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Summary

Type IV pili of 

 

Neisseria gonorrhoeae

 

 and 

 

Neisseria
meningitidis

 

 mediate the first contact to human
mucosal epithelial cells, an interaction which is also
critical for the interaction with vascular endothelial
cells. The PilC proteins have been characterized as
the principal pilus-associated adhesin. Here we show
that PilC2 exhibits a defined cell and tissue tropism,
as it binds to human epithelial and endothelial cell
lines, but not to human T cells or fibroblasts. Piliated
gonococci and PilC2 exhibit similar patterns of bind-
ing to human epithelial and endothelial cells, support-
ing the function of PilC as the key pilus adhesin.
Although CD46 has previously been suggested to be
a pilus receptor, several observations indicate that
neisserial type IV pili and the pilus adhesin PilC2
interact with epithelial cells in a CD46 independent
manner. Biochemical approaches were used to char-
acterize the nature of host cell factors mediating bind-
ing of piliated gonococci and PilC2 protein. Our data
indicate that the putative host cell receptor for gono-
coccal pili and the PilC2 pilus adhesin is a surface
protein. Glycostructures were found to not be
involved in binding. Moreover, we observed the
uptake of purified PilC2 protein together with its
receptor via receptor-mediated endocytosis and sub-
sequent receptor re-exposure on the cell surface. Our
data support the existence of a specific pilus receptor
and provide intriguing information on the nature of
the receptor.

Introduction

 

Specific adherence of microbes to the host tissue repre-
sents the initial step in pathogenesis. Host specificity and

tissue tropism are determined by the molecular interaction
between bacterial adhesins and their complementary
receptors on the host cell surface. Many bacterial adhes-
ins are organized as thin thread-like organelles called
fimbriae or pili. In most Gram-negative pathogens these
organelles mediate the bacterial attachment to mucosal
epithelial surfaces (Soto and Hultgren, 1999). Pili are
complex structures with a long pilus tail composed of a
structural protein, which often serves as a scaffold for the
display of a few copies of the actual adhesive protein,
typically located at the tip of the organelle (Jones 

 

et al

 

.,
1995; Kuehn 

 

et al

 

., 1994).

 

Neisseria gonorrhoeae

 

, the causative agent of the sex-
ually transmitted disease gonorrhoea, is an extremely
host-restricted pathogen with infections limited to humans
(Meyer 

 

et al

 

., 1994; Nassif and So, 1995). The pathogen
colonizes the epithelium of the urogenital tract and, less
frequently, of the rectum, oropharynx and conjunctiva
(Handsfield, 1990). 

 

Neisseria meningitidis

 

, a closely
related pathogen, colonizes the human oro- and
nasopharynx, and can cause septicaemia and/or menin-
gitis. For both pathogens the target specificity can be
attributed to surface-associated fimbrial organelles, called
type IV pili, which mediate the initial attachment to the
host cell and are essential for establishing infection 

 

in vivo

 

(Kellogg Jr 

 

et al

 

., 1963; Swanson, 1973; Johnson 

 

et al

 

.,
1977; Heckels, 1989; Virji 

 

et al

 

., 1992; Nassif 

 

et al

 

., 1993;
Virji 

 

et al

 

., 1993; Seifert 

 

et al

 

., 1994). Neisserial type IV
Pili are composed of a major structural subunit, the pilin
or PilE protein, which assembles into a helical pilus fibre
(Parge 

 

et al

 

., 1995). The pilin subunit undergoes antigenic
variation (Meyer 

 

et al

 

., 1994; Seifert, 1996) and can be
post-translationally modified (Stimson 

 

et al

 

., 1996; Weiser

 

et al

 

., 1998; Forest 

 

et al

 

., 1999; Hegge 

 

et al

 

., 2004). The
protein PilC was localized to the pilus tip and revealed as
the major pilus adhesion molecule (Rudel 

 

et al

 

., 1995b),
as piliated 

 

pilC

 

 mutants failed to adhere to epithelial cells
(Rudel 

 

et al

 

., 1992; Nassif 

 

et al

 

., 1994). In addition, puri-
fied PilC protein binds to host cells and thereby blocks the
pilus-mediated adherence of both 

 

N. gonorrhoeae

 

 and 

 

N.
meningitidis

 

 (Scheuerpflug 

 

et al

 

., 1999). The adhesive
property of the PilC protein relies on its amino acid
sequence, and the adhesion promoting regions are sug-
gested to be in the N-terminal part of the molecule
(Morand 

 

et al

 

., 2001).
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PilC protein, which also resides in the bacterial outer
membrane (Rahman 

 

et al

 

., 1997), has additional func-
tions in pilus biogenesis and natural transformation com-
petence (Jonsson 

 

et al

 

., 1991; Rudel 

 

et al

 

., 1995a). The
proposed dual location is consistent with a model put
forward for type IV pilus assembly (Fussenegger 

 

et al

 

.,
1997; Wolfgang 

 

et al

 

., 2000). Two high-molecular weight
(110 kDa) PilC proteins, designated PilC1 and PilC2,
which are functionally similar, are usually found in 

 

N.
gonorrhoeae

 

.
Several studies have suggested a role for PilE in recep-

tor recognition, as different antigenic forms of PilE influ-
ence the adherence of 

 

Neisseria

 

 to epithelial cells and
tissue tropism (Virji and Heckels, 1984; Rudel 

 

et al

 

., 1992;
Nassif 

 

et al

 

., 1993; Jonsson 

 

et al

 

., 1994). Moreover, it has
been reported that PilE itself is responsible for pilus-medi-
ated agglutination of human erythrocytes (Schoolnik

 

et al

 

., 1984; Rudel 

 

et al

 

., 1992; Scheuerpflug 

 

et al

 

., 1999),
however, the biological significance of this 

 

in vitro

 

 activity
for pilus-mediated gonococcal adherence remains
unclear. Besides pilin and PilC, several other accessory
proteins, the minor pilins, are required for type IV pili
biogenesis and function (Parge 

 

et al

 

., 1990; Drake and
Koomey, 1995; Freitag 

 

et al

 

., 1995; Wolfgang 

 

et al

 

., 2000;
Park 

 

et al

 

., 2002). One of them, the PilV protein, was
suggested to promote the functional display of PilC within
the pilus fibre (Winther-Larsen 

 

et al

 

., 2001).
Neisserial type IV pili mediate adhesion to several

human cell types including epithelial and endothelial cells.
It is likely that the pilus adhesin PilC contributes to this
interaction because it has been described as the adhesin
for both epithelial and endothelial cells (Rudel 

 

et al

 

., 1992;
Nassif 

 

et al

 

., 1994). Previous studies suggested the cell
surface protein CD46 as a receptor for neisserial pili on
human epithelial cells (Kallstrom 

 

et al

 

., 1997). Transfected
Chinese hamster ovary cells (CHO) expressing CD46-
bound piliated but not non-piliated gonococci. This adher-
ence could be blocked with recombinant CD46 protein
and anti-CD46 antibodies. Moreover, neisserial type IV pili
triggered a transient increase in internal calcium levels in
target cells, which can be blocked by anti-CD46 antibodies
(Kallstrom 

 

et al

 

., 1998). Recently, Johansson and col-
leagues described a CD46 transgenic mouse model,
which is susceptible to fatal infection with 

 

N. meningitidis

 

(Johansson 

 

et al

 

., 2003). However, no studies have dem-
onstrated a direct interaction between the pilus adhesin
PilC and CD46. Tobiason and colleagues found that the
level of pilus-mediated gonococcal adherence does not
correlate with the amount of cell surface expressed CD46
(Tobiason and Seifert, 2001). Furthermore, CD46 is typi-
cally expressed on the basolateral cell surface (Maisner

 

et al

 

., 1996; Teuchert 

 

et al

 

., 1999), questioning its role as
a target molecule for piliated 

 

Neisseria

 

 in initial steps of
mucosal adherence. Work from our laboratory also does

not support the pilus receptor function of CD46. Using a
variety of approaches we observed a CD46 interaction
with neither piliated 

 

Neisseria

 

 nor the isolated pilus
adhesin PilC on human host cells, thus questioning the
function of CD46 as a receptor for neisserial pili (Kirchner

 

et al.

 

, 2005).
To determine the nature of the potential eukaryotic

receptor for gonococcal type IV pili, we have taken various
approaches to examine the pilus-mediated host cell inter-
action of gonococci. In this study we confirmed the func-
tion of PilC as the pilus adhesin of 

 

N. gonorrhoeae

 

.
Binding specificities of piliated gonococci and purified
PilC2 protein were compared, and the potential epithelial
receptor was characterized biochemically. Furthermore,
we could show, that purified PilC2 protein is internalized
by epithelial cells. The underlying mechanisms of this
uptake, as well as the role of the potential receptor in this
process were investigated.

 

Results

 

Purified PilC2 protein inhibits pilus-mediated 
adherence of gonococci to epithelial and endothelial 
cells in a dose-dependent manner

 

Previously, Scheuerpflug and colleagues showed, that
purified gonococcal PilC protein binds to human epithelial
and endothelial cells and prevents the attachment of pili-
ated 

 

Neisseria

 

 to these cells (Scheuerpflug 

 

et al

 

., 1999).
However, dose-dependent inhibition of the gonococcal
adherence and saturable binding of the PilC protein
remains to be demonstrated. In this study, we used the
human cervix carcinoma epithelial cell line ME180 and
the human endothelial cell line HBMEC to confirm the
specific function of PilC as the pilus adhesin and to deter-
mine the host cell binding capacity for PilC protein. Cell
monolayers were incubated with different concentrations
of purified PilC2 protein followed by infection with the
piliated strain N138 or the non-piliated Opa

 

57

 

 expressing
strain N313. As shown in Fig. 1, preincubation of cells
with purified PilC2 protein inhibited the adherence of pili-
ated gonococci (N138) to ME180 as well as HBMEC cells
in a dose-dependent manner. Fifty per cent of inhibition
was reached with 500 ng (ME180) or rather 300 ng
(HBMEC) protein and approximately 700 ng of purified
PilC2 protein was sufficient to saturate cell surface
exposed pilus receptor molecules of 2 

 

¥

 

 10

 

5

 

 cells
(3.5 pg cell

 

-

 

1

 

), resulting in a 91.7% reduction of bacterial
binding. Preincubation of cells with heat inactivated PilC2
protein did not inhibit the adherence of piliated gonococci
(data not shown). Opa

 

57

 

-mediated binding (N313) was not
affected by preincubation with PilC2 protein. Thus, the
inhibition of gonococcal adherence by PilC2 protein is
pilus specific.
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PilC2 protein and piliated gonococci exhibit 
similar binding specificities

 

In order to confirm the function of PilC as the major pilus
adhesin, we compared the binding specificity of purified
PilC2 protein with piliated gonococci. Human cell lines of
different origin and one non-human epithelial cell line, the
hamster cell line CHO, were used for experiments. Cell
monolayers were infected with the piliated strain N138 and
cell-associated bacteria were quantified. Piliated bacteria
(N138) adhered to the human cell lines ME180, HeLa,
Chang and HBMEC, but not to the non-human cell line
CHO (Fig. 2A). On Chang cells a two-time less efficient
binding was observed compared with the other human
epithelial (ME180, HeLa) and endothelial (HBMEC) cells.

In parallel, the capacity of these cells to bind PilC pro-
tein was determined by PilC specific staining and flow
cytometric analyses. The quantification of PilC2 binding in
Fig. 2B shows, that purified PilC2 protein bound to
ME180, HeLa and HBMEC cells approximately two times
more efficiently than to Chang cells. No binding was
observed with the non-human cell line CHO, as well as
with human lung fibroblasts (HL) and T cells (Jurkat).
Taken together, these results clearly show, that piliated
gonococci and purified PilC protein exhibit similar binding
specificities to human epithelial and endothelial cells,
probably by interacting with the same host cell receptor.

 

PilC2 binds exclusively to cells of human epithelial origin

 

As seen in Fig. 2B, PilC2 protein efficiently bound to
ME180, HeLa and HBMEC cells, and twofold less to
Chang cells. No cell-bound PilC could be detected on HL
(human lung fibroblasts), Jurkat (human T-cell line) and
CHO (non-human) cells. These data suggest that the
potential receptor for PilC is exclusively expressed on the

 

Fig. 1.

 

Purified PilC2 protein inhibits the pilus-
mediated binding of 

 

Neisseria gonorrhoeae

 

 to 
epithelial and endothelial cells in dose-depen-
dent manner. ME180 and HBMEC cells were 
incubated with indicated concentrations of puri-
fied PilC2 protein for 30 min, washed and 
infected with the piliated gonococcal strain 
N138 or the non-piliated Opa

 

57

 

-expressing 
strain N313. Cell-associated colony forming 
units were quantified by saponin lyses. The 
assay was performed in duplicates and 
repeated three times. N138 binding to ME180 
and HBMEC cells is inhibited by PilC2 protein 
in a dose-dependent manner. N313 binding is 
not affected by PilC2 preincubation. The bars 
show the mean number of bacteria associated 
per cell 

 

±

 

 standard deviation.

 

Fig. 2.

 

PilC2 protein and piliated gonococci exhibit similar binding 
specificities.
A. cells were incubated with piliated gonococci (N138) for 60 min and 
cell-associated colony forming units were quantified by saponin lyses. 
Bacteria adhere to ME180, HeLa, Chang and HBMEC. No significant 
binding is observed on CHO cells. The bars show the mean number 
of bacteria associated per cell 

 

±

 

 standard deviation.
B. cells were incubated with purified PilC2 protein and protein binding 
was quantified by flow cytometry. The bars show the mean 
fluorescence 

 

±

 

 standard deviation. PilC2 protein binds to ME180, 
HeLa, Chang and HBMEC, but not to HL, Jurkat or CHO cells. The 
experiments were performed in duplicates and repeated three 
times.
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cell surface of human epithelial and endothelial cells. In
terms of epithelial origin, the cervix-derived cells (ME180,
HeLa) seem to exhibit the highest expression level.

 

PilC2 protein and piliated gonococci bind to 
fixed ME180 cells

 

In order to determine whether cellular responses are nec-
essary for efficient binding of piliated gonococci and PilC
protein, cells were fixed with 3.7% PFA before incubation
with bacteria or PilC2 protein. Microscopical analyses
showed that piliated gonococci (N138) as well as purified
PilC  protein  bound  to  fixed  cells  (Fig. 3A  and  B)  in
contrast to non-piliated Opa

 

57

 

-expressing gonococci,
which adhered to living, but not to fixed ME180 cells (data
not shown). However, distribution of N138 strain was dif-
ferent on living compared with fixed cells. While on living
cells piliated gonococci started to form microcolonies,
these aggregates were not present on fixed cells (Fig. 3A).
Additionally, more surface-bound PilC protein was de-
tected on fixed cells compared with living cells (Fig. 3B),
what could be confirmed by quantitative flow cytometric
analyses (Fig. 3C). Thus, these data demonstrate that
cellular host responses are not needed for efficient binding
of piliated gonococci or purified PilC protein to the host cell.

 

The pilus receptor on epithelial cells is a protein and sugar 
components are not involved in this interaction

 

To assess the biochemical nature of the epithelial receptor
for neisserial type IV pili, ME180 cells were pretreated with
various chemical reagents and enzymes before adding
piliated gonococci (N138) or purified PilC2 protein. FITC-
conjugated cholera toxin B (CTB), concanavalin A (ConA)
and 

 

Arachis hypogaea

 

 lectin (PNA) were included as con-

trols, because of their known binding specificity (Goldstein

 

et al

 

., 1965; Whitehouse 

 

et al

 

., 1997). Cell-associated
bacteria and PilC2 protein were visualized by immunoflu-
orescence staining and binding was determined semi-
quantitatively by microscopical analyses. The results are
summarized in Table 1. In addition, quantitative data
obtained from flow cytometric analyses are represented
in Fig. 4A. In order to evaluate, whether the pilus receptor
is a protein, PFA-fixed ME180 cells were pretreated with
trypsin and proteinase K to eliminate cell surface exposed
protein structures. The binding of piliated gonococci and
PilC2 protein was completely abolished. To determine the
role of carbohydrate structures, cells were treated with
specific inhibitors of glycosylation before infection, Tunica-
mycin, which blocks an early step in the 

 

N

 

-glycosylation
pathway (Elbein , 1983) and benzylGalNAc, a competitive
inhibitor of the transferase (

 

N

 

-acetyl-alpha-

 

D

 

-galac-
tosamyltransferase) involved in the first step of the biosyn-

 

Fig. 3.

 

Piliated gonococci and purified PilC2 protein bind to viable and PFA-fixed ME180 cells.
A. non-fixed and PFA-fixed ME180 cells were infected with the piliated strain N138. Cell-associated bacteria were visualized by immunofluores-
cence staining. Bacteria (green) bind to non-fixed and PFA-fixed cells. The bacterial aggregation on live cells is absent on fixed cells.
B and C. non-fixed and PFA-fixed ME180 cells were incubated with purified PilC2 protein for 1 h at 4

 

∞

 

C.
B. Cell surface-bound PilC2 protein (green) was visualized by immunofluorescence staining.
C. Quantification of cell surface-bound PilC2 protein by flow cytometry. The bars show the mean fluorescence 

 

±

 

 standard deviation. PilC2 protein 
binds to non-fixed and PFA-fixed cells.

 

Table 1.

 

Biochemical characterization of the pilus receptor

Treatment

Binding

N138 PilC2

untreated

 

++ ++

 

Trypsin – –
Proteinase K – –
Sodium periodate

 

++ ++

 

Tunicamycin

 

++

 

+

 

++

 

Benzyl Gal NAc

 

+

 

+

 

+

 

+
PNGase F

 

++ +++

 

Endo-

 

O

 

-Glycosidase +

 

+ +

 

+
Sialidase

 

++ ++

 

Binding of piliated gonococci (N138) and purified PilC2 protein was
analysed semi-quantitatively by fluorescence microscopy.
–, no binding; 

 

++

 

, binding like control; 

 

+++

 

, increased binding.
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thesis of most types of O-linked carbohydrates
(Brockhausen et al., 1992). Furthermore, surface exposed
glycostructures were cleaved with PNGase F, Endo-O-
Glycosidase or Sialidase, or modified with sodium perio-
date. None of the sugar structure disrupting or modifying
treatments had an effect on pilus-mediated gonococcal or
PilC2 binding. Successful drug treatment was confirmed
by the impaired binding of CTB, ConA and PNA. Taken
together, these data argue that the putative epithelial host
cell receptor for gonococcal pili and the pilus adhesin
PilC2 is a surface protein.

PilC2 protein is endocytosed via receptor-mediated 
endocytosis

PilC2 protein was shown to bind to epithelial cell surface.
Binding studies were generally performed at 4∞C. In order
to investigate host cell binding of PilC2 in more detail,
assays was performed at different temperatures. ME180
cells were incubated with purified PilC2 protein at 4∞C
followed by shifting the temperature to 37∞C for various
time points. Figure 5A and C show, that PilC2 bound to
the cells at 4∞C. Interestingly, after 30 min at 37∞C PilC2

protein was not detectable on the cell surface. This obser-
vation was not made with cells incubated at 4∞C (Fig. 5A
and C) or 16∞C (data not shown). To determine whether
adherent PilC2 protein is internalized by the host cell,
intracellular staining of PilC2 was included. After extracel-
lular staining, cells were permeabelized and staining was
repeated using a differently labelled secondary antibody.
The time course experiment (Fig. 5B) shows that PilC2
was detectable inside the cell after 15 min of incubation
at 37∞C. PilC2 was almost exclusively localized within the
cell after 30 min. However, when cells were preincubated
with monodansylcadaverine (MDC), an inhibitor of the
transglutaminase enzyme essential for receptor-mediated
endocytosis (Van Leuven et al., 1980), the internalization
of PilC2 protein was blocked (Fig. 5C). Altogether, these
observations indicate that cell-bound PilC2 protein is inter-
nalized, most likely via receptor-mediated endocytosis.

Internalization of PilC depletes the PilC receptor 
from the host cell surface

The observed internalization of PilC2 raised the question,
whether the protein is endocytosed together with its recep-

Fig. 4. The pilus receptor is a protein and sugar components are not involved in binding. ME180 cells were treated biochemically (see 
Experimental procedures) and used for binding studies.
A. cells were infected with piliated gonococci (N138) for 1 h and cell-associated colony forming units were quantified by saponin lyses. Shown 
is the percentage of adherent bacteria in relation to untreated control cells.
B. Quantification of cell surface-bound PilC2 protein on ME180 cells by flow cytometry. Shown is the percentage of mean fluorescence in relation 
to untreated control cells.
C. FITC conjugated cholera toxin B subunit (CTB), Arachis hypogaea lectin (PNA) and concanavalin A (ConA) were included as controls for 
biochemical treatment. Binding was quantified by flow cytometry and is shown as the percentage of mean fluorescence in relation control 
cells ± standard deviation.
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tor. In order to answer that question, we analysed the
capacity of ME180, which were already challenged with
PilC2, to bind PilC2 protein anew. ME180 cells were incu-
bated with or without PilC2 protein for 1 h at 4∞C. The cells
temperature was shifted to 37∞C for 30 min to permit the

internalization of PilC2. Both samples were than incubated
again with PilC2 protein for 1 h at 4∞C. Cell-bound PilC2
was visualized by immunofluorescence staining. Cells that
were not challenged with PilC2 during the first incubation
period, bound PilC2. In contrast, no cell-bound PilC2 pro-
tein was detected on cells, which bound and internalized
PilC2 protein before (Fig. 6A). From this experiment we
assume that the PilC2 receptor disappears from the cell
surface upon PilC2 binding and internalization. It is likely
that PilC2 protein is endocytosed together with its receptor.

PilC competitively inhibits binding of piliated gonococci

PilC2 protein was shown to inhibit the pilus-mediated
gonococcal adherence to epithelial host cells (Scheuerp-

Fig. 5. PilC2 protein is internalized by ME180 cells via receptor-
mediated endocytosis. Cell-associated PilC2 protein was visualized 
by immunofluorescence staining (A and B) of non-permeabilized cells 
(green) and permeabilized cells (red).
A. ME180 cells were incubated with PilC2 protein for 1 h at 4∞C 
followed by incubation at 4∞C or 37∞C for indicated time points. PilC2 
protein (green) binds to the cell surface at 4∞C. PilC2 protein is not 
detectable on the cell surface after 30 min at 37∞C.
B. PilC2 protein was added to ME180 cells and incubated for 1 h at 
4∞C followed by 37∞C for indicated time points. PilC2 protein is inter-
nalized within 30 min at 37∞C. In the overlay picture surface-bound 
PilC2 protein appears in yellow and intracellular PilC2 protein appears 
in red.
C. ME180 cells were treated or not with monodansylcadaverine 
(MDC), incubated with PilC2 protein for 1 h at 4∞C followed by 30 min 
at 4∞C or 37∞C. Cell surface-bound PilC2 protein was quantified by 
flow cytometry. The bars show the mean fluorescence ± standard 
deviation.

Fig. 6. The pilus receptor is internalized upon endocytosis of PilC2.
A. ME180 cells were treated with purified PilC2 protein as indicated. 
PilC2 protein (green) binds to cells not pulsed with PilC2 protein 
before (upper panels). No PilC2 protein binding is seen on cells 
previously treated with PilC2 protein (bottom panels).
B. gonococcal adherence is inhibited by surface-associated PilC2 
protein or upon PilC2 protein internalization. ME180 cells were treated 
or not with Monodansylcadaverine (MDC) and incubated with or with-
out PilC2 protein for 1 h at 4∞C followed by 30 min at 37∞C. After 
fixation cells were infected with the piliated gonococcal strain N138. 
Piliated gonococci adhere to cells, which were not preincubated with 
PilC2 protein (phase contrast, upper panels). Bacterial binding is 
inhibited, if cells were pulsed with PilC2 protein before. Inhibition is 
observed either with or without MDC treatment (I). The surface 
distribution of PilC2 protein on MDC treated or untreated cells is 
shown in II.
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flug et al., 1999). In the context of the above results, we
analysed by which mechanism the inhibition may occur,
by competing for receptor binding sites or just by removing
the receptor from the cell surface. ME180 cells were incu-
bated with or without PilC2 protein at 37∞C, followed by
infection with piliated gonococci (N138). In order to pre-
vent internalization of PilC2 protein, cells were treated
with MDC before PilC2 loading. Cell-associated bacteria
and PilC protein were visualized by immunofluorescence
staining. Bottom panels in Fig. 6B show that PilC2 protein
inhibited gonococcal adherence irrespective of whether
PilC remained on the cell surface (MDC treatment) or was
internalized (no MDC treatment). Because piliated gono-
cocci bound to fixed ME180 cells that were not pretreated
with PilC2 protein before infection MDC treatment itself
did not affect bacterial binding (upper panels). Altogether
we conclude that PilC2 protein inhibits pilus-mediated
adherence of gonococci competitively by occupying the
receptor-binding site.

The putative pilus receptor is recycled to the cell surface

Because we could show that the PilC receptor is endocy-
tosed together with the adhesin PilC2, we investigated the
time course of PilC receptor recycling. ME180 cells were
incubated with or without PilC2 protein at 37∞C for various
time periods prior the infection with piliated gonococci. In
order to prevent PilC2 induced receptor internalization,
cells were treated with MDC before PilC2 loading. Subse-
quent infection with piliated gonococci (N138) was
stopped after one hour and cell-associated bacteria were
quantified. Figure 7 shows that PilC2 preincubation for up
to 90 min inhibited gonococcal binding. When PilC2 was
incubated for 120 min and longer prior the infection, gono-
cocci were found to adhere to cells, indicating that the
pilus receptor was re-exposed on the cell surface. Gono-
coccal binding to MDC treated cells was inhibited over the
whole time period tested (180 min). MDC by itself did not
affect binding of bacteria (Fig. 7).

Discussion

The type IV pilus-mediated adherence of pathogenic
Neisseria species to epithelial cell surfaces is considered
a critical first event during the course of an infection. The
PilC proteins, initially identified in the gonococcus as pilus
assembly factors (Jonsson et al., 1991), were shown to
function as tip located adhesins and to establish the initial
host cell contact (Rudel et al., 1995b; Scheuerpflug et al.,
1999). Experiments with neisserial strains expressing dis-
tinct mutant forms of PilC, confirmed its adhesive function
and suggested that the adhesive properties of the protein
are defined by particular amino acid sequences in the N-
terminal part (Morand et al., 2001).

Thus far, only a few investigations have been reported
with the purified adhesin. We have previously succeeded
in isolating a full length His-tagged pilus adhesin from pilin
depleted gonococci via induced expression and affinity
purification (Scheuerpflug et al., 1999). The purified pro-
tein maintained its native properties, thus allowing precise
studies on its adhesive function independent of other pilus
or bacterial components.

In this study, we analysed the adhesive function and
host specificity of the purified PilC2 protein in relation to
the binding properties of piliated gonococci. We could
show that PilC2 protein specifically inhibited the pilus-
mediated gonococcal adherence to epithelial cells in a
dose-dependent and saturable manner, confirming its
function as the type IV pilus adhesin of Neisseria. PilC2
protein, like piliated gonococci, selectively binds to differ-
ent cell lines of human origin in vitro, with both PilC2 and
piliated gonococci showing similar binding patterns. This
observation correlates with the strict host specificity of
neisserial infections and characteristic cell and tissue
tropisms, as it binds efficiently to human epithelial and
endothelial cells (Scheuerpflug et al., 1999), whereas no
binding was detected on human T cells or fibroblasts. This
selective binding of PilC2 protein emphasizes its particu-
lar role in the interaction of Neisseria with epithelial and
endothelial cells.

Pilus-mediated attachment of Neisseria to epithelial
cells is affected by PilE subunit variation. The mechanism
by which PilE variation can influence the binding proper-
ties of neisserial pili is presently not understood. PilE

Fig. 7. Upon internalization the pilus receptor is recycled within 2 h. 
ME180 cells, grown in 24-well plates, were treated with or without 
MDC and incubated with or without 1 mg PilC2 protein for 30, 90, 120 
or 180 min at 37∞C. The piliated gonococcal strain N138 was added 
for 1 h and cell-associated colony forming units were quantified by 
saponin lyses. The assay was performed in triplicates and repeated 
three times. The bars show the mean number of bacteria associated 
per cell ± standard deviation. Ninety minutes after initial PilC2 protein 
pulsing, gonococcal adherence is still inhibited. One hundred and 
twenty minutes after PilC2 protein challenge, gonococcal binding is 
observed again. On MDC treated cells bacterial binding is inhibited 
by PilC2 protein over the whole period tested.
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variants, because of their amino acid sequence and dis-
tinct forms of glycosylation, may influence the pilus-medi-
ated adherence of gonococci to epithelial cells indirectly,
i.e. by affecting the topology and display of PilC proteins
at the pilus tip. The existence of additional pilus compo-
nents like the minor pilins makes a full understanding of
the complex interactions even more complicated. In con-
trast, the assay system we used here is independent of
PilE and its variation. Purified PilC2 protein was shown to
be a representative tool for studying host cell interactions
as it maintained the similar binding properties to epithelial
cells as the gonococcal type IV pili themselves.

The ultimate function of bacterial adhesins is to target
specific host cell receptors. The nature of host cell factors
involved in pilus-mediated neisserial adhesion has been
studied intensively. Kallstrom and colleagues have report
CD46 as the receptor for neisserial type IV pili (Kallstrom
et al., 1997). However, studies from our laboratory indi-
cate that piliated gonococci and purified PilC2 protein both
exhibit a pronounced lack of interaction with the sug-
gested pilus receptor CD46 (manuscript in preparation).
Therefore, we used biochemical approaches to character-
ize the nature of epithelial cell factors that interact with
neisserial type IV pili and PilC2.

According to our results obtained with purified PilC2
protein or piliated gonococci, the potential host cell recep-
tor for pili/PilC is a protein and sugar components do not
seem to be involved in the interaction. These data are
consistent with observations from other groups who found
that a eukaryotic protein or glycoprotein could be a poten-
tial pilus receptor, whereas sugar structures are not
involved in binding (Watt and Ward, 1977; Trust et al.,
1983; Jonsson et al., 1994). In contrast, Buchanan and
colleagues could inhibit the adherence of piliated gono-
cocci by host cell treatment with various gangliosides or
exoglycosidases (Buchanan et al., 1978). As type IV pili
represent complex structures, capable of expressing addi-
tional distinguishable binding specificities (Rudel et al.,
1992; Scheuerpflug et al., 1999; Park et al., 2002), con-
tradictory observations may result from differences in the
respective pilus compositions and in the use of target
cells. The above-mentioned homogeneity of purified PilC2
protein, however, reveals the binding properties of the
adhesin itself and reflects the binding of piliated Neisseria
to human epithelial and endothelial cells.

Intriguingly, we observed the internalization of surface-
bound PilC2 protein by epithelial cells. The rapid internal-
ization of PilC2 within a time range of 15–30 min and
prevention of PilC2 uptake by MDC, an inhibitor of recep-
tor-mediated endocytosis, and low temperatures suggests
that PilC2 is internalized by receptor-mediated endocyto-
sis (Folk and Chung, 1973; Davies et al., 1980; Mazella
et al., 1991; Vanisberg et al., 1991; Chabry et al., 1993).
Receptor-mediated endocytosis is characterized by the

formation of specific ligand-receptor complexes within
clathrin-coated pits, which are subsequently internalized
leading to depletion of the receptor from the plasma mem-
brane. After pH-induced ligand release from the early
endosomes, the receptor may be recycled to the plasma
membrane surface (Schwartz, 1995; Mukherjee et al.,
1997). We could show that PilC2 protein internalization
resulted in a complete depletion of its receptor from the
cell surface. After some time the cells regained the capac-
ity to bind PilC2 protein. These observations suggested
that the PilC receptor is endocytosed upon ligand binding
(PilC2 protein) and involved in recycling pathways.
Endocytosed receptors can be recycled by different path-
ways, using the endocytic recycling compartments or the
Golgi complex (Schwartz, 1991; Man et al., 2000). Future
studies using specific vesicle markers should help to
determine the exact intracellular route of the PilC receptor.

Receptor-mediated  endocytosis  is  a  common  feature
in bacterial pathogenesis. A number of bacteria, like
Chlamydia spp. (Soderlund and Kihlstrom, 1983; Wyrick
et al., 1989), Campylobacter jejuni, Citrobacter freudii
(Oelschlaeger et al., 1993) and Staphylococcus aureus
(Ellington et al., 1999) are considered to enter their host
cell via this uptake mechanism. Several bacterial toxins
were also shown to reach their intracellular target through
receptor-mediated endocytosis (FitzGerald, 1996; Lahiri,
2000). Harvey and colleagues could show that N. gonor-
rhoeae uses receptor-mediated endocytosis for the inter-
nalization into host cells, whereby the gonococcal
lipooligosaccharide (LOS) and the human asialoglycopro-
tein receptor (ASGP-R) seemed to be the factors respon-
sible for the uptake (Harvey et al., 2001). ASGP-R was
shown to not be constitutively present on the cell surface,
but rather after gonococcal infection. In contrast, the puta-
tive pilus receptor, in our hands, appeared to be constitu-
tively expressed on the cell surface, because efficient
binding of gonococci was also observed to fixed cells. This
renders an involvement of ASGP-R in the receptor-medi-
ated endocytosis of PilC2 protein unlikely.

A potential role of receptor-mediated endocytosis of
PilC2 in gonococcal pathogenesis is not yet evident. One
might speculate that, upon retraction of the pili, PilC might
mediate internalization that could guide adherent bacteria
into the cell. Also, PilC2 has not only been found in asso-
ciation with pili but also with the outer membrane. A func-
tion of PilC2 as an invasin is possible, as previously
described for the type 1 pilus adhesin FimH from E. coli
(Martinez et al., 2000). Yet, the role of type IV pili in neis-
serial invasion is controversial. Pili were shown to inhibit
Opa protein-dependent invasion in some cell types but
enhance the invasion in others (Makino et al., 1991; Virji
et al., 1995; Merz et al., 1996; Pujol et al., 1997). In our
model system gonococcal pili do not support invasion
(data not shown). In other cell models a role for PilC2 in
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gonococcal invasion cannot be excluded. The future iden-
tification of the PilC receptor, as well as an in-depth char-
acterization of the cellular response mechanisms induced
by the binding of piliated bacteria, may help to shed light
on the early events of the neisserial infection.

Taken together, our results show that the potential pilus
receptor is of proteinous nature and highly expressed on
cervix carcinoma-derived epithelial cells. It is likely that pili
bind directly to protein structures, because sugar-disrupt-
ing treatments did not affect binding. Moreover, the poten-
tial receptor is constitutively present on the host cell
surface. Differences in gonococcal distribution upon infec-
tion of living or fixed cells suggest an involvement of
cellular responses in latter steps of infection. Indeed, sev-
eral findings demonstrate that the initial pilus binding
causes host cell responses such as Ca2+ fluxes and cor-
tical plaque formation (Kallstrom et al., 1998; Merz et al.,
1999; Ayala et al., 2001). The observed receptor-medi-
ated endocytosis further supports the existence of a spe-
cific pilus receptor on human epithelial cells and provides
additional information on its nature. The purified PilC2
protein should be a valuable tool for revealing the nature
of the type IV pilus neisserial receptor.

Experimental procedures

Bacterial strains

The gonococcal strains used in the present work are derived
from N. gonorrhoeae MS11. N138, a piliated strain exhibiting
the transparent phenotype (P+, Opa–), as well as the non-
piliated Opa57-expressing strain N313 (P–, Opa+) have been
previously described (Kupsch et al., 1993; Scheuerpflug
et al., 1999). Strain N560 was used for PilC2 protein overex-
pression and purification (Scheuerpflug et al., 1999). Strains
were grown on GC agar base with vitamin supplement and
proteose peptone at 37∞C and 5% CO2. Piliation and Opa
phenotypes of gonococci were monitored by colony morphol-
ogy and Western blot.

Cell lines and growth conditions

The cell lines used in the experiments were ME180 human
cervix carcinoma (ATCC HTB33), Chang human conjunctiva
(ATCC CCL20.2), HeLa human cervix carcinoma (ATCC
CCL2), HL human lung fibroblasts (ECACC 96121720), Jur-
kat human T-cell lymphoma (ATCC TIB-152), CHO-K1 ham-
ster ovary cell line (CHO, ATCC CCL-61). The ME180 cells
were maintained in McCoy’s 5A medium supplemented with
L-glutamine and 10% FCS. Chang, HeLa, HL and Jurkat cells
were cultured in RPMI-1640 medium supplemented with
2 mM L-glutamine and 10% FCS. CHO-K1 were maintained
in Ham’s 12 medium with L-glutamine and 10% FCS. Human
brain microvascular endothelial cells (HBMEC) were cultured
in DMEM medium with 4500 mg l-1 glucose, L-glutamine and
supplement (MVGS, Cascade Biologics) on gelatine-coated
plates.

PilC2 purification

The PilC2 protein was purified as previously described
(Scheuerpflug et al., 1999). Briefly, the gonococcal strain
N560 (PilC2His6) was grown overnight on GC agar plates
containing tetracycline (10 mg ml-1), IPTG (100 mg ml-1) and
10 mM MgCl2 at 37∞C in 5% CO2. Bacteria were collected in
buffer containing 50 mM Tris-HCl (pH 8.0) and 150 mM NaCl,
and lysed by sonification. After centrifugation at 4000 r.p.m.
for 20 min at 4∞C, the supernatant (membrane fraction) was
separated and centrifuged for 1 h at 20 000 r.p.m. at 4∞C. The
PilC2 protein containing membrane pellet was dissolved by
incubation in 2% lauryldimethylamine N-oxide (LDAO) in
50 mM Tris-HCl (pH 8.0), 10 mM MgCl2, 500 mM NaCl for 1 h
at 37∞C. After centrifugation at 20 000 r.p.m. for 1 h at 4∞C,
the supernatant was loaded onto a nickel-nitrilotriacetic acid-
agarose (Ni-NTA) column equilibrated with 2% LDAO in
50 mM Tris-HCl (pH 8.0), 10 mM MgCl2, 500 mM NaCl. After
washing with 50 mM imidazole in PBS and 10% glycerine in
PBS, the PilC2 protein was eluted by a shift of the pH from
8.0 to 4.0 with 10 mM sodium citrate buffer containing
150 mM NaCl. The pH was neutralized by adding sodium
phosphate buffer to the eluate.

Adherence and adherence inhibition experiments

Cells were grown in 24-well cell culture plates to 70–80%
confluency. Monolayers were washed three times with
medium and bacteria were added to the cells with a moi of
100. Infection was performed in medium without FCS.
Infected monolayers were centrifuged for 3 min at 120 g to
synchronize infection and incubated for 1 h at 37∞C in 5%
CO2. For inhibition experiments, cells were preincubated with
various concentrations of purified PilC2 protein at 37∞C in
FCS free medium and washed twice before infection. To stop
the infection and to remove non-adherent bacteria, cells were
washed three times with medium. Cell-associated bacteria
were quantified by lysing the monolayer with 1% saponin in
medium for 7–10 min and suspending gonococci by vigorous
pipetting. Colony forming units were determined by plating of
serial dilutions. For microscopic analyses, cells were grown
on glass cover slips. PilC2 protein was added as indicated,
samples were washed and incubated with bacteria for indi-
cated time points. After removing non-adherent bacteria,
cells were fixed with 3.7% PFA and proceeded for immunof-
luorescence staining.

PilC2 protein binding

For flow cytometric analyses, suspended cells were washed
with cold medium. PilC2 protein was added (3 mg protein/
1 ¥ 106 cells) and incubated for 1 h at 4∞C. Cells were washed
three times with PBS, and suspended in PBS containing 3%
FCS.

For immunofluorescence studies, semi-confluent cell
monolayers, grown on glass coverslips in a 24-well plate,
were incubated with 1 mg purified PilC2 protein for 1 h at 4∞C,
washed three times, proceeded as indicated and fixed with
3.7% PFA. For inhibition studies cell monolayers were pre-
treated with 150 mM MDC (Sigma) for 3 h at 37∞C before
incubation with PilC2 protein.
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Experiments with fixed cells

Pre-confluent ME180 cells, grown on glass cover slips, were
washed with PBS and treated with 3.7% PFA for 15 min at
RT. Cells were washed with PBS and infected with bacteria
or incubated with PilC protein as described above.

Biochemical treatment of cells

ME180 cells were grown to 70–80% confluency and treated
as described below. For microscopical analyses, samples
were grown on glass coverslips before treatment.

Protease treatment. ME180 cell were fixed with 3.7% PFA
for 10 min, washed with PBS and incubated with 40 mg ml-1

trypsin or 6 mg ml-1 proteinase K for 30 min. Cells were
washed three times with PBS and blocked in medium with
7% FCS.

Inhibition of n- and o-glycosylation. Cell monolayers were
incubated with 2 mg ml-1 tunicamycin (Boehringer) for 24 h or
with 2 mM benzyl-N-acetyl-a-D-galactosamide (benzyl-Gal-
NAc, Sigma) for three days in growth medium with 10% FCS.
After treatment with the respective drug, cells were washed
with PBS and used in binding experiments.

Cleavage of carbohydrate residues. PNGase F (peptide-
N-glycosidase F), Endo-O-glycosidase (O-glycopeptide-endo-
D-galactosyl-N-acetyl-a-galactosaminohydrolase) and Siali-
dase A were obtained from Prozyme, USA (GLYCOPROTM

Deglycosylation Kit). 0.5 ml of each enzyme was added to the
cells and incubated for 24 h. Before infection and protein
binding studies, cells were washed three times with medium.

Sodium periodate treatment. Cells were fixed with 3.7%
PFA and incubated with 30 mM sodium periodate in 50 mM
sodium acetate buffer (pH 4.5) for 1 h at room temperature
in the dark. To convert the aldehyde groups generated by
periodate oxidation to alcohols, the samples were incubated
with 50 mM sodium borohydride for 30 min. After washing
with PBS and blocking with 7% FCS in medium, cells were
used for experiments.

Immunofluorescence microscopy

Cell-associated gonococci were detected by using the rabbit
antiserum AK213 (raised against gonococcal lysate) and
goat anti-rabbit-Cy2. For PilC2 detection a mouse anti-PilC
serum (raised against purified native PilC2 protein) was used.
PilC2 protein was visualized with goat anti-mouse-Cy2 (extra-
cellular staining) and goat anti-mouse-Cy3 (intracellular
staining). All secondary antibodies were purchased from
Jackson Immunoresearch (Baltimore, MD). Cells were grown
on glass coverslips and fixed with 3.7% PFA for 15 min at
room temperature, washed with PBS and blocked for 30 min
with 7% FCS in PBS. Coverslips were incubated with the first
antibodies for 1 h, washed in PBS and then incubated with
secondary antibody for an additional hour. For intracellular
staining, cells were permeabelized with 0.2% Triton in PBS/
3% FCS for 30 min before repeating antibody incubations.

After washing, slides were mounted with Mowiol (Merck,
Darmstadt, Germany), dried and analysed by confocal laser
scanning microscopy (Leica TCS NT).

Flow cytometry

For quantitative binding studies cells were incubated with
purified PilC2 protein (1 mg ml-1), FITC conjugated CTB sub-
unit (8 mg ml-1, Sigma), FITC conjugated ConA (10 mg ml-1,
Sigma) or FITC conjugated A. hypogaea lectin (PNA;
8 mg ml-1, Sigma) for 1 h at 4∞C and washed three times with
PBS. Cell surface-bound PilC2 protein was stained using a
PilC mouse antiserum (raised against purified PilC protein).
A total of 1 ¥ 106 cells suspended in 100 ml of PBS containing
3% FCS were incubated with 2 ml of PilC antiserum for 1 h
at 4∞C. Cells were washed three times with PBS/3% FCS and
then incubated for an additional hour at 4∞C in 100 ml of a
1:100 dilution of Cy2-conjugated goat anti-mouse antibody
(Jackson Immunoresearch, Baltimore, MD). Cells were
washed three times and suspended in 300 ml PBS. One
microlitre of propidium iodide was added to stain dead cells.

The samples were analysed on a FACScalibur (Becton
Dickinson) with Cell QuestTM software.
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