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Treponema denticoka adhesion and degradation of fibronectin (Fn) on human gingival fibroblasts (HGF) were
studied by immunofluorescence and enzyme-linked immunosorbent assays. The number of adherent bacteria
increased and the amount of immunoreactive Fn decreased as a function of increasing T. denticola concentration.
The distribution of cell-bound Fn was punctate in micrographs. Anti-human Fn impaired bacterial adhesion to
HGF. Phenylmethylsulfonyl fluoride inhibited Fn degradation but not adhesion. Sonicated extracts and diluted
spent growth medium degraded HGF Fn but, unlike intact T. dentcola cells, they hardly stimulated F-actin
rearrangements.

Treponema denticola and other oral spirochetes are consid-
ered significant in periodontal disease etiology because their
population densities correlate with clinical signs of disease.
Treponemes are numerous in inflamed pockets associated with
both marginal gingivitis and periodontitis (9), and they also
invade gingival soft tissues in acute necrotic ulcerative gingivi-
tis and advanced periodontitis (8, 9, 14). Chymotrypsin-,
trypsin-, and elastase-like enzymes and iminopeptidase en-
zymes of T. denticola are considered important virulence
factors that may enhance its tissue penetration (10, 12, 15). T.
denticola can degrade in vitro models of basement membrane
and intercellular matrix (6). Therefore it has the potential to
gain access in vivo and to interact directly with stromal cells of
the superficial connective tissues.
Using in vitro cell culture infection models, we and others

have reported several cytopathic responses of human gingival
fibroblasts (HGF) following contact with T denticola (1, 3, 18).
These alterations include (i) plasma membrane folds, blebs,
and gross rounding of normally flattened fibroblasts; (ii)
F-actin rearrangement into a perinuclear array; (iii) cell de-
tachment from the substratum; and (iv) reduction in prolifer-
ative capacity and cell death. Conceivably, these responses are
induced following contact of T. denticola with specific mole-
cules on the HGF plasma membrane.
Most T. denticola strains adhere avidly to extracellular

proteins like fibronectin (Fn) which are synthesized by HGF
and bind to the outer surface of the HGF plasma membrane.
A few laboratories have demonstrated that T denticola ad-
heres to plasma Fn immobilized on plastic surfaces, and we
have shown that most strains adhere well in a polar orientation
(4, 7). While adhesion to such surfaces is inhibited by pretreat-
ing the Fn coating with anti-Fn antibodies and is enhanced by
pretreating T. denticola with plasma Fn (4), similar treatments
have evidently led to results that are dependent on the strain of
T. denticola when HGF have been used as the adhesion
substrate (18). As endogenous HGF Fn interacts with integral
membrane proteins that interface with the cytoskeleton, adhe-

* Corresponding author. Mailing address: Department of Periodon-
tics, University of Toronto, Faculty of Dentistry, 124 Edward Street,
Toronto, Canada M5G 1G6. Phone: (416) 979-4928, ext. 4408. Fax:
(416) 979-4936.

sion of bacterial agonists to Fn or degradation of Fn by
bacterial proteases might be significant in initiating signal
transmission to the cytoplasm. We have studied one of the first
steps in this process by determining whether endogenous HGF
Fn is degraded concomitantly with the adhesion of T. denticola
to the plasma membrane or exposure of HGF to protease
activities of T. denticola extracts and spent growth medium.
The T denticola type strain, ATCC 35405, was originally

obtained from E. Chan, McGill University, Montreal, and was
maintained in the culture collection at the University of
Toronto Faculty of Dentistry. Previously, we showed that it
adheres to plasma Fn-coated coverslips in a typical polar
orientation and stimulates cytopathic reactions in HGF (1, 4).
Stocks were maintained by growth in spirochete medium
supplemented with 0.3% Noble agar and were subcultured
once every 3 weeks (4). For experiments, the cultures were
grown in spirochete broth for 72 h (mid- to late log phase) at
37°C in an anaerobic chamber (Coy Laboratory Products, Ann
Arbor, Mich.) in an atmosphere of 80% nitrogen, 10% hydro-
gen, and 10% carbon dioxide. Cells were harvested by centri-
fugation for 5 min at 12,000 x g, washed twice with phosphate-
buffered saline (PBS) (pH 7.2), resuspended in alpha minimal
essential medium (a-MEM) without serum or antibiotics, and
adjusted to various cell densities determined by microscopic
count.
An HGF cell line derived from explants was cultured as

described previously (1). Briefly, cells were cultured in ct-MEM
with 15% fetal bovine serum and antibiotics and were main-
tained in a 5% CO2 atmosphere at 37°C. For experiments,
HGF were plated at a concentration of 104 cells per well in
96-well plates (Coming Glass Works, Corning, N.Y.) and were
incubated for 1 or 2 weeks before use to prevent the HGF from
detaching during the repeated wash cycles used for the en-
zyme-linked immunosorbent assay (ELISA). The a-MEM was
changed every 4 to 5 days. Confluent monolayers were washed
twice with PBS. One hundred microliters of washed T. denti-
cola suspensions containing different densities of bacteria was
added to each well and incubated for periods up to 2 h.
Nonadherent treponemes were removed by being rinsed once,
then thoroughly washed twice with PBS.
T denticola adhesion to HGF was quantified by a modified

urease ELISA. One hundred microliters of a 1/50 dilution of
anti-T. denticola 35405 antiserum was added to each well and

3033



3034 NOTES

700

E 600

T. denticola bound
0) 500-

U)
4002-

0j HGF Fn

100-
0.0 1.0 2.0 3.0 4.0

T. denticola cells/ml X 109
FIG. 1. Binding curve for T. denticola and amount of immunore-

active Fn remaining on HGF surface at various T. denticola concen-
trations during 2-h assay. Points represent ELISA values (means ±
standard deviations) of quadruplicates. For the binding curve, an
ELISA value of 550 approximated 4.7 x 106 T. denticola cells per ml.

was incubated at 37°C for 30 min, followed by a rinse and two
washes with PBS and Tween 20. One hundred microliters of
1/100 urease-conjugated goat anti-rabbit gamma globulin (Sig-
ma, St. Louis, Mo.) was added, and the plates were incubated
for 30 min. Following a rinse and two washes, 100 ,ul of the
substrate bromcresol purple was added and incubated for 60
min at room temperature. Absorbance was quantified with a
Titertek Multiscan Plus plate reader (Flow Laboratories,
McLean, Va.) at a wavelength of 590 nm. Controls consisted of
substitutions of oa-MEM for the T. denticola suspension in the
bacterial challenge protocol and preimmune serum for the
anti-T. denticola serum in the ELISA. Preliminary experiments
without HGF had established that ELISA absorbance values
were proportional to input concentrations of T. denticola used
to coat wells of microtiter plates. The ELISA curves were
linear up to 109 bacteria, assuming that all the bacteria bound.
The cell concentration in T. denticola suspensions was also
standardized by chymotrypsinlike degradative activity for the
synthetic peptide N-succinyl-L-alanyl-L-alanyl-L-prolyl-L-phe-
nylalanine-p-nitroanilide (SAAPPNA), and the number of T.
denticola cells bound to HGF monolayers was quantified by
measuring SAAPPNA degradation by HGF washed free of
nonadherent bacteria. Immunoreactive Fn was measured in
parallel but independent samples. Following 2 h of exposure to
T. denticola suspensions or the control medium, the amount of
surface Fn remaining on HGF monolayers was quantified by
ELISA. The first antibody was 1/100 rabbit anti-human Fn
(Calbiochem, San Diego, Calif.), with the rest of the conditions
the same as described above. Differences in mean ELISA
values were analyzed by Student's t test using unpaired data.
The degree of T. denticola adherence and the amount of

immunoreactive HGF Fn varied reciprocally with the T. den-
ticola cell concentration (Fig. 1). The greater the number of T.
denticola cells per ml of suspension, the greater was the ELISA
value in the bacterial adhesion assay and the lower was the
amount of Fn detected in parallel samples. Quantification of
HGF-bound T. denticola by SAAPPNA-degrading activity
yielded a binding curve virtually identical to that for the ELISA
(data not shown). HGF infection experiments were repeated,
incorporating Fn or anti-Fn antibodies in the assay buffer in an
attempt to inhibit bacterial adhesion to HGF Fn. Human
plasma Fn (Sigma) at 0.5 mg/ml and rabbit anti-human Fn at
20 ,ug/ml decreased but did not fully inhibit T. denticola 35405
adhesion in these assays (Fig. 2, P < 0.05 for anti-Fn at all
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FIG. 2. Binding curves for T. denticola represented by ELISA
values (means ± standard deviations) when plasma Fn or anti-human
Fn was added to the assay buffer.

bacterial input concentrations and for Fn at the highest
bacterial input concentration). At the T. denticola input den-
sities used in these experiments, the ELISA values for anti-Fn-
containing wells were less than those for the controls, and the
percent inhibition for anti-Fn was greater at the lower T.
denticola input concentrations. Adding 15% fetal calf serum to
the adherence assay reduced the ELISA values across all T.
denticola input concentrations; bovine serum albumin at 10
mg/ml impaired adhesion only for low bacterial input concen-
trations up to 4 x 108 per ml (data not shown).
As we have previously found the chymotrypsin inhibitor

phenylmethylsulfonyl fluoride (PMSF) to inhibit the T. denti-
cola-stimulated detachment of HGF from its substratum (1),
PMSF (Sigma) and an additional protease inhibitor for com-
parison, amidinophenylmethane-sulfonyl fluoride (APMSF),
were used to pretreat the T. denticola cells for 1 h, followed by
one wash, prior to their addition to the HGF cells. From 20-
mg/ml stock solutions in ethanol, 10 ,ul was added in 1.0 ml of
T. denticola suspensions (optical density at 550 nm of 1.0),
yielding a final concentration of 200 ,ug/ml. While APMSF had
little effect (P = 0.64), PMSF was inhibitory for Fn degradation
(P < 0.001) but not T. denticola adhesion (P = 0.15; Fig. 3).
These data suggest that activity of the surface-associated
chymotrypsinlike protease is not crucial for T. denticola adhe-
sion to HGF.

Immunoreactive HGF Fn was also degraded by sonicated
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FIG. 3. Adhesion of T. denticola and amount of immunoreactive
Fn remaining on HGF surface, represented by ELISA values (means
± standard deviations), when T. denticola cells were pretreated with
PMSF or APMSF. Td cells, T. denticola not treated with enzyme
inhibitors. a-MEM, T. denticola-free suspension medium.
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FIG. 4. Amount of immunoreactive Fn remaining on HGF surface,
represented by ELISA values (means ± standard deviations), compar-

ing challenge by whole T. denticola cells (Td cells) with challenge by
bacterial sonicate (sonic), bacterial culture supernatant (sup), and
supernatant diluted 1/2 (sup/2) and 1/5 (sup/5).oa-MEM, control HGF
challenged with a-MEM alone.

extracts of T denticola (P < 0.001; Fig. 4). The extracts were

prepared by sonicating a suspension of 109 bacteria per ml on

ice for 2 min at the low setting (Kontes sonicator; Vineland,
N.J.) and by diluting the sonicate 1/10 in a-MEM. Similarly, T.
denticola culture supernatants yielded concentration-depen-
dent degradation of HGF Fn when diluted fivefold in a-MEM
(P < 0.001). PMSF significantly reduced (P < 0.01) but did not
fully inhibit HGF Fn degradation by both the sonicated extract
and the supernatant, as it had in experiments with T. denticola
cells (data not shown). With PMSF, the amount of Fn remain-
ing on cells challenged with sonicates and supernatants was

approximately 70% of that in a-MEM controls (P < 0.001).
These preparations would be expected to contain proteases

other than the PMSF-inhibitable chymotrypsinlike protease
that is the major surface-associated activity on intact T. denti-
cola cells.

Evidence for the degradation of endogenous HGF Fn was

also documented by immunofluorescence microscopy of the
HGF at the beginning of and at various times during the in
vitro infection assay. HGF were grown for 2 days on glass
coverslips in wells of 24-well culture plates. After exposure to
T. denticola for 1 h, the coverslips were rinsed, fixed by
incubating at 25°C for 60 min in 3.7% formaldehyde, and
washed twice in buffer (1). Three hundred microliters of
specific anti-Fn antibody was added to each well. The dishes
were incubated at 37°C for 30 min, followed by two washes in
PBS and Tween 20. Three hundred microliters of 1/50 rho-
damine-conjugated goat anti-rabbit gamma globulin was

added, and the dishes were incubated for 30 min, followed by
two washes. The coverslips were inverted onto a drop of
mounting fluid, and the edges were sealed with nail polish. The
samples were examined by using 530- to 560-nm excitation
filters and a 580-nm barrier filter on a Leitz Dialux microscope.
A control experiment using HGF grown short-term in serum-

free medium confirmed that the immunoreactive Fn was

endogenous and not acquired from serum.

Immunofluorescence microscopy was consistent with the
results of the quantitative assays. Typically, almost all control
HGF and HGF exposed to PMSF-pretreated T denticola had
thick bands of immunoreactive Fn distributed over the entire
cell surface (Fig. 5). In contrast, T. denticola-challenged HGF
monolayers and single cells and HGF exposed to APMSF-
treated T. denticola showed a time-dependent diminution of
labelled surface Fn. The remaining fluorescence was associ-

ated with scattered, fragmented bands. Exposure of HGF to
sonicates and diluted spent growth medium of T. denticola or
to chymotrypsin (Sigma) yielded similar fragmentation of
immunoreactive Fn bands (data not shown). These findings
indicate that the distribution of endogenous HGF Fn on the
plasma membrane is disrupted following exposure to T. denti-
cola and the extracts and that the degradation is attributable in
part to active chymotrypsinlike activity. Uitto and coworkers
have reported a similar pattern of immunoreactive Fn degra-
dation on HGF challenged with crude extracts and a purified
protease from Porphyromonas gingivalis; the proteolytic activity
in some way stimulated the HGF to secrete endogenous
collagenase and plasminogen activator (16).
HGF were also studied by fluorescence microscopy to

determine whether exposure to sonicates and spent medium
would affect the distribution of F-actin, as we had reported for
HGF exposed to whole T denticola cells (1). HGF were
challenged for 1 h, fixed and permeabilized (1), and stained
with rhodamine-phalloidin. With whole T. denticola cells, many
HGF shrank considerably, and their F-actin staining pattern
changed from a well-defined array of stress fibers seen in
control cells to a brightly fluorescing, ill-defined mass around
the nucleus. In contrast, HGF challenged with chymotrypsin
equivalent in SAAPPNA-degrading activity to 109 T. denticola
cells per ml, with sonicates, and with spent medium diluted
more than 1:1 in a-MEM showed few signs of F-actin rear-
rangement, even though bands of surface Fn were fragmented.
Undiluted spent medium caused disruption of F-actin stress
fibers.

There are a few ways by which the adhesion of T. denticola
and the degradation of endogenous Fn might be of significance
to cytoskeletal and other cytopathic reactions of HGF. Fn
binds to integrins, which are known to transmit signals across
the plasma membrane to cytoskeletal proteins. Therefore, T.
denticola adhesion to or cross-linking of Fn molecules or
degradation of Fn by T. denticola might activate an initial step
in a signalling cascade resulting in F-actin rearrangement,
distortions of cell morphology, and eventual detachment of
HGF from the substratum matrix. T. denticola synthesizes
several polypeptides with plasma Fn binding properties (17).
Weinberg and Holt have reported a 64-kDa outer sheath
protein with some sequence homology to an integrin alpha
subunit (19); this surface-accessible molecule might conceiv-
ably have the capacity to bind T. denticola to HGF integrins by
bridging via endogenous Fn. Alternatively, T. denticola might
adhere to HGF via other avid mechanisms that would allow
concomitant adhesion to and degradation of Fn by either its
cell-associated or its soluble proteases.
Optimum fibroblast spreading and actin microfilament or-

ganization in cultured cells evidently depend on complemen-
tary peptide sequences located more than 20 kDa apart on the
Fn molecule (11). It is conceivable that fragmentation of
endogenous HGF Fn by T. denticola, as demonstrated in this
study, might disrupt matrix-encoded signals to the cytoskeleton
and ultimately account for the reorganization of F-actin and
cell detachment. Our observed PMSF inhibition of both Fn
degradation and HGF detachment (1) tends to support this
contention. Yet the reduced ability of sonicated extracts,
diluted spent medium, and purchased chymotrypsin to alter
F-actin distribution concomitantly with Fn degradation sug-
gests that adhesion or some other activity of intact T. denticola
cells is significant for cytoskeletal stimulation. We have also
demonstrated rapid HGF actin and intracellular calcium re-
sponses to stretch activation, when the HGF plasma mem-
brane was physically stretched or expanded by exposure to
anisosmotic solutions (2, 13). Thus it is also feasible that a
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FIG. 5. Immunofluorescence micrographs of typical control and T. denticola-challenged HGF. Immunoreactive Fn appears as bright, intact

bands on the surface of HGF that have not been exposed to T. denticola (A and E) and on HGF exposed to PMSF-pretreated T denticola (C).
The Fn label appears less intense, and fragments of bands are clearly visible as punctate fluorescence on HGF exposed to T denticola (B and F)
and to APMSF-pretreated T. denticola (D). Experiments were run with either confluent monolayers of HGF (A to D) or noncontacting HGF (E
and F). Magnification, x432.
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sinuous bacterium like T. denticola, which has the capacity to
cluster Fn-reactive adhesins toward its adherent pole (5) while
flexing or rotating its free end, might exert uneven tractional
forces and thereby physically distort the plasma membrane.

This investigation was supported by grant MT-5619 and grant
MA-8903 from the Medical Research Council of Canada.
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