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The oral spirochete Treponema denticola is closely associated with periodontal diseases in humans. The
53-kDa major surface protein (Msp) located in the outer membrane of T. denticola serovar a (ATCC 35405) has
both pore-forming activity and adhesin activity. We have used standard patch clamp recording methods to
study the effects of a partially purified outer membrane complex containing Msp on HeLa cells. The Msp
complex was free of the chymotrypsin-like proteinase also found in the outer membrane of 7. denticola. Msp
bound to several HeLa cell proteins, including a 65-kDa surface protein and a 96-kDa cytoplasmic protein. The
Msp complex depolarized and increased the conductance of the HeLa cell membrane in a manner which was
not strongly selective for Na*, K*, Ca®*, and Cl~ ions. Cell-attached patches of HeLa cell membrane exposed
to Msp complex exhibited short-lived channels with a slope conductance of 0.4 nS in physiologically normal
saline. These studies show that Msp binds both a putative epithelial cell surface receptor and cytoplasmic
proteins and that the Msp complex can form large conductance ion channels in the cytoplasmic membrane of
epithelial cells. These properties may contribute to the cytopathic effects of 7. denticola on host epithelial cells.

Oral spirochetes of the genus Treponema are believed to
play an important role in the progression of periodontal dis-
ease in humans (36, 45). A member of this genus, Treponema
denticola, has been implicated in a number of potentially
pathogenic processes, including altered fibroblast (6) and lym-
phocyte function (44), enhanced vascular exudation (29), and
depressed endothelial cell proliferation (46). Despite the well-
documented association of spirochetes with periodontal le-
sions, particularly acute necrotizing ulcerative gingivitis (31,
32), little is known about the effects of these oral pathogens on
host cells.

T. denticola possesses several potential virulence factors
which may be important in the pathogenesis of periodontal
disease (23). The major outer sheath protein (Msp) is a 53-kDa
peptide that forms detergent-stable oligomers visible as a hex-
agonal array on the surface of T. denticola cells by electron
microscopy (11). Both intact 7. denticola and Msp have been
shown to bind extracellular matrix (ECM) components associ-
ated with periodontal epithelium (13, 19). Whole T. denticola
cells have been shown to induce cytopathic morphological
changes in epithelial cells (51) and fibroblasts (8). A surface-
located chymotrypsin-like proteinase which copurifies with
Msp (17, 50) has been associated both with adherence and with
cytopathic effects of T. denticola on periodontal epithelial cells
(28, 51). Other potential virulence factors include various hy-
drolytic enzymes (33, 38, 40) and hemagglutinating or hemo-
lytic factors (16, 35).
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Recently, Msp has been shown to have pore-forming prop-
erties similar to those of outer membrane porins of gram-
negative bacteria, suggesting that Msp may have functions in
addition to mediating attachment to ECM components. T.
denticola Msp was shown to form very large conductance ion
channels in the black lipid bilayer model membrane system
(11). The channels formed by Msp in this system were signif-
icantly larger than those formed by any other bacterial porin.
Possible roles of the Msp pore-forming activity include the
following: nutrient uptake, as in classical bacterial porins (24,
42); translocation of bacterial products into infected host cells,
as with diphtheria toxin (12); or mediation of host cell killing,
as in the case of staphylococcal alpha-toxin (25).

Translocation of bacterial porins to eukaryotic cell mem-
branes has been reported for several species, with diverse bi-
ological effects that may be related to perturbation of mem-
brane permeability. The class 1 porin of Neisseria gonorrhoeae
interacted with neutrophils, causing inhibition of granule exo-
cytosis (21). The class 2 porin of Neisseria meningitidis was
mitogenic to lymphocytes and increased membrane permeabil-
ity in erythrocytes and lymphocytes, eventually resulting in cell
lysis (52). The porins of Salmonella typhimurium induced the
release of several cytokines by human monocytes and lympho-
cytes (15). In two organisms associated with periodontal dis-
eases, outer membrane components with porin-like activity
have been shown to have marked effects on eukaryotic cells.
Porphyromonas gingivalis heat-stable outer membrane compo-
nents depolarized membranes of polymorphonuclear leuko-
cytes by a mechanism consistent with pore formation and with-
out activation of a respiratory burst (39). Low concentrations
of Eikenella corrodens porin induced cytopathic changes and
cytotoxicity in murine macrophages, accompanied by selective
release of lysosomal enzymes (49).
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TABLE 1. Compositions of saline solutions used in patch clamp experiments®
Concn (mM) of component
Solution
KCI  NaCl  CaCl,  MgCl, K Ca Mg K-ATP  EGTA HEPES* Glucose
gluconate gluconate gluconate

a 4 135 1.8 1 10 5

b 150 1.8 1 15 20

c 135 5 22 1 3 10

d 150 0.005 1 2 1 5 5

“ All saline solutions were buffered to a pH of 7.2 to 7.4.
® EGTA, ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid.
¢ HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid.

The electrophysiological behavior of bacterial porins in
model membrane systems has been well characterized (for a
review, see reference 24). These techniques have not been
employed in studying the behavior of bacterial porins interact-
ing with eukaryotic cells. In order to clarify the role of Msp in
T. denticola-mediated pathogenesis, we have investigated the
channel-forming activity of Msp in an intact biological mem-
brane. Using standard patch clamp recording methods, we
here describe the interaction of the 7. denticola outer mem-
brane complex containing Msp with HeLa cells, a human epi-
theloid cell line (43).

MATERIALS AND METHODS

Culture of HeLa cells. The HeLa cell line was maintained in modified Eagle’s
medium (Gibco, Grand Island, N.Y.) containing 10% fetal bovine serum (Gibco)
(MEM-10% FBS), 10,000 U of penicillin G per ml, 10 mg of streptomycin per
ml, and 30 pg of amphotericin B per ml. Cell cultures were kept in a humidified,
5% CO, atmosphere at 37°C.

Preparation of the Msp complex. T. denticola serovar a (ATCC 35405) was
grown in NOS broth medium (19). Detergent extraction of Msp complex from a
total of 60 liters of batch cultures proceeded as previously described (11), with
minor modifications. All procedures were carried out at 4°C unless specified.
Approximately 8 g (wet weight) of cells per 4-liter culture in late logarithmic
growth phase was harvested by centrifugation at 5,000 X g for 1 h. The cells were
washed twice with phosphate-buffered saline (PBS) (pH 7.3) and once with
double-distilled water and then suspended in 25 ml of 20 mM Tris (pH 7.5)-1
mM dithiothreitol-2 mM EDTA-0.1% deoxycholate per liter of culture. The
mixture was stirred gently overnight, and undissolved material was collected by
centrifugation at 200,000 X g for 45 min. The deoxycholate extraction was
repeated twice. The pellet was then suspended in the same volume of 10 mM Tris
(pH 8.0) containing 1% n-octyl-polyoxyethylene (Octyl-POE; Bachem, King of
Prussia, Pa.) and stirred gently overnight. The Octyl-POE extraction supernatant
enriched for Msp was collected after centrifugation at 200,000 X g for 45 min at
25°C. The solution was then incubated for 24 to 48 h at 37°C until proteinase
activity could no longer be detected with anti-95 kDa proteinase immunoglobulin
G (IgG) (17) and chromogenic substrates for trypsin- and chymotrypsin-like
proteinases (50). The protein solution was then concentrated approximately
30-fold by Amicon ultrafiltration with an XMS50 filter (Amicon Inc., Beverly,
Mass). Detergent was removed from the concentrated protein solution by pass-
ing 3,500 ml of 10 mM Tris (pH 8.0) through the Amicon unit. The solubilized
Msp with the detergent washed out precipitated inside the Amicon unit. The
precipitate was then washed three times with double-distilled water and twice
with Ringer’s solution (pH 7.4) and centrifuged at 200,000 X g for 2 h at 25°C to
remove any possible trace of detergent. The washed Msp complex, in a small
volume of Ringer’s solution or MEM, was mildly ultrasonicated with a ultrasonic
processor XL (5-min pulse sonication at 20% duty cycle and output of 2; Heat
Systems Inc., Farmingdale, N.Y.) before use in assays. Protein content of the
specimen was measured by Bradford assay (Bio-Rad, Richmond, Calif.).

Immunoprecipitation of HeLa cell proteins with the Msp complex. HeLa cells
were incubated with 10 wCi of [**S]methionine (Translabel; ICN) per ml for
24 h. Alternatively, HeLa cell surface proteins were labeled with Sulfo-NHS-LC-
biotin (Pierce, Rockford, Ill.) by the method of Lisanti et al. (30). After labeling,
the cell layer was washed extensively with PBS. Cell membrane and cytoplasmic
proteins were extracted at 4°C with 2% Triton X-100 in PBS containing 2 mM
phenylmethylsulfonyl fluoride and 15 wg of leupeptin per ml (41). After centrif-
ugation at 10,000 X g for 5 min, the supernatant containing solubilized protein
was mixed with rabbit immunoglobulins conjugated to protein A Sepharose
(Sigma) to remove nonspecifically binding material. Following another centrif-
ugation, the supernatant was mixed with Msp complex for 1 h at room temper-
ature. Anti-Msp immunoglobulins conjugated to protein A Sepharose (13) which
had been preincubated with unlabeled HeLa cell proteins (14) were added to the

labeled HeLa protein-Msp complex mixture. For additional controls, immuno-
precipitation of [*S]methionine-labeled HeLa cell proteins was carried out
under conditions in which Msp complex was omitted or in which anti-P. gingivalis
IgG was substituted for anti-Msp IgG. The resulting Msp-HeLa protein aggre-
gates were collected by centrifugation and analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) to detect radiolabeled proteins
or by SDS-PAGE and immunoblotting to detect biotinylated proteins.

Gel electrophoresis, blotting, and autoradiography. SDS-PAGE was done by
the method of Laemmli (26) with a Mini Protean II electrophoresis apparatus
(Bio-Rad). Proteins or peptides were solubilized in sample buffer, heated at
100°C for 5 min unless stated otherwise, electrophoresed at 200 V, and detected
by Coomassie blue staining. For radiolabeled samples, gels were treated with
fluorography amplification reagent and dried at 80°C under vacuum. Autora-
diography was done at —70°C with Kodak X-OMAT film. To detect biotinylated
surface proteins, proteins were transferred electrophoretically from SDS-poly-
acrylamide gels to nitrocellulose membranes as described by Towbin et al. (48).
Following transfer, the membranes were blocked with 3% bovine serum albumin
(BSA) in Tris-buffered saline (20 mM Tris [pH 7.5], 0.5 M NaCl) and then
incubated with streptavidin-conjugated alkaline phosphatase (Bethesda Re-
search Laboratories, Gaithersburg, Md.). The membranes were developed with
5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium (Sigma).

Patch clamp recordings from HeLa cells. Patch clamp recordings from HeLa
cells were carried out at room temperature (21 to 23°C) using a List EPC-7
amplifier with electrodes with a resistance of 5 to 10 M(). Membrane currents
were filtered at a direct current bandwidth of 2 kHz. For single-channel analysis
of data obtained in the cell-attached mode (22), membrane current and voltage
were digitized at 8 kHz and analyzed on an Atari Mega 4 computer using
commercial software (Instrutech Corp, Elmont, N.Y.). Channel conductance was
estimated from the single-channel current-voltage relationship.

For analysis of whole-cell, voltage clamp currents (22), 400-ms-duration volt-
age clamp command pulses were applied from a holding potential of —57 or 0
mV, and corresponding whole-cell currents were stored and analyzed with an
Atari Mega 4 computer running commercial software (Instrutech Corp). Fast
and slow capacitance neutralization and series resistance compensation were
employed to minimize artifacts associated with whole-cell voltage clamp. These
recordings utilized isolated, spherical cells to avoid artifacts associated with
cell-cell coupling and complex cell geometries.

The compositions of bath and pipette saline solutions used are given in Table
1. For whole-cell, current clamp determination of resting membrane potentials,
pipettes contained solution ¢ and cells were bathed in solution a. During whole-
cell, voltage clamp recordings, intrinsic membrane currents of HeLa cells were
normally suppressed by using pipettes filled with solution d while cells were
bathed in solution b (47). In cell-attached recordings, both the bath and pipette
contained solution a, and Msp complex was applied by adding the complex to the
patch electrode solution.

RESULTS

Composition of the Msp complex. The Msp complex ob-
tained by sequential detergent extraction and autoproteolysis
of T. denticola outer membrane material contained primarily
Msp, which migrated as an oligomer of 110 to 150 kDa on
SDS-polyacrylamide gels when an unheated sample was ana-
lyzed (Fig. 1, lane 1) and as a 53-kDa monomer when a heated
sample was analyzed (Fig. 1, lane 2). The 95-kDa chymotryp-
sin-like proteinase that copurified with Msp in the initial de-
tergent extraction was not visible in the final Msp complex
stained with Coomassie blue (Fig. 1, lane 1). The 95-kDa
chymotrypsin-like proteinase was not detected in the final Msp
complex by silver-stained SDS-PAGE or Western immuno-
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FIG. 1. T. denticola Msp complex used in this study. The T. denticola Msp
complex was prepared as described in the text, subjected to SDS-PAGE and
stained with Coomassie blue. Lanes: 1, Msp complex that was not heated; 2, Msp
complex heated to 100°C.

blotting, nor was there any chymotrypsin-like enzyme activity
(data not shown).

Msp binding to HeLa cell proteins. SDS-polyacrylamide gels
of HeLa cell proteins showed [**S]methionine labeling at many
molecular masses over the range from 30 to 200 kDa (Fig. 2A,
lane 1). A [**S]methionine-labeled HeLa protein of 96 kDa
was immunoprecipitated by anti-Msp IgG after exposure to the
Msp complex, with additional reactivity at several other bands
including bands of 50 to 53, 65, and 75 kDa (Fig. 2A, lane 2).
Control gels in which the Msp complex was omitted or in which
anti-P. gingivalis 1gG replaced anti-Msp IgG showed negligible
labeling (Fig. 2A, lanes 3 and 4). A biotinylated HeLa cell
surface protein of 65 kDa was immunoprecipitated by anti-
Msp IgG after exposure to the Msp complex (Fig. 2B). The
biotinylated protein recognized by Msp had the same relative
molecular weight as one of the [**S]methionine-labeled HeLa
proteins recognized by Msp.

The Msp complex depolarized HeLa cell membranes. HeLa
cells incubated for 24 h at 37°C with the Msp complex (39
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FIG. 2. SDS-polyacrylamide gel showing HeLa cell proteins immunoprecipi-
tated by anti-Msp IgG after incubation with Msp complex. (A) [>*S]methionine-
labeled HeLa cell proteins. Lanes: 1, total HeLa cell proteins showing incorpo-
ration of [**S]methionine label; 2, [**S]methionine-labeled HeLa cell proteins
binding Msp complex and immunoprecipitated by anti-Msp IgG; 3, as in lane 2
except anti-P. gingivalis 1gG replaced anti-Msp IgG; 4, as in lane 2 except the cells
were not exposed to Msp complex. (B) Biotin-labeled HeLa cell proteins binding
Msp complex and immunoprecipitated by anti-Msp IgG.
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FIG. 3. Effects of Msp complex on whole-cell currents in HeLa cell mem-
branes recorded in potassium gluconate saline solutions. Bathing and pipette
solutions contained 150 mM potassium gluconate (solutions b and d, respectively
[Table 1]) with a free intracellular Ca>* concentration of 1 nM. Currents were
generated in response to 400-ms-duration voltage commands applied from a
holding potential of 0 mV. (A) Currents obtained from a representative cell
incubated in MEM-10% FBS without Msp complex. (B) Currents obtained from
a representative cell incubated for 30 min at 37°C in MEM-10% FBS containing
39 pg of Msp complex per ml.

wg/ml) in MEM-10% FBS were found to have a significantly
lower mean membrane potential than was observed in cells
incubated in MEM-10% FBS alone. The mean resting poten-
tial was —51 = 2.5 mV for untreated cells (n = 23) and —24 =
2.9 mV for Msp-treated cells (n = 11) (P < 0.001, Student’s ¢
test).

The Msp complex increased membrane conductance in
HeLa cells. To determine if the Msp complex induced a con-
ductance change in the HeLa cell membrane, whole-cell, volt-
age clamp recordings were performed. In the first series of
these experiments, patch electrodes contained solution d (Ta-
ble 1), while cells were bathed in solution b. In these solutions,
Na™ was absent, K" was the predominant cation, and CI~ was
replaced by gluconate, which cannot pass through most anion
channels in eukaryotic cell membranes. Sample recordings ob-
tained during this work are shown in Fig. 3. Under these
conditions, cells incubated with MEM-10% FBS alone had
current-voltage (I-V) curves showing slight inward rectification
(Fig. 4A). In cells incubated for 30 min at 37°C in the presence
of 39 pg of the Msp complex per ml, the I-}/ curve became
almost linear, and the mean slope conductance measured at
positive membrane potentials was significantly higher than in
the control (P < 0.05, analysis of variance [ANOVA] (Fig. 4A).
These experiments were then repeated in physiologically rele-
vant saline solutions. Cells were bathed in solution a, while
patch pipettes contained solution ¢ (Table 1). Sample record-
ings from this work are shown in Fig. 5. Under these condi-
tions, the I-V curves of untreated cells were almost linear (Fig.
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FIG. 4. Effects of Msp complex on the current-voltage (I-V) relationship of the HeLa cell membrane. Data were obtained as described in the legends to Fig. 3 and
5. (A) Data from cells exposed to solution b extracellularly and solution d intracellularly. Datum points indicate the values (mean * standard error of the mean) for
currents for 8 cells incubated in MEM-10% FBS only (triangles) and for 12 cells incubated in MEM-10% FBS with 39 g of Msp complex per ml (squares). Asterisks
indicate pairs of datum points which were significantly different (P < 0.05, ANOVA). (B) Data from cells exposed to solution a extracellularly and solution ¢
intracellularly. Datum points indicate the values (mean * standard error of the mean) for currents obtained from 14 cells incubated in MEM-10% FBS only (circles)
and from 11 cells incubated in MEM-10% FBS with 39 wg of Msp complex per ml (squares). All pairs of datum points were significantly different except that obtained

at a membrane potential of —20 mV (P < 0.05, ANOVA).

4B). In contrast, the I-V graph for cells incubated with 39 g of
Msp complex per ml showed marked outward rectification and
displayed increased slope conductances for both inward and
outward membrane currents (P < 0.05 with control, ANOVA)
(Fig. 4B). The I-V curves of control and Msp-treated cells
intercepted at a membrane potential of —18 mV (Fig. 4B).
This voltage presumably represented the equilibrium potential
for Msp-induced membrane currents (12).

The Msp complex induced large conductance ion channels
in the HeLa cell membrane. The depolarization and con-
ductance increase caused by Msp complex could reflect in-
corporation or activation of ion channels in the HeLa cell
membrane. To test this possibility, we recorded current from
cell-attached patches of HeLa membrane with electrodes con-
taining 39 pg of Msp complex per ml dissolved in solution a
(Table 1). These patch pipettes also contained 0.03% Octyl-
POE as the vehicle and 5% BSA to minimize binding of the
Msp complex to glass. The remainder of the cell membrane
was bathed in normal solution a. No ionic channels with a slope
conductance of 200 pS or greater were observed when patch
electrodes containing Octyl-POE and BSA but lacking Msp
complex were applied to the cell membrane (0 of 14 patches on
14 cells). In contrast, abrupt, square-wave changes in current
consistent with the gating of large conductance ion channels
were seen in 18 of 51 patches exposed to Msp complex, Octyl-
POE, and BSA (P < 0.05, Chi-square test) (Fig. 6). Msp-
induced channels had a mean slope conductance of 386 * 49
pS (17 patches). When recorded at the normal resting poten-
tial of the HeLa cell, current through open channels was in-
wardly directed. Channels remained closed most of the time,
occasionally undergoing transitions to a short-lived open state.

DISCUSSION

The interaction between 7. denticola and periodontal tissue
is a complex process. Initial adhesion events involve carbohy-
drate receptors on the host cell surface (54) and Msp-mediated
adhesion to ECM components including laminin, fibronectin,
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FIG. 5. Effects of Msp complex on whole-cell currents in HeLa cells bathed
in physiologically relevant solutions. Patch pipettes contained 135 mM KCI
(solution ¢ [Table 1]), while cells were bathed in saline containing 135 mM NaCl
(solution a [Table 1]). The intracellular free Ca>" concentration was 140 nM.
Currents were generated in response to 400-ms-duration voltage commands
delivered from a holding potential of —57 mV. (A) Currents obtained from a
representative cell incubated in MEM-10% FBS without Msp complex. (B)
Currents obtained from a representative cell incubated for 30 min at 37°C in
MEM-10% FBS containing 39 pg of Msp complex per ml.
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FIG. 6. Currents consistent with the gating of a large conductance ion chan-
nel recorded from a cell-attached patch of HeLa cell membrane. The patch
electrode contained solution a with 39 pg of Msp complex per ml, 5% BSA, and
0.03% Octyl-POE. Solution a alone bathed the remainder of the cell surface. The
traces show currents obtained at various membrane potentials (V). V was cal-
culated by subtracting the pipette potential from the cell resting potential, —51
mV, obtained by whole-cell recording at the end of the experiment. The closed-
channel current level is denoted by 0, while 1 indicates the open-channel current
level. Downward deflection from baseline indicates inward membrane current.
The direct current bandwidth of recording is 800 Hz.

fibrinogen, collagen, and hyaluronan (13, 18-20). Later events
include induction of F-actin rearrangement and induction of
membrane blebbing under adherent bacteria (1, 51). The
present study showed that Msp binds certain epithelial cell
surface and cytoplasmic proteins and depolarizes the epithelial
cell membrane.

Outer membrane components of 7. denticola, including the
Msp complex, are released to the environment under normal
growth conditions and during cell lysis. As with other bacterial
porins, the Msp complex was resistant to proteolytic degrada-
tion and extended incubation at 37°C. These conditions resem-
ble those found in the periodontium during inflammatory pe-
riodontal disease episodes, in which very high concentrations
of spirochetes are often present (31, 32). Partial purification of
Msp complex under these conditions yielded material which
was electrophoretically similar to Msp purified by fast protein
liquid chromatography (19).

Modified immunoprecipitation experiments were done to
identify potential Msp receptor(s) on epithelial cells. Msp
present in the Msp complex preparation bound at least one
biotin-labeled HeLa cell surface protein of 65 kDa, as well as
several other presumably cytoplasmic proteins including a
strongly reactive protein of 96 kDa. While a specific receptor
was not necessary for Msp pore formation in the black lipid
bilayer system (11), it is likely that specific interactions be-
tween bacterial outer membrane components and epithelial
cell surface components are important for the insertion of a
bacterial porin into an epithelial cell membrane. The 65-kDa
protein, a likely Msp receptor, remains to be further charac-
terized. The strong signal due to binding of Msp to the
[>*S]methionine-labeled 96-kDa protein is intriguing and sug-
gests that Msp may also have specific interactions with cyto-
plasmic proteins. Experiments are in progress to further char-
acterize the Msp-binding proteins of epithelial cells.

INFECT. IMMUN.

Msp is a multifunctional outer membrane protein, with
pore-forming ability and adhesin activity toward a number of
ECM components. A specific role for the Msp porin activity in
T. denticola metabolism has not yet been determined. The
cytopathic and cytotoxic effects ascribed to numerous purified
bacterial porin molecules (15, 49, 52) suggested a series of
experiments designed to assay the interaction between T. den-
ticola Msp and epithelial cells in culture. To our knowledge,
this is the first report of the use of patch clamp techniques to
study electrophysiological responses of epithelial cells to chal-
lenge by a bacterial porin.

The Msp complex was cytotoxic to HeLa cells at doses sim-
ilar to those at which other purified bacterial porins have
shown cytotoxic activity (15, 49, 52; unpublished observations).
At these concentrations, the Msp complex depolarized and
increased the conductance of the HeLa cell membrane. This
increase was observed even after substitution of Cl~ by glu-
conate, an anion that cannot pass through HeLa cell chloride
channels (47). The effect of Msp complex is therefore unlikely
to result from the activation of intrinsic chloride channels in
the HeLa cell membrane. Complete replacement of Na™ by
K" in the extracellular solution also failed to block the Msp-
induced conductance increase. In physiologically normal solu-
tions, the conductance induced by Msp complex showed a
reversal potential of —18 mV, a value which did not corre-
spond to the Nernstian potential of any single ionic species
present.

These observations indicate that the Msp complex increased
membrane conductance in a relatively nonspecific manner.
The current-voltage relationship of Msp-treated cells showed a
greater enhancement in outward current than was seen for
inward membrane current, indicating a moderate voltage de-
pendency for Msp-induced conductance.

The relatively nonspecific, weakly voltage-dependent nature
of Msp-induced conductance is consistent with the Msp com-
plex inducing porin-like channels in the HeLa cell membrane
(5, 27, 37). This hypothesis was strengthened by direct obser-
vation of channel-like currents in membrane patches exposed
to the complex in the patch pipette solution. The slope con-
ductance of these channels was about 0.4 nS in a total salt
concentration of 0.3 M. This value is lower than the 1.8 nS
reported for Msp reconstituted in black lipid bilayers (11) but
remains within the range typical of bacterial porins (2-4). The
smaller conductance value obtained in the present study may
reflect a dependence of channel conductance on the reconsti-
tution medium employed, as previously reported for the
OmpC porin of Escherichia coli (9) and for channels formed by
diphtheria toxin (12).

Channels induced by the Msp complex in HeLa cell mem-
branes exhibited only brief excursions into a short-lived open
state. In contrast, Msp reconstituted in black lipid bilayers
formed channels showing very long duration openings with no
evidence of closing transitions (11). Porins reconstituted in
artificial membranes exist mainly in the open state, leading to
the suggestion that these channels impart sieve-like properties
to the bacterial outer membrane (2, 34, 56). However, more
recent cell-attached recordings from intact bacteria suggest
that the majority of native porin channels are normally closed,
perhaps as a result of the presence of intracellular modulators
of channel function (7, 10).

The present results support the view that porin channels
open infrequently when studied in intact biological mem-
branes. However, determination of the kinetic and conduc-
tance properties of native Msp channels in 7. denticola awaits
patch clamp recordings from the intact outer membrane of 7.
denticola. This may be possible using the giant spherical bodies
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which form when the spirochete is cultured under conditions of
osmotic stress (53, 55).
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