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The immunoglobulin A (IgA) protease secreted by pathogenic Neisseria spp. cleaves Lamp1, thereby altering
lysosomes in a cell and promoting bacterial intracellular survival. We sought to determine how the IgA
protease gains access to cellular Lamp1 in order to better understand the role of this cleavage event in bacterial
infection. In a previous report, we demonstrated that the pilus-induced Ca2� transient triggers lysosome
exocytosis in human epithelial cells. This, in turn, increases the level of Lamp1 at the plasma membrane, where
it can be cleaved by IgA protease. Here, we show that porin also induces a Ca2� flux in epithelial cells. This
transient is similar in nature to that observed in phagocytes exposed to porin. In contrast to the pilus-induced
Ca2� transient, the porin-induced event does not trigger lysosome exocytosis. Instead, it stimulates exocytosis
of early and late endosomes and increases Lamp1 on the cell surface. These results indicate that Neisseria pili
and porin perturb Lamp1 trafficking in epithelial cells by triggering separate and distinct Ca2�-dependent
exocytic events, bringing Lamp1 to the cell surface, where it can be cleaved by IgA protease.

All pathogenic Neisseria gonorrhoeae strains secrete an im-
munoglobulin A (IgA) protease (IgAP) that cleaves human
IgA1 (hIgA1) at its proline-rich hinge (29). IgA1 is found
mainly on mucosal surfaces, and the hydrolysis of hIgA1 by
IgAP is thought to promote colonization by disarming bacte-
ricidal antibodies at these sites. Lamp1 (lysosome-associated
membrane protein 1) is also a substrate for the IgAP (16, 20).
Lamp1, an �110,000-kDa membrane-spanning glycoprotein, is
a major constituent of lysosomes (8). This bilobed polypeptide
is spanned by a proline-rich luminal domain which has striking
similarity to the hIgA1 hinge (8).

In infected epithelial cells, the secreted IgAP cleaves Lamp1
at its hinge, accelerating its turnover and ultimately reducing
its total cellular levels (20). Infected cells also have significantly
reduced levels of lysosomal markers Lamp2, CD63, and lyso-
somal acid phosphatase, even though these polypeptides are
not IgAP substrates (3). Cells infected with bacteria with null
mutations in iga, the IgAP gene, have normal levels of lysoso-
mal markers, suggesting that IgAP cleavage of Lamp1 modifies
lysosomes in an undefined way. The iga mutant also has an
intracellular growth defect (20) and transcytoses through an
epithelial monolayer at a slower rate (18), suggesting that IgAP
cleavage of Lamp1 may be important for bacterial intracellular
survival.

To understand how IgAP cleavage of Lamp1 contributes to
Neisseria pathogenesis, it is important to determine how this
enzyme reaches Lamp1. The majority of newly synthesized
Lamp1 is delivered directly from the Golgi apparatus to late
endosomes and then lysosomes (7). A small fraction, however,
traffics to the plasma membrane before it is endocytosed and

delivered to lysosomes (7). Taking these observations into ac-
count, there are at least two possible routes by which IgAP may
gain access to Lamp1. Protease secreted by adherent bacteria
may be delivered to mature lysosomes via the endocytic route.
The ability of IgAP to cleave Lamp1 at this site is doubtful,
however. IgAP cleavage of Lamp1 is most efficient at neutral
pH and much less efficient at pH 5.5 (20), the pH of the
lysosome lumen.

A recent report revealed another possible pathway of access.
In epithelial cells, the type IV pili of Neisseria cause the release
of free Ca2� from intracellular stores, triggering a transient
rise in cytosolic Ca2� levels in epithelial cells (19). Unlike most
Ca2� transients, which occur rapidly after cellular exposure to
stimuli, the pilus-induced flux occurs 12 to 15 min after the
addition of pili. This Ca2� flux triggers lysosome exocytosis,
bringing lysosomal Lamp1 to the cell surface and exposing its
IgAP cleavage site to the extracellular milieu (2). IgAP se-
creted by adherent bacteria is then able to cleave plasma mem-
brane Lamp1.

The N. gonorrhoeae porins P1.A and P1.B are relatively
conserved membrane-spanning proteins that have been impli-
cated in the pathogenesis of gonococcal infections (35, 36).
Like porins of other gram-negative bacteria, the N. gonor-
rhoeae porins are trimers that form �-pleated barrels within
the bacterial membrane (10, 37). Neisserial porins insert into
eukaryotic membranes to form ion-gated channels (31, 36). In
monocytic cells, the Neisseria porin triggers a transient rise in
cytosolic Ca2� levels. This transient is due to an influx of Ca2�

from the extracellular environment, occurs within 2 min after
exposure to porin, and is blocked by ATP (26).

We tested the hypothesis that Neisseria porin would also
induce a Ca2� flux in epithelial cells and that this transient
would trigger exocytosis of Lamp1 compartments. We report
that porin induces a Ca2� transient in two human epithelial
cell lines. Like the Ca2� transient in phagocytes, the one ob-
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served in epithelial cells occurs within minutes of exposure to
porin, is due to an influx of extracellular Ca2�, and can be
blocked by ATP. The porin-induced flux also causes a redis-
tribution of vesicular Lamp1 to the plasma membrane, where
it is cleaved by IgAP. Interestingly, the redistributed Lamp1 is
derived from endosomes, not lysosomes. We conclude that the
porin- and pilus-induced Ca2� transients trigger the exocytosis
of separate and distinct Lamp1 compartments in epithelial
cells and that these exocytic events serve to increase the
amount of Lamp1 that can be accessed by the Neisseria IgAP.

MATERIALS AND METHODS

Cell culture. The A431 human epidermoid carcinoma cell line was obtained
from S. Schmid. Cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco) supplemented with 10% heat-inactivated fetal bovine serum
(FBS; Gibco). The T84 human colonic epithelium-like cell line (American Type
Culture Collection) was grown in DMEM–F-12–5% FBS.

Bacterial strains. N. gonorrhoeae strains used in these studies were P1.B
producers MS11A (piliated, Opa� [32]) and its derivatives MS11A-307 (MS11A
�pilE1 �pilE2 [22]) and MS11A-500 (MS11A �iga [17]). Their piliation status
was checked by colony morphology; pilin and Opa production and porin type
were checked by immunoblotting with the appropriate monoclonal antibodies
(MAbs; see below).

Antibodies and chemicals. MAb 10H5.1.1, against the conserved SM1 epitope
(23), was used for immunoblotting to detect pilin production. MAb 3C8, to
detect PI.B porin (33), was kindly provided by P. F. Sparling. MAb 4B12 (from
M. Blake) was used to detect Opa production. Anti-transferrin receptor (TfR;
MAb OKT9) was a kind gift from Caroline Enns. MAb H4A3 (anti-human
Lamp1) was obtained from the Developmental Studies Hybridoma Bank and
Pharmingen (San Diego, Calif.). Biotinylated MAb H4A3, used to quantitate
surface Lamp1, was obtained from Pharmingen and was dialyzed against phos-
phate-buffered saline (PBS) before use. The streptavidin-horseradish peroxidase
(HRP) conjugate was from Roche-Boehringer (Mannheim, Germany). Bovine
serum albumin and Probenicid were from Sigma Chemical Co. (St. Louis, Mo.).
A goat anti-mouse Alexa 488 antibody, 1,2-bis(o-aminophenoxy)ethane-
N,N,N�,N�-tetraacetic acid–PAM, Fura-2/AM, and Lucifer yellow (LY) were
from Molecular Probes, Inc. (Eugene, Oreg.). QuantaBlu fluorogenic peroxidase
substrate kit, goat anti-mouse IgG-HRP, goat anti-rabbit IgG–HRP, and the
Super Signal chemiluminescence kit were from Pierce. HRP-transferrin was
from Jackson ImmunoResearch Laboratories, Inc. (Philadelphia, Pa.).

P1.B, purified pili, and crude membrane preparations. P1.B was purified from
a nonpiliated MS11A-PIII� strain (38). P1.B was dialyzed against PBS before
experiments were carried out. Purified pili were prepared as described previously
(27). Crude membrane preparations from piliated (CMP-P�) or nonpiliated
(CMP-P�) derivatives were prepared from MS11A and MS11A-307, as reported
previously (2). For appropriate experiments, preparations were supplemented
with 2 to 5 mM CaCl2 immediately before use. Contaminating proteins consti-
tuted less than 2% of the purified porin and pilus preparations, as judged by
Coomassie staining. The absence of pilin in purified porin preparations and the
absence of porin in pilus preparations were also confirmed by immunoblotting
using appropriate antibodies.

Monitoring fluxes in cytosolic free Ca2� levels. A431 cells were plated in �T
culture dishes (Bioptechs) at 20% confluence and incubated overnight. Cultures
were washed in prewarmed Ca2�-free or Ca2�-replete medium and loaded with
0.1 �M Fura-2/AM (a ratiometric calcium indicator) in Hanks balanced salt
solution supplemented with 5 mM MgCl2. Cells were maintained at 34°C
throughout the experiment by using the Bioptechs culture dish heating system,
including the stage adapter and objective heater. Cells were then stimulated with
7 �g of P1.B/ml, and fluorescence changes in individual cells were captured with
a DeltaVision restoration microscopy system (Applied Precision, Inc., Issaquah,
Wash.) equipped with a �60, 1.2-numerical-aperture lens. Fura-2/AM fluores-
cence was imaged in a single plane through the cells as a time lapse. Successive
acquisitions were approximately 15 s apart. Data sets were processed with the
DeltaVision SoftworX software package to quantify fluorescence intensity ratios
(excitation, 340 or 380 nm; emission, 525 nm) from each frame through a small
section of each individual cell. Average ratios (n 	 4 cells per sample) were
plotted on a graph (see Fig. 1) with Microsoft Excel.

Quantitation of plasma membrane Lamp1 and TfR levels. Cultures were
incubated with purified protein, live bacteria, or membrane preparations derived
from these bacteria for various times and quickly chilled to 4°C by adding

ice-cold DMEM and placing the microtiter plates on an ice bath. Surface Lamp1
was quantitated with biotinylated MAb H4A3 for Lamp1 (2), and TfR levels
were quantitated with HRP-transferrin (6).

Quantitation of the fluid phase marker LY. Lysosomes were loaded with 1.5
mg of LY/ml at 37°C in 5% CO2 for 20 h and then chased for 2 h at the same
temperature. Endosomes were loaded with 5 mg of LY/ml for 1 h at 16 to 18°C
in 5% CO2. After differential loading of lysosomes or endosomes, cells were
stimulated with P1.B, CMP-P� derivatives, CMP-P� derivatives, or pili for dif-
ferent times. Supernatants were treated as previously described (2). LY fluores-
cence was determined with a Fluostar spectrofluorimeter (BMG Lab Technol-
ogies). Relevant calculations for LY release results were obtained after
background levels at time zero were subtracted from each sample. Student’s
paired t test was performed by using MultiStat, version 1.1.

Immunofluorescence of surface TfR. A431 cells were seeded on sterile cover-
slips in six-well tissue culture plates. After 24 h, cells were stimulated with 7 �g
of purified P1.B/ml for 5 min, chilled to 4°C, and incubated with MAb OKT9
(mouse anti-human TfR) at 1:250 in 10 mM HEPES-DMEM for 1 h at 4°C.
Coverslips were then washed in cold PBS and fixed with 4% paraformaldehyde
(EM Science) in PBS for 10 min at room temperature. A secondary antibody
(goat anti-mouse Alexa 488 [Molecular Probes]) was diluted 1:1,000 in blocking
buffer and applied to cells for 1 h at RT. Coverslips were then washed in PBS and
mounted on slides with Fluoromount-G (Southern Biotech). The DeltaVision
restoration microscopy system was used to acquire and process images. Layout
was created with Adobe Photoshop, versions 5.5 and 6.0.

RESULTS

Porin P1.B induces a Ca2� transient in epithelial cells. We
determined whether Neisseria porin could also induce a Ca2�

flux in human epithelial cells. We chose to stimulate cells with
porin at a concentration of 7 �g/ml because previous studies
demonstrated that immune cells released Ca2� when stimu-
lated by porin at this concentration (26). Purified P1.B was
added to A431 cells (derived from an epithelioid carcinoma) or
T84 colorectal epithelial cells in 5 mM Ca2� media, and
changes in the concentration of cytosolic free Ca2� were mon-
itored (Fig. 1). Free Ca2� levels increased at least two- to
threefold as reported previously for immune cells (26) within 2
min after the addition of porin. This rise in free-Ca2� levels
was brief, and levels returned to baseline quickly. The Ca2�

FIG. 1. Porin P1.B induces an influx of Ca2� into epithelial cells.
A431 and T84 cultures were preloaded with 0.1 �M Fura-2/AM and
stimulated for 5 min at 34°C with medium alone (E), with P1.B alone
(■ ), with P1.B plus ATP (�), or with P1.B plus EGTA (Œ). Data were
acquired from individual cells with a DeltaVision restoration micros-
copy system and SoftWorX as described in Materials and Methods.
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response was greatly reduced when cells were exposed to porin
in the presence of EGTA (which chelates extracellular Ca2�)
and ATP, which inhibits the GTP-binding activity of porin and
reduces its influence on Neisseria invasion (35). It has been
suggested that extracellular Ca2� passes directly through the
porin channel and that the channel is closed after binding to
ATP (26). Finally, Ca2� levels in cells treated with medium
alone were unaffected. These results demonstrate that purified
porin induces a brief influx of Ca2� into the cytosol of two
human epithelial cell lines. Similar results were obtained when
cells were exposed to crude membrane preparations derived
from MS11A-307, a nonpiliated N. gonorrhoeae strain (data
not shown).

Porin P1.B triggers Lamp1 exocytosis. We next determined
whether the porin-induced Ca2� transient results in exocytosis
of Lamp1 compartments. A431 cells were incubated with 7 �g
of purified P1.B/ml in Ca2�-replete or -depleted medium, and
plasma membrane Lamp1 levels were determined (Fig. 2).
Membrane Lamp1 levels for cells treated with porin rose, but
only when Ca2� was present in the medium. Increased Lamp1
levels were observed within 5 min after addition of porin.
Surface Lamp1 levels for cells exposed to medium alone or to
porin preincubated with ATP were unchanged. Plasma mem-
brane Lamp1 levels for cells preloaded with BAPTA-AM
(which binds cytosolic free Ca2�) and subsequently exposed to
porin were also unchanged. These results indicate that porin
triggers Lamp1 exocytosis and that this event is due to the
P1.B-induced Ca2� transient. Similar results were obtained
when cells were exposed to crude membrane preparations
from P1.B-containing MS11A-307 (data not shown). Thus,
Lamp1 exocytosis can be induced by porin.

Porin-induced Ca2� flux does not trigger lysosome exocyto-
sis. Lamp1 is found in both lysosomes and endosomes. We
sought to determine whether the Lamp1 that is newly exposed
on the cell surface by the porin-induced Ca2� transient was

lysosomal in origin. Lysosomes in A431 cells were loaded with
the fluorescent dye LY for 20 h and chased with LY-free
medium for 2 h. Cells were then incubated with 7 �g of
porin/ml or 20 �g of pili/ml in Ca2�-replete media for 5 or 15
min, and the amounts of LY released into the medium by these
cultures were determined. Porin did not induce lysosome exo-
cytosis, as cultures treated with porin did not release LY into
the medium. Indeed, there was a noticeable reduction in LY
release by porin-treated cultures compared to that by cultures
treated with medium alone (Fig. 3A and B). In agreement with
our previous results, pili induced LY release only after 15 min
of incubation (2).

The ability of P1.B to induce lysosome exocytosis was also
assessed by monitoring �-hexosaminidase activity in culture
supernatants. �-Hexosaminidase is present only in lysosomes;
high enzyme activity in the supernatants is indicative of lyso-
some exocytosis (13). As described above, A431 cultures were
incubated for 15 min with 7 �g of purified P1.B/ml or 20 �g of
purified pili/ml as a positive control in the presence of extra-
cellular Ca2�. Supernatants were then examined for �-hex-
osaminidase activity (Fig. 3C). As shown earlier, �-hexosamini-
dase activity was higher in supernatants from cultures treated
with pili (2). In contrast, enzyme activity in supernatants from
untreated cultures was similar to that in supernatants from
cultures treated with P1.B. Together these data indicate that
the porin-induced Ca2� flux does not trigger lysosome exocy-
tosis.

Porin-induced Ca2� flux stimulates endosome exocytosis.
Endosomes destined for lysosomes also contain Lamp1. The
early increase in Lamp1 levels on the plasma membrane upon
cellular exposure to porin (shown in Fig. 2) may therefore be
derived from endosomes. We determined whether porin in-

FIG. 2. Porin triggers exocytosis of Lamp1 compartments. A431
cultures were incubated for 5 min at 37°C with medium alone (M) or
with P1.B in the presence (�) or absence (�) of Ca2�. As indicated,
certain cultures were stimulated with P1.B preincubated with ATP.
Other cultures were preloaded with BAPTA-AM, a membrane-per-
meable Ca2� chelator, before addition of porin. Plasma membrane
Lamp1 levels were determined by an antibody-binding assay as de-
scribed in Materials and Methods (relative surface Lamp1 level for
P1.B-infected cultures, 1.59 
 0.37; P � 0.05; paired Student’s t test).

FIG. 3. Effect of porin on lysosome exocytosis. Lysosome exocyto-
sis was determined by the LY (A and B) and �-hexosaminidase (C) re-
lease assays. Cultures were incubated with medium alone (M), 7 �g of
porin (P1.B)/ml, or 20 �g of purified pili/ml for 5 (A) or 15 min (B and
C). Experiments were performed in Ca2�-replete media. Relative LY
level in the medium of cultures exposed to pili for 15 min was 1.75 

0.11 (P � 0.03; paired Student’s t test); relative �-hexosaminidase level
in the medium exposed to pili was 2.45 
 0.2 (P � 0.05; paired
Student’s t test).
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duced endosome exocytosis. A431 cells were exposed to 7 �g
of purified P1.B/ml for 5 min in Ca2�-replete or Ca2�-depleted
medium, and the levels of surface TfR were determined (Fig.
4). TfR cycles between early endosomes and the plasma mem-
brane (12); an increase in surface TfR levels upon exposure to
porin would be indicative of endosome exocytosis. Under
Ca2�-replete conditions, levels of surface TfR in cultures
treated with porin were higher than those observed in cultures
incubated with medium alone. In contrast, surface TfR levels
in cultures incubated with porin plus ATP were similar to those
in cultures incubated with medium alone. These results suggest
that the porin-induced Ca2� flux causes a rapid exocytosis of
TfR-containing endosomes to the cell surface.

The redistribution of TfR to the plasma membrane was also
visualized by immunofluorescence deconvolution microscopy
(Fig. 4B). A431 cells were treated with porin for 5 min, and the
cultures were quickly chilled to 4°C on ice. Under these con-
ditions, the cells are alive and their membranes are intact but
all endocytotic processes are terminated. Cells were subse-
quently fixed while the temperature was maintained at 4°C.
Cells treated with porin in Ca2�-replete medium had signifi-
cantly higher levels of surface TfR than control cells treated
with medium alone. Cells exposed to porin in Ca2�-depleted
medium and cells exposed to porin preincubated with ATP had
only basal levels of surface TfR. Cells treated with ATP alone,
in Ca2�-replete or Ca2�-depleted medium, also displayed only
basal levels of surface TfR. Finally, signals were not detected
on cells probed solely with either a primary or secondary an-
tibody. These observations lend additional support to our pre-
vious findings that porin induces endosome exocytosis.

We also examined endosome exocytosis by measuring the
release of LY from this compartment. Cells incubated with LY
for 60 min at 16 to 18°C accumulate dye in endosomes but not
lysosomes (11, 14). Endosomes in A431 cells were loaded with
LY and then treated with 7 �g of purified P1.B/ml for 5 min.
The amount of LY released into the culture medium was
determined (Fig. 5). Cultures treated with porin in Ca2�-re-
plete medium released more LY into the supernatant than
cultures treated with medium alone. In contrast, cultures
treated with porin in Ca2�-depleted medium released only
basal levels of LY, as did cultures treated with porin and ATP.
Taken together, results from these experiments indicate that
Neisseria porin P1.B induces endosome exocytosis.

Lamp1 exposed on the membrane by the porin-induced
Ca2� transient is cleaved by IgAP. Finally, we determined
whether Lamp1 derived from exocytosed endosomes can be
cleaved by IgAP. A431 cells were infected with live MS11A,
wild type (wt) or iga mutant, at 37°C for 5 min, and plasma
membrane Lamp1 levels were determined (Fig. 6). The iga
mutant has a null mutation in the gene encoding the IgAP and
produces no detectable protease activity (17). Cultures in-
fected with wt MS11A Had lower levels of surface Lamp1 than
those incubated with the medium alone. In contrast, cultures
infected with the isogenic iga mutant had the highest levels of
plasma membrane Lamp1. Similar results were obtained when
cells were incubated with the respective CMPs (data not
shown). The increase in Lamp1 levels in these cultures reflects
the redistribution of Lamp1 to the cell surface by the exocytic
events discussed above, as well as the inability of the iga mutant
to cleave surface Lamp1. These results demonstrate that

plasma membrane Lamp1 can be cleaved by IgAP secreted
shortly after infection.

DISCUSSION

The Neisseria type IV pilus triggers the release of free Ca2�

from intracellular stores and a transient rise in cytosolic Ca2�

concentration within epithelial cells (2, 19). This, in turn, in-
duces lysosome exocytosis and exposes lysosomal Lamp1 on
the plasma membrane for cleavage by IgAP (2). We have
tested the hypothesis that neisserial porin would also trigger a
Ca2� flux in epithelial cells and that this transient would in-
duce Lamp1 exocytosis. In this report, we present evidence
that the porin P1.B triggers a transient rise in cytosolic Ca2�

levels in two human epithelial cell lines. The porin-induced
Ca2� transient is caused by the influx of extracellular Ca2�, as
demonstrated previously for phagocytes (26). Like the pilus-
induced Ca2� transient, the porin-induced flux results in a
redistribution of Lamp1 to the cell surface. Unlike the previous
event, the Lamp1 newly exposed on the cell surface by the
porin-induced Ca2� transient is derived from endosomes, not
lysosomes.

Cells whose lysosomes were loaded with LY did not release
the fluorescent dye into the medium when stimulated with
porin for 5 min. Indeed, these cells released less LY than
control cells treated with medium alone (Fig. 3A). Our results
are in agreement with earlier studies showing that Neisseria
porin inhibits the degranulation of primary and secondary
granules in neutrophils (5, 15) and phagocytes (21).

Cells treated with porin for 5 min did, however, show a
transient rise in plasma membrane Lamp1 levels (Fig. 2). If the
newly exposed Lamp1 is not derived from lysosomes, then
what is its origin? The source is suggested by a previous report
showing that a fraction of newly synthesized Lamp1 cycles past
the plasma membrane through a series of endocytic compart-
ments en route to lysosomes (1). The newly exposed plasma
membrane Lamp1 is likely derived from these endosomes,
which had been stimulated to exocytose by the porin-induced
Ca2� flux. Strongly supporting this hypothesis are our data
demonstrating that plasma membrane TfR levels in cultures
treated by porin are also increased.

So far, porin- and pilus-induced Ca2� fluxes have been stud-
ied mainly with purified protein complexes or membrane prep-
arations containing these complexes. The porin-induced Ca2�

transient occurs within 2 min after exposure to purified P1.B
(Fig. 3) (26), and the pilus-induced Ca2� transient occurs after
10 min of exposure to purified pili (19). The timing of these
Ca2� transients is identical when cells are incubated with
membrane preparations containing these complexes (Fig. 1)
(2). It will be interesting to determine the nature of the pilus-
and porin-induced transients during infection by live bacteria.

The Ca2� fluxes induced by pili and porin are likely to affect
other cellular pathways besides Lamp1 trafficking. Ca2� is an
important second messenger in eukaryotic cells (4, 28), and
changes in the cytosolic levels of free Ca2� regulate numerous
cellular processes. In addition, the types of cellular responses
differ depending on cytosolic Ca2� levels, duration of the Ca2�

transient, and origin of Ca2� (24, 28, 34). The pilus- and
porin-induced Ca2� fluxes may therefore affect overlapping
but perhaps not identical sets of cellular signaling pathways.
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FIG. 4. Porin-induced Ca2� influx results in increased levels of plasma membrane TfR. A431 cultures were incubated for 5 min at 37°C with
Ca2�-containing medium alone (M) or with P1.B in Ca2�-replete (�) or Ca2�-depleted (�) medium. Certain cultures, as indicated, were exposed
to P1.B preincubated with 0.1 mM ATP. (A) Plasma membrane TfR levels were determined by means of an antibody-binding assay as described
in Materials and Methods. Plasma membrane TfR levels in porin-treated cultures were normalized to those for cultures exposed to medium alone.
Relative TfR level in cultures treated with porin in Ca2�-replete medium, 1.33 
 0.2 (P � 0.01; paired Student’s t test). (B) TfR on the plasma
membrane of A431 cells was detected by immunofluorescence microscopy as described in Materials and Methods.
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Influx of Ca2� into the cytosol of fibroblasts has been dem-
onstrated to accelerate endosome recycling (25). The porin-
induced Ca2� influx may trigger a similar response in human
epithelial cells, as endocytosis in porin-treated A431 cells is
accelerated (P. Ayala and M. So, unpublished data). The pilus-
induced Ca2� is reported to be derived from the endoplasmic
reticulum (ER) (19). Release of Ca2� from the ER has been
shown to trigger lysosome exocytosis (9, 30). The pilus- and
porin-induced Ca2� transients that we observed are consistent
with these findings.

The mechanisms by which pili and porin trigger distinct

exocytic events are unknown. Many proteins important to en-
docytic and secretory pathways have been identified, and con-
tinued analysis of their activities in targeting, docking, priming,
and membrane fusion will yield valuable information in the
near future (39).

In summary, the Neisseria pilus and porin complexes are able
to modulate Ca2� levels in human epithelial and monocytic
cells (2, 19, 26). In epithelial cells, these Ca2� transients
quickly trigger the exocytosis of both lysosomes and endo-
somes. These exocytic events cause the redistribution of
Lamp1 to the cell surface, where it can be cleaved by IgAP
secreted by colonizing bacteria. We have shown previously that
Lamp1 cleavage by IgAP leads to lysosome modification and
promotion of intracellular survival of the bacteria. It will be
interesting to determine whether there are other consequences
associated with endosome and lysosome exocytosis triggered
by pathogenic Neisseria.
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