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Adherence of pathogenic bacteria is often an essential first step in the infectious process. The ability of
bacteria to adhere to one another, or to coaggregate, may be an important factor in their ability to colonize and
function as pathogens in the periodontal pocket. Previously, a strong and specific coaggregation was
demonstrated between two putative periodontal pathogens, Fusobacterium nucleatum and Porphyromonas
gingivalis. The interaction appeared to be mediated by a protein adhesin on the F. nucleatum cells and a
carbohydrate receptor on the P. gingivalis cells. In this investigation, we have localized the adhesin activity of
F. nucleatum T18 to the outer membrane on the basis of the ability of F. nucleatum T18 vesicles to coaggregate
with whole cells of P. gingivalis T22 and the ability of the outer membrane fraction of F. nucleatum T18 to
inhibit coaggregation between whole cells of F. nucleatum T18 and P. gingivalis T22. Proteolytic pretreatment
of the F. nucleatum T18 outer membrane fraction resulted in a loss of coaggregation inhibition, confirming the
proteinaceous nature of the adhesin. The F. nucleatum T18 outer membrane fraction was found to be enriched
for several proteins, including a 42-kDa major outer membrane protein which appeared to be exposed on the
bacterial cell surface. Fab fragments prepared from antiserum raised to the 42-kDa outer membrane protein
were found to partially but specifically block coaggregation. These data support the conclusion that the 42-kDa
major outer membrane protein of F. nucleatum T18 plays a role in mediating coaggregation with P. gingivalis

T22.

Bacterial adherence is often an essential first step in the
colonization and establishment of an infection in a suscepti-
ble host (30, 31). It is a highly specific process, allowing a
bacterium to localize in a favorable ecological niche (3, 7, 26,
39). Adherence itself is thus an important virulence factor.
Understanding the basis of this initial but essential interac-
tion between a microorganism and its host should lead to the
development of strategies to prevent adherence and thereby
prevent infection.

The role of adherence in the ecology of the human oral
cavity has been extensively studied (for reviews, see refer-
ences 11 and 24). Its importance in dental caries is well
documented, and an extensive literature supports the con-
clusion that streptococcal adherence to the host tooth sur-
face is necessary for the initiation of a carious lesion (11, 21).
In contrast, the role of bacterial adherence in the initiation of
periodontal disease(s) has not been clearly demonstrated.
Periodontal diseases consist of a group of inflammatory
conditions, broadly classified as gingivitis and periodontitis,
which have been associated with several gram-negative
anaerobic and facultative microorganisms (12). Only re-
cently has a concerted effort been made to understand the
initial events that occur between putative periodontal patho-
gens and the surfaces that they colonize (12, 16, 17, 19, 20,
36).

Porphyromonas (Bacteroides) gingivalis has been strongly
associated with periodontitis (13, 33, 40). In vitro studies
have revealed that this microorganism possesses many prop-
erties that may function in vivo to neutralize host defense
mechanisms and cause the destruction of host tissues (12).
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The association between the establishment of P. gingivalis in
the subgingival microbiota and the onset of periodontal
destruction has been demonstrated in an in vivo model of
periodontitis (13). P. gingivalis has also been shown to
preferentially adhere to other plaque microorganisms rather
than to tooth or tissue surfaces (29), suggesting that inter-
bacterial adherence may play a primary role in the coloni-
zation of this pathogen.

A pronounced and highly specific interaction between P.
gingivalis and another gram-negative anaerobe implicated in
periodontitis, Fusobacterium nucleatum, has been docu-
mented (16, 17). Previous studies have associated the F.
nucleatum-P. gingivalis adherence with a protein adhesin on
the F. nucleatum cells and a carbohydrate receptor on the P.
gingivalis cells (16, 17). The purpose of this investigation
was to localize the F. nucleatum T18 adhesin activity by
examining cell envelope fractions for their ability to block
coaggregation between P. gingivalis T22 and F. nucleatum
T18 and to further analyze the cell envelope fractions to
delineate specific proteins which may be involved in medi-
ating this interbacterial adherence. The adhesin activity was
localized to the outer membrane of F. nucleatum T18, and a
42-kDa major outer membrane protein (OMP) was impli-
cated as an adhesin mediating the interaction with P. gingi-
valis T22.

MATERIALS AND METHODS

Bacterial strains and growth. F. nucleatum T18 and P.
gingivalis T22 were isolated from the subgingival microbiota
of cynomolgus monkeys and maintained and grown as
described previously (16). Since previous investigations
have demonstrated surface alterations of prokaryotic cells
with prolonged growth in vitro (6), the cultures used in the
experiments described here were passaged 10 times or fewer
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in vitro. Escherichia coli IM109 was grown aerobically with
aeration in Luria broth (28) at 37°C.

Buffers and harvesting procedures. Several Tris-based
buffers were used in these studies. Coaggregation buffer
(CB), used in the washing and suspension of cells for
coaggregation assays, consisted of 1 mM Tris-HCI, 0.15 M
NaCl, 0.1 mM anhydrous MgCl,, and 0.1 mM CaCl, (pH
7.5). Storage buffer (SB), used in the storage of cells,
vesicles, and cell envelope fractions, consisted of CB plus 2
mM N-a-p-tosyl-L-lysine chloromethyl ketone, 2 mM benz-
amidine, 2 mM phenylmethylsulfonyl fluoride, and 0.1%
(wt/vol) NaNj;. Disruption buffer (DB) was used to suspend
cells to be disrupted for the preparation of cell envelope
fractions and consisted of SB without the NaNj; but with 50
ng of DNase per ml, 50 pg of RNase per ml, and 1 M
anhydrous MgCl,.

F. nucleatum T18 and E. coli JIM109 cells were harvested
by Pellicon ultrafiltration with a 0.45-um filter (Millipore,
Bedford, Mass.). Cells used for the preparation of cell
envelope fractions were washed in CB and resuspended in
DB to a concentration of approximately 10'° cells per ml.
Cells used for extrinsic radiolabeling (see below) were
washed in phosphate-buffered saline (PBS: 100 mM potas-
sium phosphate, 0.15 M NaCl [pH 7.5]) and then stored in
PBS with 1% NaNj. F. nucleatum T18 vesicles were isolated
from the Pellicon 0.45-pum filtrate with a 300,000-molecular-
weight exclusion filter (Millipore), pelleted by ultracentrifu-
gation (100,000 x g, 2 h, 4°C), resuspended in SB, and stored
at 4°C.

Preparation and proteolytic treatment of cell envelope frac-
tions. F. nucleatum T18 and E. coli JM109 cultures were
grown, harvested, and resuspended as described above. The
cells were disrupted by at least five passes through a cold
French pressure cell (SLM Instruments, Urbana, Ill.) at
17,000 Ib/in>. Whole cells and debris were removed by
centrifugation (3,000 x g, 15 min, 4°C), and the resulting
supernatant was subjected to ultracentrifugation (100,000 x
&, 1 h, 4°C). The pellet, designated the cell envelope fraction
(CEF), was washed three times, resuspended in SB, and
stored at 4°C. The outer membrane fraction (OMF) was
prepared by 2% (wt/vol) N-lauryl sarcosinate treatment of
the CEF for 1 h at room temperature with agitation (10, 15).
The insoluble OMF was pelleted by ultracentrifugation (as
above), washed three times in CB, resuspended in SB, and
stored at 4°C. Protease treatment (1 mg of protease per ml)
was performed on the OMF (2.22 mg of OMF protein per ml)
after two washes in CB under conditions recommended by
the manufacturer (Sigma Chemical Co., St. Louis, Mo.). The
treated membrane fractions were washed twice and then
resuspended and stored in SB at 4°C. Protein concentrations
were determined with the bicinchoninic acid assay (Pierce,
Rockford, Ill.) with bovine serum albumin as a control (15).

Gel electrophoresis and Western immunoblotting. One-
dimensional sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) (18), with 12.5% polyacrylamide
running and 4% polyacrylamide stacking gels, was used to
resolve the CEFs and OMFs, with and without heating
(100°C, 5 min). High- and low-molecular-weight standards
(Bio-Rad, Richmond, Calif.) were included in each gel.
Two-dimensional SDS-PAGE was performed to identify
heat-modified proteins as described by Kennell and Holt
(15). Proteins were visualized on gels stained with
Coomassie brilliant blue R250 (0.025% [wt/vol]; Bio-Rad).

Cell envelope fractions were Western blotted by standard
procedures (34) and incubated overnight with antibody (di-
luted in TBS [50 mM Tris HCI, 0.9% NaCl, pH 7.5]) raised
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against F. nucleatum T18 whole cells or the 42-kDa OMP
(see immunological reagents below) for ca. 12 h, with
agitation. The blots were washed four times with TBS for 10
min each and developed as described previously (36).

Radiolabeling of F. nucleatum T18 surface proteins and
autoradiography. To identify proteins expressed on the
bacterial cell surface, extrinsic radiolabeling with '*°I was
performed by a modification of the Bolton-Hunter technique
(5). Sulfosuccinimidyl-3-(4-hydroxyphenyl)propionate (2 ml
of an 0.2-mg/ml solution in PBS, pH 7.2) was iodinated by
incubation with 10 mCi of Na'®I in the presence of Iodo-
beads (Pierce Chemical Co.). After 2 min of incubation at
room temperature with stirring, 2.4 ml of 1-mg/ml phenyla-
cetic acid was added and incubated for 20 s to bind any free
1251, The reaction was terminated by removing the solution
from the Iodobeads. The labeling reagent (0.55 ml) was then
added to a suspension of F. nucleatum T18 cells (ca. 5 x 10*°
cells suspended in 20 ml of PBS) and incubated for 20 min at
4°C with stirring. The labeled reaction was terminated by the
addition of lysine (20 mg in 5 ml). The cells were pelleted
(10,000 x g, 15 min, 4°C), washed in CB, and resuspended in
DB for isolation of the cell envelope. Autoradiography was
used to detect surface-exposed OMPs from one- or two-
dimensional SDS-PAGE gels of the F. nucleatum T18 OMF
prepared from **I-labeled cells (15).

Immunological reagents. (i) Antigen isolation and antibody
preparation. The presumptive 42-kDa OMP adhesin was
isolated by H,O extraction of a single band from SDS-PAGE
gels of the heated F. nucleatum T18 OMF, and purity was
confirmed by SDS-PAGE. Antibody was generated to both
whole cells of F. nucleatum T18 and the isolated 42-kDa
OMP in New Zealand White rabbits as described by Wein-
berg and Holt (35). Immunoglobulin-enriched ammonium
sulfate cuts (ASC) were prepared from the antisera by
precipitation with 30 to 40% (wt/vol) ammonium sulfate, and
the precipitated fraction was dialyzed extensively (36). An
enzyme-linked immunosorbent assay (ELISA) (9) with
whole cells of F. nucleatum T18 was used to assess antibody
titers.

(ii) Isolation of IgG and Fab fragments. Immunoglobulin G
(IgG) and Fab fragments were purified from the ASC of the
antisera described above. IgG was purified with the Immu-
nopure (A/G) IgG Purification kit (Pierce). Isolated IgG was
equilibrated with CB for the coaggregation assays or with
PBS for preparation of Fab fragments with the Immunopure
Fab Preparation Kit (Pierce). Purified Fab fragments were
concentrated and equilibrated with CB by using a Centri-
con-10 microconcentrator (10,000-molecular-weight cutoff;
Amicon), and the purity of the IgG and Fab fragments was
confirmed by SDS-PAGE (data not shown). The purified IgG
and Fab fragments were diluted to a starting concentration of
1 mg of protein per ml for use in the coaggregation assays. At
this concentration, the ELISA titers of the preimmune IgG
ranged from 1:40 to 1:320; the titers for the F. nucleatum T18
whole-cell-specific IgG and 42-kDa OMP-specific IgG were
1:20,480 and 1:10,240, respectively.

Electron microscopy. Transmission and scanning electron
microscopy of coaggregates were carried out as described
previously (16). Vesicle and membrane fractions were pre-
pared for negative staining by allowing a drop of the prepa-
ration to settle on a Formvar-coated grid for 10 s, and then
the excess fluid was drawn off. The grids were stained with
1% (wt/vol) phosphotungstic acid (pH 7.2) for 30 s to 1 min;
excess stain was removed, and the grids were air dried. F.
nucleatum T18 cells used in immunogold labeling were fixed
and dehydrated as described above, omitting the OsO,
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fixation, and embedded in LR gold (23). The specimens were
sectioned and then stained by the immunocytochemical
staining procedure of Berryman and Rodewald (4). The grids
were stained with uranyl acetate-lead citrate (27) and air
dried. Examination by transmission electron microscopy
was done as described previously (16).

Coaggregation assay. The microcoaggregation assay of
Kinder and Holt (16) was used to quantitate coaggregation
between P. gingivalis T22 and either F. nucleatum T18
whole cells or vesicles. The inhibitory activity of F. nucle-
atum T18 cell envelope fractions or antibody preparations
was examined by incorporating these preparations into the
assay system at various concentrations of protein. The
relative percent coaggregation was determined as the ratio of
the percent coaggregation with potential inhibitors to the
percent coaggregation in the absence of potential inhibitors.
The percent inhibition was calculated as 100% — relative
percent coaggregation. Statistical analyses consisted of a
two-sample ¢ test with means and standard deviation (SD).

RESULTS

Coaggregation of P. gingivalis T22 with whole cells and
vesicles of F. nucleatum T18. The percent coaggregation of
whole cells of P. gingivalis T22 with F. nucleatum T18
averaged 84.9% = 9.3%. While the level of coaggregation
varied with each cell batch (range of 96.7 to 53.9%), there did
not appear to be a correlation between the level of coaggre-
gation and the cellular growth phase (e.g., logarithmic versus
stationary phase) or the number of in vitro passages of the
cultures (data not shown).

Vesicles are membranous structures thought to result
from the budding of a portion of the outer membrane of
gram-negative bacteria (22). Vesicles were isolated from F.
nucleatum T18 and examined for their ability to coaggregate
with whole cells of P. gingivalis T22. The F. nucleatum T18
vesicle preparation consisted primarily of spherical struc-
tures, with few large membrane fragments and no whole
cells observed in the preparation (Fig. 1A, inset). The
diameter of most of the vesicles was approximately 0.05 pm,
but the range was from 0.03 to 0.3 wm. The F. nucleatum
T18 vesicles effectively coaggregated whole cells of P.
gingivalis T22 (Fig. 1); the extent of coaggregation depended
on the protein concentration. Vesicles at protein concentra-
tions of 500, 50, and 5 pg/ml resulted in 87.9, 80.9, and 60%
coaggregation, respectively. Vesicles were also produced by
P. gingivalis T22, but few vesicles remained in the cell
preparations because of the method of harvesting cells (see
Materials and Methods). Thus, P. gingivalis T22 vesicles do
not appear to have contributed to the coaggregation ob-
served. Thin sections of the P. gingivalis T22 cell-F. nucle-
atum T18 vesicle coaggregates (Fig. 1A) demonstrated a
close association of the vesicles with the outer membrane of
the P. gingivalis cells. The vesicles were randomly distrib-
uted over the P. gingivalis surface and were often seen
interposed between P. gingivalis cells (Fig. 1A, arrows) but
also displayed a tendency to self-aggregate. Note in Fig. 1A
that the large P. gingivalis T22 aggregate appears to be held
together by both groups of F. nucleatum T18 vesicles and
thin fibrous material emerging from the P. gingivalis surface.
Scanning electron microscopy revealed large F. nucleatum
T18 vesicle-P. gingivalis T22 cell coaggregates (Fig. 1B,
inset), which formed a ““woven’” pattern (Fig. 1B) very
similar to that seen in whole-cell F. nucleatum T18-P.
gingivalis T22 coaggregates (16).

Localization of F. nucleatum T18 adhesin activity. The F.
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nucleatum T18 adhesin activity was localized to the OMF
(Fig. 2) on the basis of the ability of this fraction to
selectively interfere with the coaggregation of F. nucleatum
T18 and P. gingivalis T22 whole cells. Since whole cells of E.
coli JM109 showed little to no coaggregation with either F.
nucleatum T18 or P. gingivalis T22 cells, E. coli IM109 CEF
and OMF were used as controls. As shown in Fig. 2, the
CEF from F. nucleatum T18 demonstrated background
levels of coaggregation inhibition, as judged from the lack of
difference between the coaggregation inhibition of F. nucle-
atum T18 and E. coli IM109 CEFs. The F. nucleatum T18
OMF was better able to inhibit coaggregation (82.2% inhibi-
tion at 500 wg/ml) than the F. nucleatum T18 CEF (41.1% at
500 pg/ml). Furthermore, this level of inhibition was signif-
icantly greater than that seen with the E. coli IM109 OMF
(25.5% inhibition at 500 pg/ml). The E. coli IM109 OMF
control was of particular importance, since the OMFs were
prepared by extraction with N-lauryl sarcosinate, and the
detergent alone inhibits coaggregation at concentrations of
0.05% or greater (data not shown). Therefore, it appears that
the putative adhesin on F. nucleatum T18 is localized in the
OMF, since the inhibitory activity of the OMF does not
appear to be the result of the incorporation of a nonspecific
protein or of residual detergent in the preparation.

The localization of the F. nucleatum T18 adhesin activity
to the OMF was further supported by the ability of the F.
nucleatum T18 OMF to directly coaggregate whole cells of
P. gingivalis T22 (Fig. 3). In scanning electron micrographs,
the F. nucleatum OMF (Fig. 3B, arrows) had the appearance
of small spherical or oblong structures which were distin-
guished from the P. gingivalis cells (Fig. 3C) by their size
difference. The F. nucleatum OMF fragments attached to
the P. gingivalis cells with no specific orientation or position
(Fig. 3A and B) and were morphologically identical to other
gram-negative outer membrane fragments (22). The apparent
attachment of the membrane fragments to P. gingivalis cells
is consistent with their ability to mediate coaggregation.

Effect of proteolytic treatment on coaggregation inhibition
of F. nucleatum T18 OMF. Data from our laboratory (16) and
others (17) have implicated a protein on the surface of F.
nucleatum as the putative adhesin mediating coaggregation
with P. gingivalis, but no studies have documented the effect
on coaggregation properties of selected proteolytic treat-
ment of membrane fractions. The F. nucleatum T18 OMF
was treated with several proteases, and the impact on
coaggregation inhibition is shown in Fig. 4. The untreated
OMF had a significant inhibitory effect on F. nucleatum-P.
gingivalis coaggregation, resulting in 91.9, 56.9, and 2.2%
inhibition of coaggregation at 500, 50, and 5 pg of protein per
ml, respectively. The E. coli IM109 OMF, which does not
appear to possess the F. nucleatum adhesin, demonstrated
substantially less coaggregation inhibition (22.5 and 0.9%
inhibition at 500 and 50 pg of protein per ml, respectively)
than the F. nucleatum T18 OMF. Proteolytic treatment of
the F. nucleatum T18 OMF for either 1 or 12 h at 37°C with
pronase, proteinase K, or pepsin resulted in a significant
decrease in the coaggregation inhibition by the OMF (Fig. 4).
Incubation of the F. nucleatum OMF for 1 h with pronase
resulted in 54.1 and 23.9% inhibition at 500 and 50 pg of
protein per ml, respectively; proteinase K-treated OMF
inhibited coaggregation by 45.7 and 25.2% at 500 and 50 pg
of protein per ml, respectively. Incubation for 12 h with at
least 1 mg of pronase, proteinase K, or pepsin per ml
resulted in a reduction of coaggregation inhibition of the
OMF at 500 pg/ml to 8.9, 2.8, and 21.4%, respectively.
Trypsin- and papain-treated OMFs also demonstrated less
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FIG. 1. Electron microscopy of coaggregates of F. nucleatum T18 vesicles with P. gingivalis T22 whole cells. (A) Thin section through
coaggregate; arrows indicate vesicles interposed between whole cells of P. gingivalis T22. Bar, 0.5 wm. Inset: negative stain of F. nucleatum
T18 vesicles. Bar, 0.1 um. (B) Scanning micrograph of a coaggregate at high magnification; arrows indicate vesicle structures. Bar, 1 pm.
Inset: coaggregate at low magnification. Bar, 10 pm.
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FIG. 2. Inhibition of coaggregation by F. nucleatum T18 CEF
and OMF. Data are given as the mean percent inhibition, based on
the percent coaggregation of whole cells without addition of CEF or
OMEF (control); the SD is indicated by the bar. The data for the CEF
are the means of six experiments (each in triplicate), with a percent
coaggregation for the whole cells of 79.08% =+ 4.49%. The data for
OMF are the means of 13 experiments (each in triplicate), with a
percent coaggregation for the whole cells of 76.02% + 7.00%.
Protein concentrations were determined as described in Materials
and Methods. F. nucleatum T18 OMF versus E. coli JM109 OMF at
50 and 500 wg/ml, P < 0.05.

JM108 CEF JM108 OMF

inhibition than the untreated OMF, but the differences were
not statistically significant (Fig. 4).

Electrophoretic and antigenic analysis of membrane frac-
tions. The distribution of polypeptides within the F. nuclea-
tum T18 CEF and OMF is shown in Fig. 5. SDS-PAGE
analysis of both unheated and heated CEF revealed at least
36 major polypeptides. Comparison of the heated (100°C, 5
min) with the unheated sample indicated the presence of
several heat-modified proteins, including the appearance of a
major heat-modified protein at 42 kDa in the heated sample.
SDS-PAGE analysis of the heated Sarkosyl-insoluble OMF,
which was enriched for OMPs, revealed a selective enrich-
ment of several polypeptides, including ones at >200, 166,
158, 85, 42, and 37 kDa, compared with the CEF. Among
these proteins, the 42- and 37-kDa polypeptide levels were
significantly increased, while that of a polypeptide at 85 kDa
appeared to be quantitatively diminished in the heated
sample (compare OMF-UH and OMF-H in Fig. 5). Other
proteins were selectively lost from the CEF by treatment
with Sarkosyl (Fig. 5, arrows).

Surface radiolabeling of intact F. nucleatum T18 cells with
1251 and subsequent analysis of the OMF revealed at least 10
major polypeptides that were exposed on the bacterial cell
surface. These included heavily labeled polypeptides at
>200, 85, 42, 39, 37, and 23 kDa (Fig. 5, OMF-UH-A and
OMF-H-A), of which those at >200, 85, 42, and 37 kDa were
heat modified. Antigenic studies were performed with anti-
body raised against F. nucleatum T18 whole cells and the
42-kDa major OMP. Western blots of the F. nucleatum T18
OMF probed with the F. nucleatum T18 whole-cell antibody
or the 42-kDa OMP antibody are shown in Fig. 6. When the
F. nucleatum T18 whole-cell antibody was used to probe the
unheated F. nucleatum T18 OMF (Fig. 6, anti-WC-UH),
reactivity was demonstrated to a doublet at >106 kDa as
well as to polypeptides of 85, 78, 62, 42 and 39 kDa. The
ladder pattern seen in Fig. 6 (anti-WC, lanes UH and H) was
very similar to the distribution of lipopolysaccharide prepa-
rations. While the heated OMF (Fig. 6, anti-WC-H) showed
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comparable reactivity, an increase in the reactivity to the
42-kDa polypeptide was evident. The 42-kDa OMP antibody
demonstrated a clear reactivity with the heat-denatured
42-kDa protein (Fig. 6, anti-42-H) but essentially no reactiv-
ity with the unheated protein (Fig. 6, anti-42-UH).

The heat-modified polypeptides of the F. nucleatum T18
OMF were also examined by two-dimensional SDS-PAGE,
and seven heat-modified proteins were identified (Fig. 7A).
At least four polypeptides of 39, 85, 158, and >200 kDa (Fig.
7A, a, b, c, and d, respectively) in the unheated state
migrated to a relative molecular mass of 42 kDa after heat
treatment. Therefore, the higher-molecular-weight polypep-
tides seen in the unheated one-dimensional SDS-PAGE are
likely to be multimers of 42-kDa protein subunits. At least
three other polypeptides were found to be heat modified
under the conditions used. Polypeptides shifted in relative
molecular mass from unheated to heated at 45 to 55, 33 to 37,
and 29 to 32 kDa (Fig. 7A, e, f, and g, respectively). All of
the proteins migrating at 42 kDa after heat treatment were
surface exposed, as judged from '*I autoradiography (Fig.
7B). The F. nucleatum T18 whole-cell and 42-kDa OMP
antibodies clearly reacted with each of the 42-kDa polypep-
tides (Fig. 7C and D). The F. nucleatum T18 whole-cell
antibody also reacted with what appears to be lipopolysac-
charide, seen primarily as repeating bands displaced from
the diagonal (Fig. 7C, small arrows). Immunogold labeling of
thin sections from F. nucleatum T18 whole cells with the
42-kDa OMP antibody further indicated that the 42-kDa
OMP was localized to the bacterial cell envelope (Fig. 8).
The properties of the F. nucleatum T18 membrane proteins
are summarized in Table 1.

Effect of IgG and Fab fragments on coaggregation. The
possible role of the 42-kDa OMP of F. nucleatum T18 in
coaggregation with P. gingivalis T22 was examined by using
purified IgG and Fab fragments prepared from polyclonal
antisera. ELISA titers (16) against F. nucleatum T18 whole
cells of the preimmune ASC ranged from 1:32 to 1:512,
versus titers of the whole-cell ASC of 1:65,536 and of the
42-kDa OMP ASC of 1:16,384 to 1:32,768. Purified IgG from
the immune sera resulted in aggregation of the F. nucleatum
T18 cells, most likely because of the bivalent nature of the
antibody molecule, and was not of use in assessing coaggre-
gation inhibition (data not shown). In contrast, Fab frag-
ments isolated from the purified IgG did not aggregate the F.
nucleatum T18 cells but did significantly inhibit F. nuclea-
tum T18-P. gingivalis T22 coaggregation (Fig. 9). The Fab
fragments from antisera raised against whole cells of F.
nucleatum T18 and the 42-kDa OMP at 500 pg/ml inhibited
coaggregation by 18.5 and 35.1%, respectively. At the same
concentrations, the preimmune Fab fragments had no effect
on coaggregation. The selective inhibition of coaggregation
in the presence of the 42-kDa OMP-specific Fab fragments
suggest that the 42-kDa OMP of F. nucleatum T18 is
involved in mediating the adherence with P. gingivalis T22.

DISCUSSION

The F. nucleatum-P. gingivalis coaggregation represents a
typical carbohydrate-lectin interaction; it is inhibited by
lactose and lactose-related sugars and appears to be medi-
ated by a carbohydrate receptor(s) on the P. gingivalis cells
and a protein adhesin(s) on the F. nucleatum cells (16, 17). In
this investigation, we have localized the adhesin activity of
F. nucleatum T18 to the outer membrane. This conclusion is
supported by the ability of F. nucleatum T18 vesicles and
OMF to coaggregate with whole cells of P. gingivalis T22



FIG. 3. Electron microscopy of coaggregates of F. nucleatum T18 OMF with P. gingivalis T22 cells. (A) Thin section through coaggregate
of F. nucleatum T18 OMF with P. gingivalis T22 cells; arrows indicate membrane fractions interposed between whole celis of P. gingivalis
T22. (B) Scanning micrograph of a coaggregate formed by F. nucleatum T18 OMF and P. gingivalis T22 cells; arrows indicate OMF

structures. (C) Scanning micrograph of autoaggregate formed from P. gingivalis T22 cells. Note the relative lack of attached membranous
structures compared with panel B. Bars, 0.5 pm.
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FIG. 4. Effect of proteolytic treatment of F. nucleatum T18
OMF on inhibition of coaggregation between whole cells of F.
nucleatum T18 and P. gingivalis T22. The data are given as the mean
percent inhibition, based on coaggregation without the addition of
OMF (81.98% =+ 0.85%), with the SD indicated by the bar. The data
are from two experiments carried out in triplicate. F. nucleatum T18
OMF was untreated (NT) or treated with 1 mg of pronase (PR),
proteinase K (PK), pepsin (PE), trypsin (T), or papain (PA) per ml
for 1 or 12 h, as indicated. E. coli IM109 OMF (untreated) was used
as a control. *, P < 0.05 versus coaggregation in the presence of
untreated F. nucleatum T18 OMF (NT).

and the ability of the OMF of F. nucleatum T18 to selec-
tively inhibit coaggregation between whole cells of F. nucle-
atum T18 and P. gingivalis T22. Furthermore, the proteina-
ceous nature of the F. nucleatum T18 adhesin was confirmed
by the loss of coaggregation inhibition of the OMF after

CEF OMF
H H“A'
C ..
—  —— - iy
--. -
23— - = *

FIG. 5. SDS-PAGE analysis of F. nucleatum T18 CEF and
OMF. F. nucleatum T18 CEF and OMF (40 pg of protein for gels,
50,000 cpm for autoradiographs) were run on SDS-12.5% PAGE
gels, stained, and used for autoradiography as described in the text.
Preparations of the CEF and OMF were unheated (UH) or heated
(H) before electrophoresis as described in Materials and Methods.
The corresponding autoradiographs (UH-A and H-A) are shown for
the OMF preparations. The relative molecular sizes of proteins of
interest are indicated on the left of the figure and by bars to the left
of the individual lanes. Arrows indicate proteins that are selectively
depleted in the OMF compared with the CEF.
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FIG. 6. Western blot of F. nucleatum T18 OMF probed with
antiserum to F. nucleatum T18 whole cells (anti-WC) or antiserum
to the F. nucleatum T18 42-kDa OMP (anti-42). F. nucleatum T18
OMF (40 pg of protein) was unheated (UH) or heated (H) before
electrophoresis on SDS-12.5% PAGE gels and transferred to nitro-
cellulose. Blots were probed with the immunoglobulin-enriched
ASC of antiserum to F. nucleatum T18 whole cells or the F.
nucleatum T18 42-kDa OMP at 1:5,000. The relative molecular sizes
(in kilodaltons) of proteins of interest are indicated on the left. DF,
dye front.

proteolytic treatment. While it cannot be entirely ruled out
that the adhesin activity of the OMF and vesicles was due to
adhesins associated with proteinaceous appendages, it is
unlikely, as neither fimbriae, pili, nor flagella have been
reported for F. nucleatum (2, 25) and we have been unable to
detect them on cells of F. nucleatum T18 (data not shown).
In addition, the adhesin activity was not removed from the
OMF by simple physical means, including sonication and
shearing forces (data not shown). Taken together, these data
indicate that the adherence observed is based on the activity
of a surface-exposed protein adhesin located in the F.
nucleatum T18 outer membrane.

A major OMP of F. nucleatum T18 with a mass of 42 kDa
was found to be enriched in the coaggregation-inhibiting
OMF. Immunogold studies with 42-kDa OMP-specific anti-
body indicated that the protein was localized to the bacterial
cell envelope. This protein appears to correspond to the
major OMP from other strains of F. nucleatum, reported as
OMPs of 40 to 42 kDa, for which a number of properties
have been described. Bakken and Jensen (2) examined the
outer membranes of six strains of F. nucleatum, including
ATCC 10953. They found a 40- to 42-kDa heat-modified
major OMP in all but one strain, Fevl, in which the 42-kDa
major OMP was present but not heat modified. Our studies
revealed that the 42-kDa OMP of strain T18 was heat
modified, and further characterization by two-dimensional
SDS-PAGE demonstrated that the unheated protein mi-
grated at 39, 85, 158, and >200 kDa. Antiserum raised to the
heat-denatured 42-kDa OMP isolated from one-dimensional
SDS-PAGE gels was found to react with the proteins origi-
nating at 39, 85, 158, and >200 kDa in Western blots of the
two-dimensional SDS-PAGE (Fig. 7). The lack of reactivity
of the 42-kDa OMP-specific antiserum with the non-heat-
denatured proteins of 39, 85, 158, and >200 kDa in the
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FIG. 7. Two-dimensional SDS-PAGE gels and Western blots of F. nucleatum T18 OMF. Gels were run as described in Materials and
Methods. (A) Coomassie-stained gel, 100 pg of OMF (protein). (B) Autoradiograph of gel, 60 pg of OMF (protein). (C) Western blot of 100
ng (protein) of F. nucleatum T18 OMF probed with a 1:4,000 dilution of ASC of antiserum to F. nucleatum T18 whole cells. (D) Western blot
of 100 pg (protein) of F. nucleatum T18 OMF probed with a 1:2,000 dilution of ASC of antiserum to F. nucleatum T18 42-kDa OMP. The
heat-modified proteins are indicated with the letters a through g; the open arrows indicate reactivity thought to represent F. nucleatum T18

LPS. DF, dye front. Panel B is from reference 12.

one-dimensional SDS-PAGE gel (Fig. 6) suggests that the
antiserum reacts primarily with heat-denatured epitopes.
These findings are consistent with a monomeric polypeptide
and complexes of the monomer; however, there is no
evidence that the complex is composed of identical polypep-
tide units. Our studies additionally demonstrated that the
42-kDa protein from strain T18 was labeled when whole cells
were extrinsically radiolabeled with ?°1, indicating that it
was exposed on the bacterial cell surface. This is consistent
with the findings of Bakken and Jensen (2), who also found
that the major OMPs were associated with the peptidogly-
can, suggesting that they span the outer membrane.

A 41-kDa major OMP (39 kDa in the unheated state) from
F. nucleatum ATCC 10953, isolated by Takada and cowork-
ers (32), was found to possess significant porin function as
well as the immunobiological properties of B-cell mitogenic-
ity, polyclonal B-cell activation, and enhanced migration of

monocytes. N-terminal sequencing of the 41-kDa OMPs
isolated from several strains of F. nucleatum revealed con-
siderable similarity with a region in the C-terminal portion of
the OmpA protein from E. coli and several other gram-
negative species. Although the significance of this associa-
tion is unclear, it is interesting that the OmpA protein is
known to function as a bacteriophage receptor (8). Kaufman
and DiRienzo (14) isolated what may be the same protein
from F. nucleatum ATCC 10953 and demonstrated its prob-
able role as an adhesin in mediating coaggregation between
F. nucleatum ATCC 10953 and Streptococcus sanguis
CCS5A. The protein was isolated after cleavage of a trypsin-
sensitive fragment, and the resulting 39.5-kDa protein was
shown to specifically inhibit coaggregation.

The results of our studies suggest that the 42-kDa major
OMP of F. nucleatum T18 was responsible, at least in part,
for the coaggregation of this strain with P. gingivalis T22.
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FIG. 8. Immunogold localization of 42-kDa OMP. Transmission electron micrographs of F. nucleatum T18 demonstrating immunogold
labeling with 42-kDa OMP-specific antiserum associated with the bacterial cell envelope or fibrous extensions from the cell surface (arrows).
Note the lack of reactivity when preimmune antiserum was used (inset). Bars, 0.1 pm.

Support for this includes the demonstration that the OMF of
F. nucleatum T18 was enriched for both the 42-kDa OMP
and adhesin activity and that Fab fragments from antiserum
raised to the 42-kDa OMP specifically inhibited coaggrega-
tion. The fact that treatment of the F. nucleatum T18 cells
with the 42-kDa OMP-specific Fab fragments resulted in a
partial inhibition of coaggregation (35%; Fig. 9) is consistent

TABLE 1. Properties of F. nucleatum T18 membrane proteins®

Relative size Selectively Heat Surface Reactive with
of protein enriched in modified labeled whole-cell
(kDa) OMF with 2] antiserum
>200 XX XX XX Xx®
166 X
158 X X X
92 X X
85 X X X X
78 X
62 X
42 X X X X
39 X X X
37 X X X
23 X

4 XX indicates more than one protein in the given size range.
® Size is >106 kDa on Western blots.

50 -
500 ug/ml
40 - 23 10 pg/ml
8 30 1
=
Q
£ 20 4
=
R
10
ol Fexm [
toogooo—
-10 - Whole Cell 42 kDa Immune FAB Preimmune FAB
Immune FAB

FIG. 9. Inhibition of coaggregation with Fab fragments. Purified
Fab fragments from preimmune serum or immune antisera raised to
F. nucleatum T18 whole cells and the F. nucleatum T18 42-kDa
OMP were incorporated into the coaggregation assay at the indi-
cated protein concentrations. The data are expressed as percent
inhibition compared with controls to which no Fab fragments were
added. Experiments were performed twice, once in triplicate and
once in duplicate, for the immune Fab preparations, and once in
duplicate for the preimmune Fab preparation. Level of coaggrega-
tion with whole cell and 42-kDa Fab fragments at 500 pg/ml versus
controls, P < 0.05.
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with previous data demonstrating a partial (80%) loss of
coaggregation (16) after treatment of the F. nucleatum T18
cells with pronase. These data suggest several possibilities,
including that the adhesin itself may be a multicomponent
molecule, of which the 42-kDa OMP is only one part, or that
multiple adhesins may be involved in mediating this interac-
tion.

Examination of the 41-kDa major OMPs of F. nucleatum
strains (1) by extrinsic radiolabeling and proteolytic diges-
tion has suggested that a 3.5-kDa trypsin-sensitive fragment
from the N terminus of the 41-kDa protein extends from the
bacterial cell surface. Interestingly, the F. nucleatum ATCC
10953 adhesin involved in coaggregation with S. sanguis
CCS5A was found to be trypsin sensitive, whereas the ad-
hesin of F. nucleatum T18 that is involved in coaggregation
with P. gingivalis T22 is trypsin resistant. This suggests that
although these coaggregations appear to be mediated at least
in part by the same protein, the interactions most likely
involve distinct domains, one resistant and one susceptible
to trypsin treatment. This may be comparable to the prop-
erties that have been described for the 155-kDa OMP ad-
hesin of Capnocytophaga ochracea ATCC 33596 (37). The
coaggregation of this organism with Streptococcus sanguis
H1 and Actinomyces naeslundii PK984 is rhamnose sensi-
tive, while coaggregation with Actinomyces israelii PK16 is
completely inhibited only by a combination of rhamnose and
N-acetylneuraminic acid. Two classes of monoclonal anti-
body probes to C. ochracea have been identified: one
completely blocks coaggregation with S. sanguis and A.
naeslundii but only partially blocks coaggregation with A.
israelii; the second completely blocks coaggregation with S.
sanguis, partially blocks coaggregation with A. naeslundii,
and has no effect on coaggregation with A. israelii. These
results are consistent with earlier studies of coaggregation-
defective mutants of C. ochracea, in which sequential loss of
coaggregation with the three coaggregation partner strains
was found (38). On this basis, it was proposed that the
155-kDa OMP adhesin of C. ochracea possesses two distinct
rhamnose-sensitive activities (37). In the case of F. nuclea-
tum coaggregation with P. gingivalis and S. sanguis, differ-
ent regions of the 42-kDa OMP appear to be involved in
coaggregation with the different partner strains. To further
define the structure and function of the 42-kDa OMP of F.
nucleatum T18, we are currently pursuing the isolation and
purification of this protein at a molecular level.
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