Neisseria meningitidis porin PorB interacts with
mitochondria and protects cells from apoptosis
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Neisserial porins are strong immune adjuvants and B cell activators.
The effect of neisserial porin PorB on activation-induced cell death
was investigated, as a potential additional mechanism of the
porin’s immunopotentiating ability. Neisserial porins interact with
target cells to localize intracellularly in the mitochondrial compart-
ment without negatively affecting cellular survival. Pretreatment
with Neisseria meningitidis PorB porin decreased or abrogated the
mitochondrial damage induced by apoptotic stimuli. In addition,
end stage determinants of apoptosis, including DNA breakdown,
were diminished by PorB. Immunoprecipitation experiments re-
vealed that PorB interacts with the mitochondrial porin VDAC
(voltage-dependent anion channel). The mechanism of the antiapo-
ptotic effect of neisserial porins could be explained by the protein-
protein interaction of PorB with VDAG, similar to the interaction of
VDAC with antiapoptotic Bcl-2 proteins, resulting in an enhance-
ment of cell survival and continued activation of B cells.
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eisserial porins, meningococcal PorA (class 1 protein) or

PorB (class 2 or 3 proteins) or gonococcal protein IA or
protein IB, are the major outer membrane protein of the
pathogenic Neisseriaceae (1). They act as pores and are essential
for organism survival. Interestingly, we and other investigators
have demonstrated that these proteins act as immune stimulants
and adjuvants (2-4) and can induce a T cell-dependent immune
response against cell independent antigens (5-8). The mecha-
nism of the adjuvant activity of neisserial porins recently has
been elucidated, correlating with the porins’ ability to up-
regulate the expression of the costimulatory molecule, B7-2, on
the surface of B cells (and possibly other antigen-presenting
cells) (6, 8). Moreover, neisserial porins are potent B cell
mitogens and act synergistically with CD40 or B cell receptor
ligation to induce B cell proliferation and Ig secretion (6, 9).

Stimulation of immune cells normally increases their suscepti-
bility to activation-induced cell death or apoptosis (10). Neisserial
porins activate B cells as a probable mechanism of their adjuvant
activity. If the porins also increased the susceptibility of B cells to
apoptosis, this obviously would attenuate their immunopotentiating
ability. Therefore, we investigated the ability of neisserial porins to
affect the susceptibility of various cell types to apoptosis to deter-
mine whether another mechanism of the porins’ adjuvant activity is
to prevent B cell (and/or antigen-presenting cell) apoptosis.

If neisserial porins decreased the susceptibility of immune cells
to apoptosis, what could be the possible mechanisms? It has been
demonstrated that mitochondria and mitochondrial factors are
intimately connected to the process of apoptosis (11). The mech-
anism of action of certain apoptotic stimuli, such as Fas receptor
ligation or drugs like staurosporine (STS), involves opening of the
mitochondrial permeability transition pore (PT), dissipation of
mitochondrial membrane potential (AVy,) (12), release of mito-
chondrial factors such as cytochrome ¢ (13-15), apoptosis-inducing
factor (16), or Apaf-1 (17) from the mitochondria into the cytosol.
The release of cytochrome c initiates the apoptotic cascade through
the activation of caspase-9 (18, 19).
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Mitochondrial AWy, loss and cytochrome ¢ release can be
prevented by members of the bcl-2 gene family such as Bcel-x,
or Bcl-2 (13, 20-22), which, similarly to neisserial porins, have
been shown to insert into lipid vesicles or planar lipid bilayers
and form ion-conducting channels in biological membranes
(23, 24). Evidence suggests that the antiapoptotic effect of
the Bcl-2 family members is mediated through a direct pro-
tein—protein interaction with voltage-dependent anionic chan-
nel (VDAC), a component of the mitochondrial pore (PT),
thus stabilizing the pore (25). As this type of interaction also
might be a mechanism of the potential neisserial porin antiapo-
ptotic activity, in this study we investigated whether neisserial
porins associate with mitochondria (and mitochondrial
VDAC), preventing mitochondrial depolarization and cyto-
chrome ¢ release and determined whether the effects of
neisserial porin on mitochondria are associated with an atten-
uation of apoptosis.

Materials and Methods

Cell Cultures. Jurkat cells were cultured in RPMI 1640 medium
containing 5% FBS, 2 mM L-glutamine, 100 units/ml penicillin,
and 100 pg/ml streptomycin. CH12 RMC (a murine B cell line,
a gift from R. Corley, Boston University School of Medicine) and
murine splenic B cells were cultured in DMEM containing 8%
FBS, 2 mM L-glutamine, 100 units/ml penicillin, 100 pg/ml
streptomycin, 100 mM Hepes, and 10 mM B-mercaptoethanol.
Murine splenic B cells were isolated from C3H/HeJ mice and
C57 black mice per standard protocols (6). HeLa cells were
cultured in DMEM containing 10% FBS, 2 mM L-glutamine, 100
units/ml penicillin, and 100 ug/ml streptomycin. (The CH-12
RMC B cell line shows a relatively high rate of spontaneous cell
death, responsible for the increased background shown by the
medium controls.)

Mitochondria Isolation and Western Blot. Mitochondria were isolated
as described (26). Purified mitochondrial and cytosolic fractions
were subjected to 15% standard SDS/PAGE and transferred
overnight on poly(vinylidene difluoride) membrane (Millipore).
Blots were blocked for 1 h with 5% nonfat dry milk in 25 mM Tris
(pH 8.0), 125 mM Na(l, 0.1% Tween 20, and 0.01% thimerosal and
incubated overnight with anti-PorB rabbit polyclonal serum or
the following mAbs: anti-cytochrome ¢ (clone 7H8.2C12, Phar-
Mingen), anti-cytochrome oxidase (clone 20E8-C12, Molecular
Probes), anti-PorB (National Institute for Biological Standards and
Control, Potters Bar, Hertfordshire, United Kingdom), anti-VDAC
(human clone 31HL, Calbiochem, La Jolla, CA) anti-LAMP1 and
anti-Rab4 (Stressgen Biotechnology, Victoria BC, Canada), fol-

Abbreviations: VDAC, voltage-dependent anion channel; STS, staurosporine; PT, perme-
ability transition pore; AW, mitochondrial membrane potential; NAO, nonyl acridine
orange; Pl, propidium iodide; rh123, rhodamine 123.
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Phase microscopy of CH-12 RMC (A), Jurkat (B), and HeLa (C) cells incubated with medium alone or with 100 ng/ml PorB for 24 h. Incubation with PorB

for 24 h does not induce increase of hypodiploid DNA content measured by flow cytometry of Pl-stained HelLa (D) or CH-12 RMC (E) cells. The percentage of cells
containing hypodiploid DNA was determined, as indicated. *, Not significant if compared with the medium control.

lowed by horseradish peroxidase-labeled secondary antibody (Am-
ersham Pharmacia). The immunoreactive bands were detected by
enhanced chemiluminescence.

Immunoprecipitation. Jurkat cells were incubated with medium or
10 pg/ml of PorB for 24 h. Mitochondria were isolated and
sonicated in lysis buffer (10 mM Hepes, pH 7.4/142.5 mM KCl/5
mM MgCl,/1 mM EGTA/0.5% NP-40/17 pug/ml PMSF/8 ug/ml
aprotinin/2 ug/ml leupeptin). Mitochondrial lysates were incu-
bated with 10 ug of anti-PorB mAb per 10° cells with shaking for
1 h on ice. Protein-G agarose (Sigma) was added for 1 h at 4°C
on a side to side rocker. Normal goat serum (1 mg/ml) (Sigma)
was used to block nonspecific IgG binding sites. The agarose
beads were centrifuged, washed with incubation buffer, resus-
pended in SDS/PAGE gel loading buffer, and analyzed by
SDS/PAGE and Western blotting. PorB was purified and
formed into detergent-free proteosomes as described (6, 27).
As a control for nonspecific interaction of PorB with other
mitochondrial components or membrane fragments, mito-
chondrial lysates were cleared of remaining membrane frag-
ments by centrifugation for 1 h at 100,000 X g with an Airfuge
(Beckman) and immunoprecipitation of PorB and VDAC from
the supernatant was performed as described.

Induction of Apoptosis. Jurkat and CH-12 RMC cells were incu-
bated for 24 h with 1 uM STS (Sigma) for induction of apoptosis.
A subset of these cultures was preincubated with 10 pg/ml of
PorB for 24 h or 50 uM of the apoptosis inhibitor, Z-Val-Ala-
Asp-(OMe)-CH,F (z-VAD-fmk) (Enzyme Systems Products,
Dublin, CA) for 2 h before the addition of the apoptotic stimuli.

Flow Cytometric Analysis. [solated mitochondria were analyzed as
follows. The mitochondria were incubated for 30 min on ice with
anti-PorB polyclonal rabbit serum, or rabbit preimmune serum
as a control, in the presence of 1 mg/ml of goat normal serum.
After two washes with extraction buffer, anti-rabbit FITC-
labeled IgG (Sigma) was added and the mitochondria was
incubated for 15 min on ice, washed again, and immediately
analyzed by flow cytometry on a FACScan flow cytometer by
using CELLQUEST acquisition and analysis software (Becton
Dickinson). Mitochondrial mass (28) or AW, (26) were analyzed
in intact cells with nonyl acridine orange (NAO) and rhodamine
123 (rh123) (Molecular Probes) as follows. For NAO staining,
treated cells were washed twice in ice-cold PBS, fixed with 80%
ethanol at —20°C overnight, then incubated with 10 uM NAO
for 15 min at room temperature and analyzed by flow cytometry.
For rh123 staining, cells were incubated with 5 pug/ml of rh123
for 30 min at 37°C, then washed in cold PBS and immediately
analyzed by flow cytometry. Gating was used to exclude cellular
debris associated with necrosis and nonapoptotic cells.
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Assessment of Cell Viability. Aliquots of treated cells were stained
with 0.2% trypan blue, incubated for 10 min at room tempera-
ture, and counted. A minimum of 100 cells were counted for each
sample, and assays were performed in triplicate. The percentage
of dead cells was calculated as a ratio between the number of
dye-retaining cells (nonviable) and total number of cells per ml,
as determined by using a hemacytometer. Data were analyzed by
the Wilcoxon nonparametric rank sum test using SIGMASTAT
statistical software (SPSS, Chicago).

DNA Laddering and Propidium lodide (PI) Staining of Hypodiploid
DNA. DNA laddering was measured by agarose gel electrophoresis
as described (18). Briefly, cells were washed with PBS and resus-
pended in 20 ul of a solution containing 1% SDS, 0.5 mg/ml RNase
A, and 5 pug/ml proteinase K and loaded on a 2% agarose gel. DNA
was visualized by ethidium bromide fluorescence with a UV
trans-illuminator. For PI staining, cells were washed, resuspended
in 300 pl of PBS containing 2% FBS, and permeabilized with 750
ul of ice-cold ethanol for 10 min at 4°C. The cells then were
resuspended in 300 ul of PBS containing 50 ug/ml PI and 0.5
mg/ml RNaseA, incubated for 20 min in the dark, washed once with
PBS/FBS, and analyzed by flow cytometry. Cells were gated to
exclude debris by using medium-treated control cells.

Results

Incubation of Jurkat, HelLa, murine CH-12 RMC B cells, or
murine splenic B cells with up to 100 pg/ml of PorB was not toxic
for the cells and did not induce any visible modification in
cellular morphology (Fig. 1 A-C). Hypodiploid DNA content of
cells incubated with increasing concentrations of PorB for 24 h
was measured by flow cytometric analysis of cells stained with PI.
There was no increase of hypodiploid DNA content in PorB-
treated cells as compared with untreated cells (Fig. 1 D and E),
as opposed to increased hypodiploid DNA content after induc-
tion of apoptosis with STS (see Fig. 6). Moreover, the treatment
with PorB did not affect the viability of the cells, as measured by
trypan blue exclusion assay (Table 1).

To investigate the fate of the porin in vitro, the subcellular
localization of the porin was examined in several different types

Table 1. PorB does not induce cell death

Cells Medium PorB, 10 ug/ml PorB, 100 ng/ml
Hela 16.9 = 4.6 17.6 = 4.7 16.9 = 0.8
Jurkat 54+ 26 5.77 + 2.9 54 +1.6
CH-12 RMC 49.2 = 14.8 54.2 +12.4 51.2+7.8

Cells were incubated for 24 h, and aliquots were collected and stained with
trypan blue.
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Cells were incubated with PorB as described in the text. (A) Cytosol and whole membranes from Hela (lanes 1 and 2) and splenic murine B cells (lanes 3 and

4) were analyzed by Western blot with anti-PorB rabbit polyclonal serum. (B) Mitochondria (m) and cytosolic fractions (c) of CH-12 RMC (lanes 2-5), Jurkat (lanes 6-9),
and splenic murine B cells (lanes 10-13) were analyzed with anti-PorB mAb. Purified PorB was used as molecular weight control (lane 1). (C) Mitochondria were isolated
from CH-12 RMC and Jurkat cells, and the association of PorB with the purified mitochondria was detected by flow cytometry with anti-PorB rabbit polyclonal serum
and FITC-labeled anti-rabbit second antibody. Preimmune rabbit serum was used as negative control for nonspecific binding, which was negligible.

of mammalian cells. Cells were incubated for 24 h with 10 pg/ml
of PorB and lysed, and total membrane and cytosolic fractions
were obtained. Immunoblots with anti-PorB rabbit polyclonal
serum revealed the presence of PorB in the membrane-
containing fractions of all of the cells analyzed. Fig. 24 shows a
representative immunoblot of fractions obtained from HelLa
cells or murine B cells. To determine the further intracellular
localization of the porin, fractions containing mitochondria,
cytosol, or nuclei (plus other membrane compartments and
unlysed cells) were obtained. The mitochondria were identified
by Western blot with anti-cytochrome ¢ mAb; anti-cytochrome
oxidase IV mAb was used as a marker for mitochondria outer
membrane integrity (26), and an immunoreactive band was
detected only in association with the mitochondrial fractions,
indicating that the mitochondrial outer membrane was not
disrupted by the isolation procedure (data not shown). Anti-
Lampl and anti-Rab4 mAbs also failed to detect lysosomal or
endosomal membranes in the mitochondrial fractions (data not
shown). After incubation of cells with 10 wg/ml of PorB, all
fractions were analyzed by Western blot with anti-PorB mAb,
and PorB was detected as a major band in the mitochondrial
fractions (Fig. 2B). Traces of PorB also were detected in the
nuclear fraction, which, however, as stated before, also con-
tained other membrane compartments and a minor amount of
unlysed cells (data not shown). The association of PorB with the
mitochondria also was detected by flow cytometric analysis. Cells
were incubated with medium or with 10 pg/ml of PorB for 24 h,
and the mitochondria subsequently were isolated and incubated
with anti-PorB polyclonal serum, followed by FITC-labeled
anti-rabbit IgG. Histograms of fluorescence intensity revealed
an increase in fluorescence associated with the mitochondria
isolated from PorB-treated cells (Fig. 2C). Controls using pre-
immune rabbit serum failed to demonstrate a difference in
fluorescence intensity between mitochondria from cells incu-
bated with PorB or medium alone (data not shown).

The effect of PorB on AW, and mitochondrial size (Table 2),
after induction of apoptosis by STS treatment, was examined, and
a protective effect of PorB treatment on these mitochondrial
parameters was detected (Table 3 and Fig. 3). Mitochondrial size
was measured by flow cytometry of whole cells stained with the
fluorescent dye NAO, which specifically stains mitochondria in

Table 2. PorB incubation does not affect mitochondrial size
and AW,

Stain Jurkat CH-12 RMC
NAO 1.03 = 0.15 1.12 = 0.04*
Rhodamine 0.97 = 0.1 0.96 = 0.07

Mitochondrial mass and AV, were measured by NAO and rh123 staining of
whole cells, respectively. Values (+SDs) represent the mean fluorescence
intensity ratios of PorB-treated cells relative to medium control cells. Each
value has been averaged from three separate experiments.

*No significant difference as compared to control.
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intact cells, and AW, was measured by staining cells with rh123.
Jurkat and CH12 RMC cells incubated with 10 pg/ml of PorB for
24 h and stained with NAO displayed comparable fluorescence to
the cells incubated with medium alone (Table 2). Staining with an
alternative mitochondrial size-specific dye, MitoTracker Green,
also did not demonstrate any detectable changes in the mitochon-
drial volume after PorB treatment (data not shown). The variations
of AW, were measured as rh123 fluorescence of cells treated with
PorB compared with cells incubated with medium alone, and as
shown in Table 2, the AW,, was unaltered by PorB treatment.

The consequences of STS-mediated apoptosis on mitochon-
drial size and AWy, in the presence of PorB then were examined.
Typically, cells incubated with STS go through several alterations
before cell death occurs, including mitochondrial volume alter-
ations and membrane depolarization, followed by release of
cytochrome c into the cytosol, DNA fragmentation, and more
(19, 26, 29). Mitochondrial volume changes induced by treatment
of Jurkat or CH-12 RMC cells with 1 uM STS for 24 h were
measured by flow cytometry of NAO-stained cells. The NAO
fluorescence of STS-treated Jurkat cells was only slightly de-
creased as compared with untreated cells; CH-12 RMC cells, on
the contrary, showed a marked loss of mitochondrial volume
after the treatment (probably because of higher condensation of
mitochondria and lower cardiolipin levels), suggesting that the
volume variations of mitochondria were perhaps differently
affected by STS treatment, depending on the cell type (Table 3).
Preincubation with 10 ug/ml of PorB for 24 h before the addition
of STS partially protected CH-12 RMC cells from loss of
mitochondrial volume (Table 3). The AWy, variations induced in
Jurkat and CH-12 RMC cells by STS were determined. Incuba-
tion with STS as above induced dissipation of AW,,; pretreatment
of cells with PorB before the addition of STS decreased the loss
of AW, (Fig. 3). Primary murine B cells AW, also was examined
and demonstrated similar behavior as compared with the CH12
RMC cell line (data not shown).

Cytochrome c release into the cytosol, which is important for
generation of downstream apoptotic events (13), has been reported
as a consequence of STS treatment (13, 26), likely because of the

Table 3. PorB preincubation protects from mitochondrial size
variations induced by STS

Treatment Jurkat CH-12 RMC
STS 0.87 = 0.12* 0.35 = 0.12F
PorB + STS 1.01 = 0.07 0.60 = 0.13

Mitochondrial size was measured by NAO staining of whole cells. Values
(+SDs) represent the mean fluorescence intensity ratios relative to medium
control cells. Each value has been averaged from three separate experiments.
Statistical comparison between cells treated with STS alone or preincubated
with PorB before the induction of apoptosis was performed by using the
Wilcoxon nonparametric signed rank test.

*No significant difference.
TP < 0.0015.

Massari et al.
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Fig. 3. Jurkat (A) and CH-12 RMC (B) cells incubated with medium or 10
ng/ml PorB for 24 h before the addition of 1 uM STS for an additional 24 h.
AV, was measured by flow cytometry of intact cells stained with rh123.
Gating was used to exclude cellular debris. Solid lines, medium control cells.
Dotted lines, STS alone. Dashed lines, PorB + STS.

opening of the mitochondrial PT, which follows the AWy, loss.
Therefore, the ability of PorB to prevent cytochrome c¢ release
induced by STS was examined. Cells were incubated with medium
alone or with 10 pg/ml of PorB for 24 h, and no release of
cytochrome c into the cytosol was detected (Fig. 44). Mitochondria
and cytosolic fractions of cells incubated with PorB before the
addition of 1 uM STS (Fig. 4B) revealed a protection from release
of cytochrome c into the cytosol. The caspase inhibitor z-VAD-
(fmk) (which protects cells from apoptosis by blocking caspase-9
activation but does not prevent mitochondrial cytochrome c release
into the cytosol) was used as control.

The possibility that PorB interacts with the mitochondrial PT
pore complex was examined by immunoprecipitation experiments.
Jurkat cells were incubated with medium or with 10 ug/ml of PorB
for 24 h, and the mitochondria were isolated and lysed in the
presence of detergent, to dissolve mitochondrial membrane frag-
ments and extract the outer membrane proteins. The lysates were
incubated with anti-PorB mAb for immunoprecipitation of PorB
and the proteins with which it may associate. Western blot analysis
of the immunoprecipitates with anti-PorB antibody or anti-VDAC
antibody demonstrated that VDAC coimmunoprecipitated with
PorB (Fig. 5). To exclude the possibility of an interaction of PorB
with other mitochondrial compartments, fragments of mitochon-
drial membrane, or unlysed mitochondria, the lysates were cleared
by a high-speed centrifugation step. Western blot analysis after
immunoprecipitation as described above confirmed the coimmu-
noprecipitation of VDAC with PorB (data not shown).

The potential protective effect of PorB on apoptotic cell death
was indirectly measured by trypan blue exclusion assay. Jurkat cells
and CH12 RMC cells were incubated with 1 uM STS for induction
of apoptosis or with medium alone. The number of cells retaining
the dye per ml and the number of total cells per ml were determined
in each sample to calculate the percent of dead cells (Table 4).
When the cells were incubated with PorB before the apoptotic
stimuli, the percentage of dead cells decreased after STS treatment.
The caspase inhibitor z-VAD-fmk was used as a control.

PorB protection from DNA degradation after STS treatment
was evaluated by two distinct methods: (/) measuring hypodip-
loid DNA content by PI staining and flow cytometry and (if)
examining the extent of DNA laddering on agarose gel. Jurkat
or CH-12 RMC cells were incubated with medium alone, PorB,
and/or STS and subsequently permeabilized and stained with PI.
When cells were incubated with STS, an increase in hypodiploid

A) Medium PorB  B) STS PorB+STS  z-VAD+STS

(m)  (cyt)  (me)  (cH) (m)  (cyt) (mi)  (eyt) _fert)
Fig.4. Mitochondria (mit) and cytosolic fractions (cyt) from CH-12 RMC cells

treated with: medium alone or 10 ug/ml PorB (A) and medium, PorB, or 50 uM
z-VAD-fmk for 24 h before addition of STS (B), were analyzed by Western blot
with anti-cytochrome ¢ mAb.
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Fig. 5. Jurkat cells were incubated with medium (lanes 1) or 10 ug/ml PorB
(lanes 2) for 24 h, and mitochondria were isolated and immunoprecipitated
with anti-PorB mAb. The immune complexes were analyzed by Western
blotting using anti-PorB antibody or anti-human VDAC antibody as indicated.

DNA content was detectable; if the cells were preincubated with
PorB before the addition of STS, a marked decrease in the
percentage of hypodiploid DNA content was seen (Fig. 6 A and
B). Gates were drawn accordingly to prevent analysis of cellular
debris by using the medium-treated cells (not shown in Fig. 6).
CH-12 RMC cells demonstrated a minimal background extent of
hypodiploid DNA because of a higher rate of spontaneous cell
death as compared with Jurkat cells (refer to Fig. 1).

DNA laddering was measured after incubation of cells with PorB
for 24 h before the addition of STS for 4 h or 24 h. Cells were lysed
and digested with RNase A and proteinase K directly before being
loaded on agarose gel. Medium- or PorB-treated cells revealed
identical minimal DNA degradation, whereas DNA laddering was
manifest after 4 h (Fig. 6C, lane 3) or 24 h (Fig. 6C, lane 5) of STS
incubation, as indicated by low molecular weight DNA fragments
(Fig. 6C). Preincubation with PorB (Fig. 6C, lanes 4 and 6) inhibited
formation of apoptosis-associated DNA breakdown products as
indicated by the decrease of DNA laddering. As a positive control,
50 uM z-VAD-fmk prevented STS-induced DNA fragmentation.

Discussion

We examined whether the porin’s ability to activate B cells affects
the cells’ susceptibility to activation-induced cell death and whether
the porins themselves can directly protect cells from apoptosis. This
is potentially another mechanism of the porin’s immunopotentiat-
ing ability. The porin’s ability to affect B cell function clearly
requires a priori an active interaction with the lymphocyte itself.
There is much preliminary evidence that neisserial porins can
directly interact with artificial planar lipid bilayers (41) and eukary-
otic cell membranes (30, 31) and form aqueous transmembrane
channels for the transport of solutes and macromolecules across the
outer membrane. In addition, they can form voltage-gated pores at
low membrane potential (32, 33). These pores are regulated by ATP
and GTP with a gating mechanism that modulates the pore size and
ion selectivity (similar to mitochondrial VDAC) (34), when they
insert in mammalian cells, potentially contributing to the pathoge-
nicity of the microorganism (35). Interestingly, our findings show
that after incubation of different types of cells, such as lymphoid
cells and epithelial cells with purified PorB, the porin primarily
localizes into the mitochondrial compartment. The association of
PorB with mitochondria results in a stabilization of mitochondrial
membrane and enhanced cell survival when an apoptotic stimulus,
such as STS, is provided.

The interaction of porin with target cells was examined by using
epithelial and lymphoid cell lines. Incubation with high concentra-

Table 4. PorB protects from cell death induced by STS

Treatment Jurkat CH-12 RMC
STS 22.2 +12.4*% 80.2 = 14.8"
PorB + STS 15+ 8.3 65.6 = 13.0
z-VAD-fmk + STS 11.2+94 55.6 + 6.4

Cells were incubated as described in the text. z-VAD-fmk (50 uM) was used
asinhibitor of cell death. Statistical comparison between cells treated with STS
alone or preincubated with PorB before the induction of apoptosis was
performed by using the Wilcoxon nonparametric signed rank test.

*P < 0.03.
TP < 0.006.
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Fig. 6. Flow cytometry of PI fluorescence of Jurkat (A) and CH-12 RMC (B)
cells incubated as described in the text. The percentage of cells containing
hypodiploid DNA was measured by flow cytometry. The analysis gate has been
drown accordingly to untreated samples (not shown). (C) DNA fragmentation
pattern of CH-12 RMC cells incubated with: lane 1, medium alone; lane 2, 10
ng/ml PorB; lane 3, 1 uM STS for 4 h; lane 4, 10 ug/ml PorB for 24 h before STS
incubation for 4 h; lane 5, 1 wM STS for 24 h; lane 6, 10 pwg/ml PorB for 24 h
before STS incubation for 24 h; lanes 7 and 8: 50 uM z-VAD-fmk before STS
incubation for 4 and 24 h, respectively.

tions of meningococcal PorB for up to 72 h did not induce cellular
changes consistent with necrosis or apoptosis. Our findings are in
contrast to what has been published by Miiller et al. (36), who
describe induction of apoptosis in HeLa cells incubated with
gonococcal porin (protein IB). The discrepancies between our data
and Miiller ef al’s data could be caused by the fact that (i) our
studies have been performed mostly on lymphoid cells in medium
supplemented with growth factors (FBS) rather than epithelial cells
in serum-free culture (a condition that may render cells more
sensitive to apoptosis; refs. 37 and 38); (i) our porins were purified
by using different protocols (9, 27), with a final concentration of
detergent lower than that obtained by Miiller et al., and (iii)
different neisserial porins were used. Incubation of HeLa cells with
gonococcal protein IB or PorB purified according to our protocol
did not induce cell death even in serum-depleted culture (data not
shown), excluding the possibility of any toxic effect of neisserial
porins on epithelial cells in our system.

The structure of neisserial porins reveals a trimeric B-pleated
barrel with a high percentage (36%) of B-sheet secondary struc-
tures (39, 40). Mitochondrial porins, or VDACs, also are charac-
terized by a similar B-barrel conformation and share functional
characteristics with neisserial porins, including regulation of the
pore size by nucleotides and the ability of “autodirected” insertion
into phospholipid membranes (34). VDACs contribute to the
regulation of metabolite flux through the mitochondrial membrane
and are part of a larger structure (PT). We investigated whether
neisserial porins can enter eukaryotic cells and interact with the
mitochondria, based on the structural and functional similarities of
neisserial porins and mitochondrial porins and the suggestive
evidence that neisserial porins must interact with lymphocytes to
induce their immunopotentiating effect. It has been shown that
neisserial porins vectorially translocate into artificial membranes
and target cells (41), and it has been proposed that they might bind
or insert into the membrane of epithelial cells at the sites of close
contact between bacteria and cells during the infection (42, 43). The
mechanism of translocation of the porins into the target cells is still
poorly characterized, and thus there is no evidence of a specific
receptor-mediated event accounting for porin. We investigated the
intracellular localization of PorB in several different cell types and
demonstrated the association of PorB with the mitochondria. The
integrity of the mitochondrial outer membrane was ascertained
with anti-cytochrome 'V oxidase antibody. Moreover, anti-LAMP1
or anti-Rab4 antibodies failed to detect immunoreactive bands by
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Western blotting, indicating the absence of endosomes or lysosomes
copurified with the mitochondria. Trace amounts of PorB also was
detected in the fraction containing nuclei, other membranes, and
unlysed cells obtained during the mitochondria isolation. It might
be argued PorB also might interact with cellular membranes, but
the major interaction demonstrated is with the mitochondria.
Anti-PorB antibody was used for an immunoprecipitation experi-
ment of mitochondria isolated from cells treated with PorB, and the
association of the porin with the mitochondria was confirmed. The
association with mitochondria did not appear to be a characteristic
unique for Neisseria meningitidis PorB; in fact, Neisseria gonorrhoea
protein IB also was detected in the mitochondrial fractions after
24 h of incubation with Jurkat or CH12 RMC cells (data not
shown).

Mitochondrial changes have been observed in several models
of apoptosis induced by different stimuli, including Fas receptor
binding (44), drugs (45), UV irradiation (15), serum starvation
(38), or expression of proapoptotic members of the bcl-2 family
such as Bax or Bak (19, 46). Mitochondria may be subjected to
volume and size changes after an apoptotic insult, including
swelling at an early stage during apoptosis followed by conden-
sation of the matrix and cell shrinkage (11, 12). Relative changes
in mitochondrial volume were measured by flow cytometric
analysis of NAO fluorescence. There were no detectable differ-
ences of NAO fluorescence ratios between untreated cells or
PorB-treated cells as opposed to the obvious differences be-
tween untreated cells and cells treated with apoptotic stimuli or
differences in fluorescence as detected by another mitochondria-
specific dye, Mitotracker Green (data not shown). These data
indicate that PorB incubation did not elicit condensation of the
mitochondrial matrix indicative of apoptosis.

Loss of AW, across the inner mitochondrial membrane has been
proposed as a hallmark of apoptosis (11). If the interaction of PorB
with the mitochondria would affect the apoptotic process, variations
of parameters, such as the AW, or mitochondrial size, might be
expected. Rh123 is a specific dye used to measure the electrochem-
ical gradient of the mitochondrial membrane (47). The rh123
fluorescence intensity of PorB-treated and medium control cells
were superimposable, indicating that PorB did not induce AW,
depolarization in Jurkat cells and CH-12 RMC cells or in murine
splenic B cells and HeLa cells (data not shown). Other markers of
apoptosis, including cell morphology (i.e., shape, adherence, or
retraction of pseudopodia), trypan blue exclusion, and DNA break-
down, indicated that the interaction of N. meningitidis PorB, as
stated previously, was not recognized as an apoptosis-inducing
stimulus. STS treatment can result in a decrease of mitochondrial
volume and depolarization of the AW,,, which normally would be
seen with ongoing apoptosis (13, 26, 29). The effect of PorB on the
mitochondrial alterations induced by STS was examined and re-
vealed a consistent protection against both mitochondrial volume
change and AWy, loss. Mitochondrial volume changes after STS
treatment was partially abolished in CH-12 RMC cells, whereas the
volume of mitochondria in Jurkat cells appeared not to be altered
by the treatment, possibly because of a different sensitivity of these
cells to the drug. STS-induced AW, loss in Jurkat cells and CH-12
RMC cells was reduced as result of PorB preincubation, as mea-
sured by rh123 fluorescence, as well as in splenic murine B cells and
HeLa cells (data not shown).

Modification of the AW, may induce opening of the mitochon-
drial permeability transition pore, followed by cytochrome c release
from the mitochondrial intermembrane space into the cytosol (13).
The release of cytochrome c into the cytosol appears to initiate the
apoptotic cascade through the activation of caspase-9 (48) and
STS-induced cytochrome c¢ translocation into the cytosol has been
described (18). We therefore investigated the effect of PorB on
STS-induced cytochrome c release. PorB treatment by itself did not
induce cytochrome c release. In fact, this treatment was effective in
preventing or reducing cytochrome c release in the cytosol of cells
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treated with STS. This result suggests that the association of PorB
with mitochondria might not only be involved in the electrical
stabilization of the outer membrane, but also play a role in the
regulation of the passage of large molecules through the mitochon-
drial membrane.

Members of the Bcl-2 family like Bcl-2 or Bcl-xp, directly
participate in the regulation of mitochondrial PT gating occurring
after induction of apoptosis (13). Structural similarities between
pore-forming domains of some toxins including diphtheria toxin
and related colicins and members of the bcl-2 gene family have been
described (22), and they display an in vitro ion-channel forming
activity when added to synthetic membranes (23, 24). The mito-
chondrial porin, VDAC, part of the PT, recently has been reported
to interact with the antiapoptotic protein Bcl-x;, and their associ-
ation appears to elicit the closure of the mitochondrial PT, through
which cytochrome ¢ could escape during apoptosis (25). A similar
interaction between PorB and VDAC affecting the opening and
closing of the VDAC pore could be the mechanism of the antiapo-
ptotic effect of neisserial porins. To examine this hypothesis,
mitochondria from cells treated with PorB were immunoprecipi-
tated with either anti-PorB antibody or anti-VDAC antibody (data
not shown). Analysis of the immunoprecipitates by the two different
antibodies revealed the presence of both PorB and VDAC by
Western blot, indicating that VDAC was coimmunoprecipitated
with PorB, suggesting that an interaction of PorB with the mito-
chondrial membrane might take place at the PT site, directly or
indirectly with VDAC.

Induction of apoptosis presupposes induction of cellular
death. Cell viability, and indirectly, its opposite, cell death, can
be measured in a population by the trypan blue exclusion assay.
This permeable dye rapidly diffuses in all of the cells and it is
actively expelled by live cells. Viability of cells treated with STS
alone or with PorB before the addition of STS was measured by
trypan blue staining and correlated with the protective effect of
PorB shown for the mitochondria and DNA integrity. DNA
breakdown is one of the hallmarks of apoptosis. Apoptotic
hypodiploid DNA content was measured after STS treatment
and was reduced when Jurkat, CH-12 RMC cells, or murine
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splenic B cells (data not shown) were preincubated with PorB
before induction of apoptosis. DNA degradation also is charac-
terized by laddering of small-size fragments on agarose gels.
Cells incubated with medium or with PorB alone demonstrated
comparable minimal laddering, whereas DNA from STS-treated
cells exhibited a typical degradation because of apoptosis, which
was not detected when the cells were pretreated with PorB
before incubation with STS. The mechanism of protection from
DNA fragmentation is not clear, but it might be likely the result
of a modulation of the intensity of the intracellular signals
originating from the mitochondria that lead to apoptosis.

In conclusion, this work demonstrates that the interaction of
mammalian cells and neisserial porins in vitro involves the intra-
cellular translocation of the porin, followed by localization into the
mitochondrial compartment and interaction with a protein com-
ponent of the mitochondrial PT, VDAC porin. The result of this
association is a stabilization of mitochondrial membrane and an
increase in cell survival when an apoptotic stimulus, such as STS, is
provided. In the light of our evidence of the interaction of PorB with
VDAUC, and the interaction of VDAC with Bcl-2 family members
(25), we could speculate that PorB might be able to modulate the
permeability transition pores in a fashion similar to Bcl-2 family
members. More data will be needed to prove that PorB interaction
with mitochondria in vitro occurs in a manner similar to Bcl-2 family
members. The relationship of this finding to the immunopotenti-
ating ability of neisserial porins is unclear, but it is probable that
preventing activation-induced cell death or apoptosis of B cells
stimulated by the porin enhances the B cells survival, and therefore,
enhances the immune response with which these B cells are
involved. Therefore, inhibition of immune cells apoptosis by neis-
serial porins could be an inherent mechanism of their immuno-
potentiating ability.
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