions. N. gonorrhoeae MS11mk(P⫹) and P⫺n have been described previously (31). The MS11mk(P⫹) strain sample used in these studies is designated MS11mk(P⫹)-u and is referred to as MS11 in this paper. Variants MS11-8, MS11-6, MS11-5, and MS11-3 are spontaneous nonpiliated PilC⫺ derivatives of MS11 (11). A spontaneous pilE mutant derivative of variant 8 was isolated on plates. This clone was lacked the 5⬘ end of pilE, as demonstrated by PCR amplification and Southern blotting. Transmission electron microscopy confirmed that most bacteria of variants MS11-8, MS11-6, MS11-5, and MS11-3 were nonpiliated. One or two pili were seen on ⬃10% of the cells. Bacteria were grown on GCB plates with Kellogg’s supplement (15) at 37°C in a 5% CO2 atmosphere and passaged every 18 to 20 h. Outer membranes of the different variants and mutants were prepared as previously described (10) in order to examine the presence of Opa proteins. Aliquots of the outer membrane preparations were heated at 100°C for 10 min or at 37°C for 10 min and subsequently separated by sodium dodecyl sulfate (SDS)–12% polyacrylamide gel electrophoresis (PAGE) and stained with Coomassie brilliant blue. All of the variants used in this study lacked detectable levels of Opa protein (data not shown). S-pilin isolation. Nonpiliated N. gonorrhoeae MS11-8 (PilC⫺ pilin⫹), MS11-6 (PilC⫺ pilin⫹), MS11-5 (PilC⫺ pilin⫹), MS11-3 (PilC⫺ pilin⫹), and P⫺n (PilC⫹ pilin⫺) were grown in Catlin’s defined medium (2) for 18 to 44 h to an optical density at 550 nm of 1. The cultures were centrifuged for 1 h at 10,000 ⫻ g, whereafter the supernatant was recentrifuged under the same conditions. Two liters of culture supernatant was concentrated in Amicon cells to a final volume of 2 ml with YM10 diaflo ultrafiltration membranes, followed by ultracentrifugation in a Ty65 rotor for 2 h at 100,000 ⫻ g to remove high-molecular-weight material. All steps were performed on ice and in the presence of 1 mM phenylmethylsulfonyl fluoride if possible. Extracts were tested in immunoblots and on Coomassie blue-stained SDS-polyacrylamide gels for the presence of S-pilin and lack of mature pilin. The total protein extracts contained approximately 5 to 10% S-pilin. The presence of S-pilin was confirmed by determination of the aminoterminal protein sequence. For N-terminal sequence determination, S-pilin was subjected to SDS-PAGE, the pilin band was transferred to an Immobilon polyvinylidene difluoride filter by electroblotting, and the proteins were stained and sequenced as previously described (10). Concentrated supernatants were applied to mono-Q HR 10/10 (Pharmacia Inc.) and Superdex 75HR 10/30 columns. The final preparation contained less than 1% contaminating proteins. DNA sequencing. The pilE gene from gonococcal variants was PCR amplified by using the primers 5⬘-AAATTTAAGGCCTATTTGCC-3⬘ and 5⬘-TTTCCCC TTTCAATTAGG AGT-3⬘. Automated sequencing of purified PCR products was performed by using the Taq DyeDeoxy terminator kit for cycle sequencing (Applied Biosystems). Cell lines and adherence assays. ME180 cells (ATCC HTB33), an epithelial cell-like cell line derived from a human cervical carcinoma, was maintained in McCoy’s 5A medium supplemented with 10% fetal calf serum. The WongKilbourne derivative of Chang conjunctiva (ATCC CCL20.2), an epithelial cell line, was grown in medium 199 with Earle’s salts supplemented with 10% fetal



INFECT. IMMUN. calf serum. For adherence assays, the cells were seeded into six-well plates at 105 cells/well and incubated in 5% CO2 at 37°C for 1 to 2 days. Nonconfluent monolayers were overlaid with 200 l of S-pilin preparations (2 g/ml) or bacteria (107 bacteria/ml), incubated for 1 h in 5% CO2 at 37°C, and washed six times for 5 min each time in phosphate-buffered saline (PBS, pH 7.4). Bound S-pilin was detected with PilE antiserum (diluted 1:50 in blocking buffer) for 15 min, washed in PBS, incubated with fluorescein isothiocyanate (FITC)-conjugated anti-rabbit immunoglobulin A (IgA; Sigma, St. Louis, Mo.) diluted 1:80 in blocking buffer) for 15 min, and finally washed for 5 min in PBS. Binding was evaluated by visual inspection. Bound bacteria were counted on 100 cells in each experiment. Immunoblots and antibodies. For separation of eucaryotic cells by SDSPAGE, confluent layers of cells were washed in medium, scraped off of the plastic bottle, washed twice in PBS (pH 7.4), and thoroughly resuspended in PBS. Whole-cell extracts were subjected to SDS–12% PAGE for detection of CD46. Proteins were transferred onto polyvinylidene difluoride membranes and overlaid with digoxigenin (DIG)-labeled S-pilin preparations (10 g/ml) or unlabeled S-pilin preparations and with polyclonal antiserum directed against MCP (diluted 1:1,000) for 1 h at room temperature. Bound S-pilin or MCP antibodies were detected with alkaline phosphatase (AP)-conjugated monoclonal antibodies against DIG (diluted 1:1,000) (Boehringer Mannheim) or IgG (Bio-Rad), respectively. For separation of bacterial cells by SDS-PAGE, bacteria were scraped off of the plate, washed twice in PBS (pH 7.4), and thoroughly resuspended in PBS. Bacterial lysates (10 g) or protein preparations were subjected to SDS– 15% PAGE. The proteins were transferred from the gel to nitrocellulose sheets and identified with polyclonal pilus antiserum or stained with Coomassie brilliant blue. S-pilin was detected with pilin-specific antibodies and AP-conjugated monoclonal antibodies against DIG (diluted 1:1,000) (Boehringer Mannheim) or AP-conjugated anti-IgG (Bio-Rad). All samples were boiled at 100°C prior to electrophoresis. The pilus antiserum was raised in rabbits by using highly purified pilus preparations of N. gonorrhoeae MS11(P⫹) as previously described (10), and the pilus antiserum was generated to the gel-purified 20-kDa pilin band in pilus preparations of strain MS11 separated by SDS PAGE (10). Tissues and tissue-binding assays. The human tissues used have already been described (12). Rat stomach and intestine were from male 6- to 8-week-old Sprague-Dawley rats, and the mouse organs were from 6- to 8-week-old FVB/N mice (33). Tissues were formalin fixed and embedded in paraffin in according with a standard procedure (32). Sections of paraffin-embedded tissues were deparaffinized, rinsed in water and PBS (pH 7.4), and incubated for 15 to 30 min in blocking buffer (0.2% BSA in PBS, pH 7.4) as previously described (12). Tissue sections were overlaid with 200 l of S-pilin preparations (2 g/ml) or with 107 bacteria, incubated for 1 h in 5% CO2 at 37°C, and washed six times for 5 min each time in PBS, pH 7.4. The slides were then incubated with PilE antiserum (diluted 1:50 in blocking buffer) for 15 min, washed for 5 min in PBS, incubated with FITC-conjugated anti-rabbit IgA (Sigma) diluted 1:80 in blocking buffer) for 15 min and finally washed for 5 min in PBS. Sodium periodate oxidation and proteinase K treatment. Cleavage of vicinal hydroxyl groups on carbohydrates by mild periodate oxidation, followed by sodium borohydride reduction, was performed as previously described (5, 38). Deparaffinized tissue sections were incubated with 10 mM sodium meta-periodate in 50 mM sodium acetate buffer, pH 4.5, for 1 h at room temperature in the dark, followed by incubation for 30 min in sodium borohydride to reduce the aldehyde groups generated by periodate oxidation to alcohols. Control tissue slides were incubated in 50 mM sodium acetate buffer without sodium metaperiodate. In order to confirm that polypeptide antigenicity remained intact after periodate oxidation, sections were overlaid with polyclonal antiserum specific for MCP. Carbohydrate signals in corneal and cervical tissues were detected by using the concanavalin A lectin and in endometrial tissue by using the Dolichos biflorus agglutinin lectin. Deparaffinized tissue sections were incubated with 200 mU of proteinase K from Tritirachium album (Sigma) for 1 h at 37°C or with 200 mU of neuraminidase from Vibrio cholerae (Boehringer Mannheim) for 2 h at 37°C in a total volume of 200 ml. The tissue sections were then washed in PBS three times for 5 min each time, blocked for 30 min in blocking buffer, and overlaid with a bacterial suspension. Bacterial, carbohydrate, and protein signals were detected as described above. Inhibition was evaluated by visual inspection of the tissue.



RESULTS S-pilin migrates as a tetramer on nondenaturing gels. Spilin was purified from MS11-8, a nonpiliated PilC⫺ pilin⫹ derivative of strain MS11. Pilin produced from MS11-8 is cleaved predominantly into S-pilin, as determined by immuno-
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FIG. 1. Purified S-pilin migrates as a tetrameric unit under nondenaturing conditions. (A) Immunoblot of gonococcal whole-cell lysates using PilE-specific antiserum. Lanes: 1, MS11-8, a PilC⫺, S-pilin producing derivative of MS11; 2, MS11-P⫺n. (B) Concentrated culture supernatants of MS11-P⫺n (lane 1) and MS11-8 (lane 2). Lane 3, purified S-pilin preparation of MS11-8. The proteins were separated by SDS–15% PAGE and stained with Coomassie brilliant blue. (C) Spilin separated on a nondenaturing polyacrylamide gel and stained with Coomassie brilliant blue. S-pilin migrates as a tetrameric unit. Shown on the left are molecular size markers (kilodaltons). N-terminal sequencing of the 16-kDa protein showed that the 16-kDa product is S-pilin.



blotting with PilE antiserum (Fig. 1A). Culture supernatants of MS11-8 were concentrated by ultrafiltration. Such crude extracts contained approximately 5 to 10% S-pilin. S-pilin was further purified on a mono-Q ion-exchange column. All fractions were analyzed by immunoblotting with PilE-specific antiserum. Fractions containing S-pilin (16 kDa) were pooled and purified on a Superdex 12 HR column. The purified preparation obtained contained ⬎99% S-pilin (Fig. 1B). The presence of S-pilin was confirmed by determination of the amino-terminal protein sequence. N-terminal sequencing of the 16-kDa protein from variant 8 showed that the 16-kDa product is the result of cleavage between Leu39 and Ala40 of the mature pilin (data not shown). Purified S-pilin preparations ran as a 61- to 64-kDa doublet band on a nondenaturing polyacrylamide gel, suggesting that S-pilin from variant MS11-8 is released as a tetramer and that there may be two isomeric forms of this pilin complex (Fig. 1C). Similar purification procedures were performed with three other nonpiliated PilC⫺ pilin⫹ derivatives of
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MS11, i.e., MS11-6, MS11-5, and MS11-3. The PilE sequences of these clones were determined and are shown in Fig. 2. S pilin binds specifically to human tissue. In a previous study, we demonstrated that piliated, but not nonpiliated, gonococci adhere to fixed human tissue sections but not to mouse or rat tissue (12). Bacteria bound to both epithelial and subepithelial tissues, which is in agreement with the distribution of the human pilus receptor CD46 (13). Little is known about whether gonococcal S-pilin may adhere to receptors in mammalian tissue. To study this, tissue sections and cells were incubated with purified S-pilin. Binding of S-pilin was estimated by fluorescence activity after detection with pilin-specific antiserum, followed by FITC-conjugated anti-rabbit IgG. All four S-pilin variants, MS11-8, MS11-6, MS11-5, and MS113, bound to human cervix, endometrium, intestine, stomach, midbrain, and meninges (Table 1). Concentrated supernatants of P⫺n gonococci did not show detectable interaction with human tissues. As illustrated in Fig. 3, binding to the complete tissue section, including both epithelial and subepithelial tissues, occurred. S-pilin variants 5 and 6 differed from variants 3 and 8 by binding much less efficiently to human cornea and conjunctiva tissue (Table 1). Similarly, S-pilin variants 5 and 6 bound at low levels to Chang conjunctiva cells whereas all four S-pilin variants bound to the ME180 cervical cell line (Table 1). The finding that preincubation of the S-pilin with pilin antibodies prevented detectable binding of S-pilin to target tissues or cells supported the presence of a eucaryotic receptor for S-pilin (data not shown). Binding of S-pilin was specific for human tissues and cells, since purified S-pilin (2 g/ml) showed only low levels of fluorescence when added to tissue sections of mouse or rat organs (Table 1). Binding of S-pilin to cells and tissues was strictly temperature dependent; the most efficient binding to human tissue occurred at 37°C, intermediate binding occurred at 25°C, whereas no binding of S-pilin was detected at ⫹4°C (data not shown). S-pilin-binding sites in human tissue possess protein characteristics. In an earlier study, we showed that adherence of piliated gonococci to human tissue was blocked by pretreatment of the tissue section with proteinase K (12). Adherence was unaffected by pretreatment with meta-periodate. Mild meta-



FIG. 2. Deduced amino acid sequences of the pilE genes in nonpiliated, PilC⫺ derivatives of N. gonorrhoeae MS11. The S-pilin cleavage site is indicated by an arrow. Amino acids identical to those of parental strain MS11 are marked by dots. MC1 to MC6 mark the six variable minicassettes.
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TABLE 1. Measurement of S-pilin binding to tissue sections by determination of fluorescence activity Tissue or cells



Human tissues Cervix Endometrium Small intestine Large intestine Stomach Midbrain Meninges Cornea Conjunctiva Human cell lines ME180 Chang conjunctiva Mouse tissues Uterus Intestine Stomach Midbrain Cornea Rat tissues Uterus Intestine Stomach Kidney
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DIG or pili. Similarly to pilus organelles, a double band of 55 to 60 kDa was labeled with S-pilin (Fig. 5). The DIG-specific antibody did not cross-react with ME180 components in the size range of 50 to 60 kDa (data not shown). An antiserum directed against CD46 labeled bands of the same size as S-



a ⫹⫹⫹, high fluorescence; ⫹⫹, medium fluorescence; (⫹), low fluorescence; ⫺, very low fluorescence. b Purified S-pilin at 2 g/ml was used. c Concentrated culture supernatant at 20 g/ml was used.



periodate oxidation under acidic conditions destroys many (16), but not all (24), carbohydrate determinants by cleaving carbon-carbon linkages between vicinal hydroxyl groups without altering the structure of polypeptide chains. In order to study the nature of a possible eucaryotic receptor for S-pilin, tissue sections were pretreated with meta-periodate, neuraminidase, or proteinase K before incubation with bacteria. During these experiments, carbohydrate and protein signals were carefully monitored by using appropriate lectins and protein antiserum (Table 2). Pretreatment of tissue with proteinase K abolished S-pilin-associated fluorescence, whereas periodate oxidation, neuraminidase treatment, or both neuraminidase and periodate pretreatments of human tissue did not affect the binding of S-pilin (Table 2 and Fig. 4). Tissues incubated with P⫺n supernatants did not show any fluorescence. Taken together, these data argue that S-pilin may interact with a protein or glycoprotein on eucaryotic cells. S-pilin interacts with the pilus receptor CD46. CD46 acts as a cellular pilus receptor (13, 14). The protein is expressed as four major isoforms that arise by alternative splicing, giving rise to two classes of glycoproteins with molecular masses of 51 to 58 kDa and 59 to 68 kDa. We have previously shown that purified gonococcal pili bind to a doublet band of 55 to 60 kDa in overlay assays of separated ME180 cells (13). To test whether the soluble form of pilin, S-pilin, binds in a similar manner, whole-cell extracts of ME180 were separated by SDS-PAGE and blotted onto nitrocellulose membranes. Membranes were overlaid with a DIG-labeled S-pilin-preparation of MS11-8. Bound S-pilin was detected with antibodies directed against



FIG. 3. In situ assay of binding of S-pilin to fixed sections of human cervical tissue. (A) Tissue section stained with hematoxylin-eosin. (B) Tissue section overlaid with purified S-pilin preparation of MS11-8 (1.5 g/ml). (C) Tissue section overlaid with concentrated supernatant of the P⫺n variant (20 g/ml). Bound S-pilin was detected with PilE antiserum and FITC-conjugated anti-rabbit IgG. The low fluorescence level still detected represents the background of the FITC-labeled secondary antibody.
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TABLE 2. Chemical and enzymatic pretreatments of human endometrial tissue sections Fluorescence level after addition of: Pretreatment
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and enzymatic treatment of fixed tissue sections. Overlay assays with purified S-pilin demonstrated binding to a double band of 55 to 60 kDa similar in size to CD46. Data showing that CD46 antiserum inhibited the S-pilin interaction with human target cells and tissue support the idea that S-pilin plays



a Purified S-pilin at 2 g/ml was added. ⫹⫹⫹; high fluorescence; ⫺, low fluorescence. b Concentrated P⫺ n supernatant at 20 g/ml was added. ⫺, low fluorescence. c The control for periodate treatment was the Dolichos biforus agglutinin lectin recognizing N-acetyl-␣-D-galactosaminyl (␣-D-GalNAc). The control for neuraminidase treatment was the lectin from Maakia amurensis recognizing glycoconjugate side chains containing sialic acid ␣2-3Gal. ⫹⫹⫹, strong lectin binding; ⫺, no lectin binding detected. d MCP (CD46) antiserum, followed by FITC-conjugated antibody, was used to detect protein. ⫹⫹⫹, strong fluorescence; ⫺, weak fluorescence.



pilin, i.e., 55 to 60 kDa. Further, there was no binding of S-pilin to separated Chinese hamster ovary (CHO) cells that lack CD46 expression. These data suggest that S-pilin contains a CD46-binding domain. Purified S-pilin inhibits bacterial binding to epithelial cells. If S-pilin interacts with the CD46 cell surface receptor, purified S-pilin of MS11-8, MS11-6, MS11-5, and MS11-3 should inhibit the adherence of piliated N. gonorrhoeae to target cells. Figure 6 shows that preincubation of ME180 cells with of Spilin at 2 g/ml dramatically reduced bacterial binding. In addition, purified S-pilin blocked the binding of piliated N. gonorrhoeae to human tissues (data not shown). As a control in these assays, we used concentrated supernatants of a pilE derivative of MS11-8. In this clone, the 5⬘ end of pilE was deleted, as determined by PCR and Southern blotting. The control supernatant did not inhibit the binding of S-pilin to target tissue (Fig. 6). Our earlier data have demonstrated that polyclonal CD46 antiserum inhibits the adherence of piliated gonococci to fixed tissue sections and to ME180 cells (13). Incubation of tissue with CD46 antiserum prior to overlay with S-pilin resulted in much-reduced fluorescence (data not shown), supporting the interaction between CD46 and S-pilin. DISCUSSION In this paper, we show that gonococcal pilin fragments (Spilins) attach to human target tissue but not to mouse or rat tissue, indicating the presence of a receptor-binding domain within this pilin polypeptide. The findings that adherence of piliated N. gonorrhoeae to human tissue or viable cells was blocked by purified S-pilin and that binding of S-pilin was blocked by pilin antibodies supported the presence of an Spilin receptor on human cells. Purified S-pilin bound to a wide variety of human tissues, and the receptor had the characteristics of a protein or a glycoprotein, as evidenced by chemical



FIG. 4. Inhibition of S-pilin binding to human endometrial tissue. (A) Tissue stained with hematoxylin-eosin. (B) Tissue overlaid with purified S-pilin preparation of MS11-8 (1.5 g/ml). (C) Preincubation of the tissue with proteinase K prior to addition of the MS11-8 S-pilin preparation. Bound S-pilin was detected with PilE antiserum and FITC-conjugated anti-rabbit IgG. The low fluorescence level still detected represents the background of the FITC-labeled secondary antibody.
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FIG. 5. Purified gonococcal S-pilin binds to a protein of the same size as CD46. SDS-PAGE of whole-cell lysates blotted onto a nitrocellulose membrane. Lanes: 1, ME180 cells overlaid with DIG-labeled S-pilin MS11-8; 2, ME180 cells overlaid with CD46 antiserum and AP-conjugated IgG antibodies; 3, CHO cells overlaid with DIG-labeled S-pilin of MS11-8.



an important role in bacterial interaction with eucaryotic host cell surfaces. There are two major forms of pilins, S-pilin and L-pilin. L-pilin is an extra-long pilin that is neither secreted nor assembled into pili and that results from insertion of tandem pilin copies into the expressed copy. S-pilin is a truncated soluble pilin fragment that is spontaneously released into the medium. Posttranslational proteolytic cleavage of the full-size pilin occurs after amino acid 39 of the mature pilin, removing the hydrophobic amino-terminal region, and subsequent export and release of the truncated protein into the supernatant (7). Here we show that purified S-pilin migrates as a 61- to 64-kDa band on nondenaturing gels, indicating the formation of a tetrameric unit. Since a double band was present on nondenaturing protein gels, it is possible that two isomeric forms are secreted. The variation may represent incomplete processing at the amino terminus, partial phosphorylation, or the presence of similar but isoelectrically distinct proteins. S-pilin isolated from PilC⫺ clones attached to human cervical and endometrial tissue, but not to mouse tissue, indicating that PilC is not involved in this interaction. Further, S-pilin bound to the complete tissue section, and the distribution of N. gonorrhoeae receptors was not cell lineage specific. However, the possibility cannot be excluded that the S-pilin preparation contains trace amounts of a hitherto unidentified pilus adhesin. Such an adhesin may be associated with S-pilin and could be present in minor amounts not detectable by SDSPAGE and staining. The fluorescence observed with specific antibodies would thus detect an S-pilin attached to an adhesin. No matter how this interaction is accomplished, it is obvious that bacteria release a protein(s) that interacts with the eucaryotic cell surface. Since preincubation of S-pilin with pilin antibodies prevented the binding of S-pilin to target cells, it is most likely that a receptor-binding site remains within the S-pilin polypeptide. The finding that S-pilin may be secreted as a tetrameric unit supports the possibility that a receptor-binding pocket is built up from a combination of domains of different pilin subunits. It is tempting to speculate that S-pilin may have a function in sending signals into the eucaryotic cell. Since S-pilin interacts
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with human cells, it may transfer a signal through the plasma membrane. It is, however, also possible that S-pilins are required at an intracellular step or needed for bacteria to be released from epithelial cells into the subepithelial space. We have previously showed that piliated bacteria are released from HEC-1 B cells in a nonpiliated S-pilin-producing form (9). Since purified S-pilin inhibits the adherence of piliated N. gonorrhoeae MS11 to target cells, it is possible that secretion of S-pilin assists in the spread of the bacteria to other organs or from one individual to another. In this work, S-pilin variants 5 and 6 did not bind to corneal tissue sections or Chang conjunctiva cells whereas S-pilin variants 3 and 8 bound well. These four S-pilin variants all carry slightly different pilE sequences, suggesting that sequence variation in S-pilin affects its interaction with human cells. Since S-pilin variants 3 and 6 differ by only three amino acids, it is clear that minor changes in pilE may dramatically influence the cell-binding capacity of the protein. These data are in agreement with what has been observed for the adherence of whole gonococci to epithelial cells. In an earlier study, we showed that sequence changes in the major pilus subunit of N. gonorrhoeae lead to variation in tropism to human tissue (12). Even earlier, Rudel et al. (26) demonstrated that PilE sequence changes affect the pilus-mediated adherence of N. gonorrhoeae to human epithelial cells. The same observation has been reported for N. meningitidis, namely, that antigenic variation of pilin regulates the adhesion of meningococci to human epithelial cells (22). Thus, the interaction of different S-pilin sequence variants with target cells follows a pattern similar to that of antigenically different pilus structures expressed in bacteria. Cervical and endometrial tissues must express a different arsenal of S-pilin receptor epitopes relative to corneal tissue, because different binding degrees were obtained by using Spilin variants with different sequences. However, it may be that the receptor is structurally changed or that the receptor concentration is lower in certain cell types. In a recent paper, we



FIG. 6. S-pilin inhibits adherence of P⫹ gonococci to target cells. ME180 cells were preincubated with S-pilin (2 g/ml) for 30 min prior to the addition of piliated N. gonorrhoeae MS11. Binding was allowed to occur for 1 h, and bound bacteria were detected with gonococcal antiserum and FITC-conjugated IgG. The control shows adherence of P⫹ MS11 to ME180 cells preincubated with supernatant of a pilE derivative of MS11-8 for 30 min. Bound bacteria were counted on 100 randomly selected cells. Shown are the average of four independent experiments and the standard deviation.
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reported that the adherence of piliated N. gonorrhoeae depends upon which isoform is expressed in a specific cell type (14). The adherence of wild-type strain MS11P⫹ to cells expressing the BC isoform of CD46 is most robust. In Chang conjunctiva cells, the C1 isoform is dominant although expression of the BC1 isoform is also detected, whereas ME180 cells express only the BC1 and BC2 isoforms (14). In this work, we demonstrate that S-pilin also binds better to ME180 cells than to Chang cells. CD46 expression has been reported on both the apical and basolateral sides of epithelial cells (1, 18) Therefore, it is most likely that S-pilins have the ability to bind both apical and basolateral membranes. Nonpiliated, revertible S-pilinproducing bacteria still express a few pili and adhere at moderate levels. These bacterial variants may still deliver S-pilin to the mucosal surface. In addition, S-pilin may also have an important function inside the cells. It has been shown that PilC is located at the tip of the pilus (28), where it theoretically has the potential to interact with CD46. Since S-pilin inhibits bacterial adherence to human target cells, the pilus tip structure is likely to interact with a receptor domain close to the S-pilin-binding site. However, it is possible that the intact pilus and soluble pilin interact with different domains of CD46, giving rise to two distinct cellular responses. The adherence of piliated neisseriae is modulated by PilE sequence variation. However, expression of PilC is required for the adherence of N. gonorrhoeae to target cells (12, 23, 27). We have data showing that PilC also interacts with CD46 (B. Albiger and A.-B. Jonsson, Abstr. 12th Int. Pathogenic Neisseria Conf., abstr. 156, 2000). This finding is in agreement with the involvement of PilC and PilE sequence variation in the attachment of piliated N. gonorrhoeae to host target cells. The data in this work suggest that a eucaryotic receptor(s) for S-pilin of N. gonorrhoeae is distributed on a wide variety of human tissues and has the characteristics of a protein or a glycoprotein, as evidenced by chemical and enzymatic treatments of fixed tissue sections. Further, we demonstrate that S-pilin interacts with CD46, a cellular receptor for the pilus structure. A future characterization of the interaction between S-pilin and its cell surface receptor will certainly lead to a better understanding of the role and function of this secreted molecule in Neisseria pathogenesis. Also, long-term experiments to investigate the exact biological function of S-pilins and to tease out the epitopes on pilin that are responsible for binding will be of great importance. ACKNOWLEDGMENTS This work was supported by grants from the Swedish Medical Research Council (Dnr 10846), the Swedish Foundation for Strategic Research/Infection and Vaccinology Program, the Swedish Cancer Society, the Swedish Society of Medicine, the Magnus Bergvalls Stiftelse, the Åke Wibergs Stiftelse, and the Anders Otto Sva¨rds Stiftelse; by Karolinska Institutet Research grants; and by the Clas Grochinsky Foundation. B.A was supported by grants from the Wenner-Gren Foundation. REFERENCES 1. Blau, D. M., and R. W. Compans. 1995. Entry and release of measles virus are polarized in epithelial cells. Virology 210:91–99. 2. Catlin, B. W. 1973. Nutritional profiles of Neisseria gonorrhoeae, Neisseria meningitidis, and Neisseria lactamica in chemically defined media and the use of growth requirements for gonococcal typing. J. Infect. Dis. 128:178–194.
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