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Fimbriae and their constituent protein (fimbrilin) were purified to homogeneity from the bacterial wash fluid
and cell lysate fraction, respectively, of Bacteroides gingivalis 381. Fimbriae, observed by negative staining,
were curly, single-stranded filaments with a diameter of ca. 5 nm. The apparent molecular weight of the
fimbrilin was 43,000. Fimbriae were resistant to sodium dodecyl sulfate denaturation at 70°C. Heating at 100°C
in sodium dodecyl sulfate was needed to completely dissociate them to monomers of fimbrilin. Different sets of
antigenic determinants seemed to be exposed on the surfaces of fimbriae and sodium dodecyl sulfate-denatured
fimbrilin. Purified fimbriae did not show either hemagglutinating activity or hemagglutination inhibitory
activity, although it has been inferred on the basis of circumstantial evidence that fimbriae are correlated to
hemagglutinating activity of the organism. Hemagglutinin activity, however, was detected in culture
supernatant, and this observation suggests that fimbriae of a different type or a lectin-like protein may be
acting as hemagglutinin in B. gingivalis.

Fimbriae are proteinaceous, filamentous, and nonflagellar
appendages which project outwards from the bacterial sur-
face (2) and often play an important role in virulence by
facilitating bacterial attachment to host cells (21).

Bacteroides gingivalis, a gram-negative, oral anaerobe, is
believed to be one of the most prominent periodontopathic
bacteria, and it is believed to have several characteristics of
an overt pathogenic bacteria (5, 23, 24). B. gingivalis has
been reported to have fimbriae (26). In ultrastructural stud-
ies (15, 16, 26, 27), fimbriae (pili)-like fibers were observed
on the outer surface of all strains ofB. gingivalis as well as of
strains of B. asaccharolyticus and B. melaninogenicus sub-
species thus far examined. Although it has been inferred that
B. gingivalis fimbriae are correlated with hemagglutination
mediated by the organism (15, 16, 25, 26), purification of the
fimbriae based on putative hemagglutinating activity was
unsuccessful (15).
During the course of studies on the membrane proteins of

this organism (28), we found that a major protein of B.
gingivalis, with an apparent molecular weight of 43,000 (43K
protein), was present in a filamentous form and that these
filaments were the fimbriae of this bacterium.

In this study, we describe methods for the purification to
homogeneity of the fimbriae and their constituent monomers
(fimbrilin; see reference 17) from bacterial wash fluid or cell-
lysate fractions, and we present data on some chemical,
physical, and immunological properties of this material.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial

strains used were B. gingivalis 381 (originally isolated from
subgingival plaque by S. S. Socransky, Forsyth Dental
Centre, Boston, Mass.), B. gingivalis ATCC 33277, B.

* Corresponding author.

asaccharolyticus ATCC 25260, B. macacae ATCC 33141,
and B. intermedius ATCC 25611. All bacteria were grown
anaerobically at 37°C as described previously (28).

Purification of fimbriae from a cell lysate fraction (method
A). Cells (ca. 12 g [wet weight]) from 1.7 liters of a 24- to 48-h
culture were washed with 5 mM phosphate buffer (pH 7.4)
and suspended in 30 ml of 20 mM Tris-hydrochloride (pH
8.0)-10% sucrose-0.1 mM dithiothreitol containing about 1
mg each of pancreatic DNase and RNase, and the suspen-
sion was shaken for 1 min at 4,000 rpm in a flask together
with 30 g of glass beads with a Braun cell homogenizer (28).
During the procedure, the flask was chilled to 0 to 5°C with a
flask of liquid CO2. The homogenizer was turned off after 1
min to check the temperature of the flask, and the procedure
was repeated six more times. After large debris was removed
by centrifugation at 1,000 x g for 10 min, the cell-lysate
fraction was obtained as a supernatant by centrifugation at
143,000 x g for 60 min. Ammonium sulfate was added to the
supernatant fraction to 40% saturation, and the salted-out
proteins were collected by centrifugation and then suspend-
ed in a small volume of 20 mM HEPES (N-2-hydroxyethylpi-
perazine-N'-2-ethanesulfonic acid)-LiOH (pH 8.0). Lithium
chloride (2 M) and lithium dodecyl sulfate (LDS; 10%
[wt/vol]) were added to the suspension in final concentra-
tions of 0.5 M and 1%, respectively. After incubation for 90
min at 37°C, the solution was applied to a column of
Sephacryl S-200 (1.6 by 90 cm), which was then eluted with
20 mM HEPES-LiOH (pH 8.0-0.1% LDS-0.1 M LiCl at
room temperature. Fimbriae, which were identified as the
43K protein by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) were eluted at the void volume
(see Fig. 1A and D). The fractions indicated by a bar were
pooled and concentrated to 2 ml by dialysis against Ficoll
400, and the sample was fractionated again on the same
column. The protein was eluted again at the position of the
void volume (see Fig. 1B). The fractions indicated by a bar
were pooled, concentrated, and dialyzed against 3 liters of 3
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FIMBRIAE OF B. GINGIVALIS 951

mM Tris-hydrochloride (pH 7.4)-3 mM NaN3. Ammonium
sulfate fractionation and concentration were carried out at 0
to 4°C, and other procedures were carried out at room
temperature.

Purification of fimbriae from the bacterial wash fluid (meth-
od B). Cells (from a 1.7-liter culture) were harvested by
centrifugation as mentioned earlier and were suspended in 20
mM Tris-hydrochloride (pH 7.4)-0.15 M NaCl-10 mM
MgCl2 (ca. 1/10 the original volume of culture, 200 ml) by
repeated pipetting. The suspension was agitated with a
stirrer and magnetic bar for 30 min. The bacterial wash was
obtained as the supernatant after centrifugation at 8,000 x g
for 20 min. The above procedure was carried out at room
temperature to avoid cell lysis. Ammonium sulfate was
added to the bacterial wash to 40% saturation, and the
precipitated proteins, collected by centrifugation, were sus-

pended in a small volume of 20 mM Tris-hydrochloride (pH
8.0). This material was dialyzed against 3 liters of 20 mM
Tris-hydrochloride (pH 8.0). After the dialysates were clari-
fied by centrifugation at 8,000 x g for 20 min, the sample was
applied to a column of DEAE-Sepharose CL-6B (1.5 by 16
cm) which was equilibrated with the above buffer. The
column was washed with 200 ml of 20 mM Tris-hydrochlo-
ride, pH 8.0, and eluted with a linear gradient of 0 to 0.3 M
NaCl in 20 mM Tris-hydrochloride, pH 8.0. When analyzed
by SDS-PAGE, fimbriae emerged from the column at 0.15 M
NaCl (see Fig. 1C), and there was no 43K protein band in the
fractions eluted afterward with the buffer containing up to
0.75 M NaCl. The fractions containing the 43K protein were
concentrated with ammonium sulfate precipitation and dia-
lyzed against 3 liters of 3 mM Tris-hydrochloride, pH 8.0, or
3 mM sodium bicarbonate, pH 8.0. The purity, judged by the
scanning of the stained SDS-polyacrylamide gel, was at least
98% (see Fig. 2b, lane F).

Purification of the 75K protein from whole envelopes.
Whole envelopes were obtained as sediments after the
centrifugation of homogenate at 143,000 x g for 60 min as
described earlier (28). The envelopes were extracted twice
with 10 mM Tris-hydrochloride (pH 7.4) containing 1%
Triton X-100 and followed each time by centrifugation at
143,000 x g for 60 min. These extraction steps removed a
trypsin-like protease (28) and, presumably, most of the other
cytoplasmic membrane proteins, leaving behind the outer
membrane protein complex. The resulting sediment was
extracted with 20 mM HEPES-LiOH (pH 8.0) containing 1%
LDS at 0°C, followed by centrifugation at 143,000 x g for 60
min. The 75K protein was purified by gel filtration (twice) on

a Sephacryl S-200 column (1.6 by 90 cm) which was equili-
brated with 20 mM HEPES (pH 8.0)-0.1% LDS-0.1 M LiCl.

Electron microscopy. Cells (from a 24-h culture) were
collected by centrifugation (2,000 rpm for 20 min) from a 10-
ml culture, suspended in 20 mM Tris-hydrochloride (pH
7.4)-0.15 M NaCl-10 mM MgCl2, and negatively stained
with 1% phosphotungstic acid (pH 7.4). The purified fimbri-
ae (suspended at ca. 0.04 mg of protein per ml in 3 mM Tris-
hydrochloride (pH 8.0), 0.1 M NaCl) were negatively stained
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FIG. 2. Purification of B. gingivalis fimbriae. SDS-PAGE pat-

terns of some fractions are shown. (a) Purification in SDS from cell-
lysate fraction (method A) (lanes A through D). Cell-lysate fraction
from strain 381 (lane A) was first precipitated with 40% saturated
ammonium sulfate, and the precipitate (lane B) was purified by two
successive steps of gel filtration. The central fraction of fimbria,e
peak in the second gel filtration was concentrated by dialysis against
Ficoll 400 (lane C); the fraction was heated at 100°C for 5 min in SDS
to denature fimbriae and then applied on preparative SDS-PAGE to
remove the 75K protein. The final preparation produced a single
band of the 43K protein as shown in lane D; the purity, determined
by the scanning of the gel to which ca. 10 p.g of protein were applied,
was 99%. (b) Purification in the absence of SDS from the bacterial
wash fluid (method B) (lanes E and F). The bacterial wash was

precipitated with 40% saturated ammonium sulfate, and the precipi-
tate (lane E) was suspended in 20 mM Tris-hydrochloride (pH 8.0).
The suspension was dialyzed and then the dialysate was applied to a

DEAE-Sepharose ion exchange column. The purity of the final
concentrated fraction was 98% on the basis of scanning of the gel
(lane F). Triangles, dye front. The 43K fimbrilin bands in lanes from
separate SDS-PAGE (9 to 11%) were lined up for comparison.

with 1% uranyl acetate. The calibration of the magnification
of the electron microscope used (Hitachi 11-B) was based on
photographs of diffraction grating replicas (2,160 lines per
mm).

Preparation of antisera. Antisera were raised in rabbits
against the 43K protein, the fimbrial monomers and the 75K

FIG. 1. Isolation of B. gingivalis fimbriae. (A) First gel filtration of fimbriae from cell-lysate fraction by LDS-Sephacryl S-200 superfine
column (1.6 by 90 cm) chromatography. (B) Second gel filtration of fimbriae from the cell-lysate fraction by LDS-Sephacryl S-200 superfine
column (1.6 by 90 cm) chromatography. (C) Isolation of fimbriae from the bacterial wash fluid by DEAE-Sepharose CL-6B column (1.5 by 16
cm) chromatography. (D) The electrophoretogram of the protein composition of fractions indicated by the closed triangles and small letters in
(A). (E) The electrophoretogram of the protein composition offractions indicated by the closed triangles and small letters in (B). The sample in
lane m was heated at 60°C for 20 min before electrophoresis. Absorbance at 280 nm (a), the ratio of absorbancy at 280 nm to that at 260 nm
(0), the elution peak of blue dextran 2000 (arrow labeled BD) are shown. The arrow in (C) indicates the starting position of a linear gradient
elution. Bars show the fractions collected for the next step. Before electrophoresis preparations, except for the one indicated as m in (B), were
heated at 100°C for 5 min. 93K, 93,000; 43K, 43K protein.
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FIG.3.Electronmicrographsof a thole cell of B. gingivalis 381. The cells were negatively stained with 1% phosphotungstic acid.Bars,U1"u AP~-~:t~~0.2unl.In()th uppr let potionof () wa enlrged Magifiction: (a, x3+O00 (b) x10,000

protein (a major envelope protein), all of which were ob-
tained from corresponding bands of the stained SDS-poly-
acrylamide gel as decribed in reference 12. Antiserum was
also raised in rabbits against purified fimbriae from the
bacterial wash. Fimbriae (0.5 to 1.0 mg of protein) were
mixed with Freund complete adjuvant, and the mixture was
injected into rabbits subcutaneously three times at 2-week
intervals. Two weeks after the third injection, 0.5 mg of
fimbriae was injected twice intravenously at 1-week inter-
vals as boosters.
Immunological reactions. When antisera against the 43K

protein and the 75K protein were used, Ouchterlony
immunodiffusion analysis was carried out with a medium
containing 1% agarose, 0.85% NaCl, 1% (vol/vol) Triton X-
100, 0.1% (wt/vol) SDS, and 0.02% NaN3. The medium was
boiled, cooled to 50°C, and poured into petri dishes (90-mm
diameters, 20 ml each).

Immunoprecipitation was carried out by incubating anti-
gen and antiserum in 10 mM Tris-hydrochloride (pH 7.4)-
0.15 M NaCI-5 mM EDTA-0.1% SDS-1.0% Triton X-100 at
37°C for 15 min, followed by gentle shaking at 4°C overnight.
Precipitates were collected by centrifugation, washed four
times with 10 mM Tris-hydrochloride (pH 7.4)-0.15 M
NaCl-1% Triton X-100, and then analyzed by SDS-PAGE.
Bacterial agglutination by the antiserum was carried out in
20 mM Tris-hydrochloride (pH 8.0)-0.15 M NaCl-10 mM
MgC12 by using a hemagglutination plate (see below).
Amino acid analysis. The sample solutions were dialyzed

against either distilled water or 3 mM sodium bicarbonate,
pH 8.0, and dried in vacuo; for the 43K protein eluted from
the preparative SDS-polyacrylamide gel, the solution was
first dialyzed against 0.2 M NaCl to remove glycine in the
electrophoresis buffer before dialysis against distilled water.
The samples were hydrolyzed either with 6 N HCI at 110°C
for 24 h or with 4 N methanesulfonic acid at 115°C for 24 h in

evacuated sealed tubes. The hydrolysates were analyzed
with a JEOL JLC-6AH amino acid analyzer.

Hemagglutination. Hemagglutinating activity was assayed
with a hemagglutination plate (Tomy, model T-2) with chick-
en erythrocytes as described by Salk (20). The samples (0.5
ml) were serially diluted in twofold steps in 15 mM sodium
citrate-0.15 M NaCl, pH 7.2. To each well was added 0.5 ml
of 0.5% (vol/vol) chicken erythrocytes washed three times
with 15 mM sodium citrate-0.15 M NaCl (pH 7.2). After the
plate was maintained at room temperature for 1.5 h, tests
were read based on the patterns of settled erythrocytes.
For determination of hemagglutination inhibitory activity,

each well received 0.1 ml of serial dilutions of the fimbriae
preparation (0.1 ml, 1.18 mg of protein/ml). A 0.5-ml amount
of 0.5% chicken erythrocytes was then added to each well.
After 10 min, crude hemagglutinin preparation (0.4 ml), a
culture supernatant from B. gingivalis, was added to each
well; the concentration of hemagglutinin was adjusted so
that it was twice the minimum concentration which caused
the distinct agglutination of chicken erythrocytes (0.5%) in
the absence of purified fimbriae. A control, without fimbri-
ae, was also run at the same time.
SDS-PAGE. SDS-PAGE was performed in a 1.0-mm-thick

slab gel (9 to 11%) as described by Lugtenberg et al. (9). The
samples were heated with SDS at 100°C for S min unless
otherwise specified. Preparative electrophoresis was carried
out in a 2.0-mm-thick slab gel in the same system (1).

Analytical methods. The amount of protein was deter-
mined by the method of Lowry et al. (8), with bovine serum
albumin as the standard.

RESULTS
Purification of B. gingivalis fimbriae. During an attempt to

purify outer membrane proteins from the cell-lysate fraction,
the 43K protein was detected as a major component of the
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FIMBRIAE OF B. GINGIVALIS 953

FIG. 4. Electron micrographs of purified fimbriae. The fimbriae preparations purified from the bacterial wash were negatively stained with
1% uranyl acetate. Bars, 0.1 p.m. Magnifications: (a) x103,000; (b), x343,000.

main peak of gel filtration. The 43K protein was eluted at the
void volume, suggesting that it formed aggregates with a
molecular weight of more than 250,000 even in LDS (Fig. 1A
and D). In addition the 43K protein did not penetrate into a
separation gel in SDS-PAGE, when a portion of the fraction
(see Fig. 1B and E, lane m) was used after being heated with
the solubilization buffer at 60°C for 20 min. Gel electrophore-
sis of samples heated at 100°C for 5 min, however, apparent-
ly dissociated the aggregates to monomers (Fig. 1E, all lanes
except m). Two rounds of gel filtration on Sephacryl S-200
produced a preparation which contained only two compo-
nents, the 43K protein and the 75K protein, as a major and
minor one, respectively (Fig. 2a, lane C). We then noticed
that the preparation showed a filamentous appearance like
fimbriae under an electron microscope. Because the prepa-
ration resulting from these procedures (method A) contained
two proteins, a second method of purification was sought to
elucidate which protein corresponded to the subunit of
fimbriae. Because fimbriae are expected to be shed by
washing of whole bacteria, we used the wash fluid as the
starting material. Free fimbriae were purified by passage
through a column of DEAE-Sepharose CL-6B (see above).
The final preparation which resulted from this procedure
(method B) produced a single band of the 43K protein on
SDS-PAGE (Fig. 2b, lane F). Several kinds of buffer were
tested to improve the extent and selectivity of the shedding
of fimbriae, but no significant difference was found, except
that the presence of 0.15 M NaCl and 10 mM MgCl2 seemed
to reduce contaminants in the extracts. Further prolongation
of stirring did not increase the amount of fimbriae brought
into the solution. In fact, brief pipetting to produce complete
resuspension of bacteria appeared to be almost sufficient for
substantial release of fimbriae from bacteria (data not
shown).
Morphology. A typical whole cell of B. gingivalis 381 is

shown in Fig. 3. Numerous curly fimbriae extend radially
from the cell surface. They were 0.3 to 1.6 p.m in length and
ca. 5 nm in width. Our purified preparation (the ratio of

absorbancy at 280 nm to that at 260 nm was ca. 2, see Fig.
1C) displayed the same morphology as the fimbriae shown in
Fig. 3. However, the length of the purified fimbriae, mea-
sured on electron micrographs which included an area 6 by 6
p.m2, was in the range of 1.2 to 4.8 p.m, suggesting that either
the end-to-end association of fimbriae occurred during isola-
tion-purification procedures or longer fimbriae were selec-
tively sheared from the cell. The purified fimbriae were
curly, with a pitch of ca. 33.5 nm (Fig. 4a), and appeared to
be twisted because the width of the thick portion was ca. 5
nm and that of the thin portion was ca. 4 nm. Figure 4b
suggests that the individual fimbriae consisted of regularly
spaced monomers or subunits which appeared to be prolate
spheroids. The number of monomers per turn of the helix
appeared to be 9. The spacing of the monomers in each
fimbriae, measured along the axis of the fimbriae, was found
to be 4 nm. We therefore estimate that the monomer has a
length of 5 nm and a diameter of 4 nm.
Amino acid composition. As mentioned above, B. gingiva-

lis fimbriae were apparently composed of subunits of only
one type, i.e., the 43K protein. The preparation obtained by
method A was applied to preparative SDS-PAGE to separate
the 43K protein from the 75K protein. Amino acid composi-
tions of this preparation as well as the preparation obtained
from the cell wash (method B) were determined (Table 1).
The two preparations purified from different starting materi-
als had essentially the same amino acid composition, rein-
forcing the supposition that both are identical. Interestingly,
B. gingivalis fimbriae had a nonpolar amino acid content
(48.8%) similar to those of fimbriae of other bacteria (43.8 to
56.3% in Table 10.12 of reference 18). Cysteine was not
detected, even with methanesulfonic acid hydrolysis.

Immunological reactions. A monospecific antiserum was
raised in rabbits against denatured fimbrilin monomers ex-
cised from an SDS-polyacrylamide gel. Ouchterlony
immunodiffusion tests in the presence of detergents showed
that after boiling in SDS, our two preparations of fimbriae
were immunologically identical (Fig. 5). The antiserum re-
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954 YOSHIMURA ET AL.

TABLE 1. Amino acid composition of B. gingivalis fimbriae

Residuesa/molecule of subunit
Amino Peaain2Assumed
acid Preparation Preparation 2 value

1,A A B

Asx 54.9 53.4 51.3 53
Thr 31.6 32.8 31.8 32
Ser 24.1 16.2 15.1 16
Glx 44.5 42.5 39.5 42
Pro 17.5 19.3 16.2 18
Gly 46.1 33.1 32.2 33b
Ala 50 50 50 50
Cys/2 0 0 0 0
Val 28.1 28.1 26.8 28
Met 6.29 5.44 6.02 6
Ile 19.1 21.0 18.1 19
Leu 27.7 29.0 26.5 28
Tyr 18.6 12.5 20.6 21c
Phe 8.67 9.10 8.02 9
His 6.03 6.57 5.34 6
Lys 27.0 31.1 26.4 28
Arg 6.70 6.94 6.13 7
Trp 3.98 4

a Analytical values are indicated as molar ratios relative to 50 mol of
alanine. Assumed values are derived from the averages of preparation 1 and 2.
Fimbrilin, the 43K protein in Fig. 2a, lane D (method A) and the fimbriae
preparation in Fig. 2b, lane F (method B) were used for preparation 1 and
preparation 2, respectively. The same lot was used for A and B of preparation
2. The preparations were hydrolyzed with either 6 N HCI (A) at 110°C for 24 h
or 4 N methanesulfonic acid (B) at 115°C for 24 h.

b Values are the averages of A and B in preparation 2 because values of Ser
and Gly residues in preparation 1 may be over estimated due to contamination
during a preparative SDS-PAGE.

c The number is derived from the value in the preparation B column, which
is most reliable because Tyr is partially destroyed by HCI hydrolysis.

acted only with the denatured subunits, i.e., when fimbriae
were heated in SDS (final concentration, 0.5%) at 100°C for 5
min before samples were placed into wells. No precipitating
line was observed with native, polymeric fimbriae; this was
not because fimbriae were too large to diffuse into agarose
gel (1%), since the native fimbriae preparations made a
single precipitating line close to antigen wells with an
antiserum raised against the polymeric fimbriae purified
from the bacterial wash. This specificity of the antiserum
against denatured fimbrilin monomers was confirmed by
analyses of immunoprecipitating products in SDS-PAGE
(data not shown).
The antiserum against polymerized fimbriae, on the other

hand, did not react at all on an Ouchterlony plate with
denatured fimbrilin monomers. The antiserum against poly-
meric fimbriae, but not that against the denatured fimbrilin
monomers showed bacterial agglutination titers of 6,400 to
12,800 with B. gingivalis cells. Reactions similar to those
described above have been observed between the flagellar
filament and the denatured flagellin (22) as well as between
the porin trimer and the denatured porin (4).
The antisera against fimbriae and their subunits also

suggested that B. gingivalis fimbriae were immunologically
species specific among black-pigmented Bacteroides species
such as B. macacae ATCC 33141, B. intermedius ATCC
25611, and B. asaccharolyticus ATCC 25260 and that B.
gingivalis ATCC 33277 had fimbriae immunologically identi-
cal to those of B. gingivalis 381 (Fig. 6, part of data not
shown).

Stability. As mentioned above, B. gingivalis fimbriae
appeared to be relatively stable in SDS, since fimbriae did
not dissociate during gel filtration in SDS and SDS-PAGE at
room temperature. Even heating in SDS (more than 1%) at

70°C for 20 min did not cause dissociation (Fig. 7, lane A).
After being heated at 80°C for 20 min, fimbriae were partially
dissociated to monomers, and a ladder-like appearance
occurred in SDS-PAGE (Fig. 7, lane B). The ladder was
inferred to reflect the presence of monomers, dimers, tri-
mers, and higher oligomers. Although each band did not
show the migration rate expected from multiples of the
apparent molecular weight, we presume that this is due to
the effect of molecular shape and incomplete binding of SDS.
Heating at 100°C for 5 min in SDS produced a complete
dissociation of fimbriae. The heat stability was not induced
by the presence of SDS, because fimbriae were even more
stable in the absence of SDS. Heating at 100°C for 5 min in 3
mM Tris-hydrochloride (pH 8.0) without SDS dissociated
only a small portion of fimbriae (data not shown).

Hemagglutination. Many fimbriae have hemagglutinating
activity as well as ability to adhere to other cells (2, 18). B.
gingivalis is capable of agglutinating the erythrocytes of
many animal species (15), and it has been inferred that this
property is related to fimbriae (16, 26). Therefore, we
examined hemagglutinating activity and hemagglutination
inhibitory activity of the purified preparations of fimbriae.
Preparations purified in the presence of absence of SDS did
not show either hemagglutinating activity or hemagglutina-
tion inhibitory activity up to 59 ,ug of protein, although
controls which used culture supernatant from B. gingivalis
contained 12,800 hemagglutination units in 1 ml in assays
with chicken erythrocytes (0.5% [vol/vol]). This absence of
activity of our fimbriae was not due to inactivation during
purification, because intact fimbriae prepared without SDS
could not hemagglutinate these cells and because even the
crude preparation of fimbriae, a bacterial wash, showed
much less hemagglutinating activity (2,560 hemagglutination
units per ml) than that (20,480 hemagglutination units per ml)
of the culture supernatant of B. gingivalis. For the assay of
hemagglutination inhibitory activity, the culture supernatant
was used at the concentration that is two steps higher in
twofold serial dilution than the concentration in the last
hemagglutination-positive well.

FIG. 5. Ouchterlony immunodiffusion analysis with antiserum
against fimbrilin monomers. Antigens which were heated at 100°C
for 5 min (Bi and B2) or unheated (B1' and B2') in SDS and the
antiserum were placed into wells (ca. 15 RI) in agarose containing
detergents. Al, antiserum against fimbrilin monomers, the 43K
proteins; Bl and Bl', fimbriae purified by method A (Fig. 2, lane C),
ca. 20 ,ug of protein; B2 and B2', fimbriae purified by method B (Fig.
2, lane F), ca. 10 ,ug of protein.
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DISCUSSION
In this study, we have shown that fimbriae could be

prepared from a B. gingivalis cell-lysate fraction or a bacteri-
al wash in the presence or absence of SDS, respectively. B.
gingivalis fimbriae had several striking characteristics: (i)
they were curly filaments composed of a single strand ca. 5
nm in width and belonged to fimbriae of the thin type; (ii)
they were heat stable, even in SDS; (iii) they existed as a
major component of these bacterial cells in an amount
equivalent to the major outer membrane proteins of many
gram-negative bacteria (14); (iv) the apparent molecular
weight (43,000) of fimbriae subunits was higher than those
(15,000 to 28,000) previously reported for fimbriae of other
bacteria (6, 7, 18); (v) fimbriae purified did not have the
capacity to hemagglutinate or inhibit hemagglutination by B.
gingivalis, suggesting that B. gingivalis should have either
lectin type protein or fimbriae of another type as the
hemagglutinating factor. An amino-terminal sequence of the
first 24 residues of the fimbrilin (F. Yoshimura, T. Takasawa

A

B

C

D

E

FIG. 6. Bacterial agglutination by antiserum against B. gingivalis
fimbriae and their constituent monomers. The antisera against
fimbriae (A through D) and their subunits (E) were first diluted 100
times (A and B) or undiluted (C through E) with 20 mM Tris-
hydrochloride (pH 8.0)-0.15 M NaCl-10 mM MgCl2and then were
diluted in twofold serial steps on a hemagglutination plate (each
well, 0.5 ml). Bacteria were anaerobically grown for 24 to 40 h and
were collected by centrifugation (2,000 rpm for 20 min). The cells
were suspended to 1.5 U of absorbance at 600 nm in the above buffer
The cell suspensions (0.5 ml) were added to and mixed with diluted
antisera in the well. The plate was then incubated for 1.5 h at room
temperature. (A) B. gingivalis 381, (B) B. gingivalis ATCC 33277,
(C) B. asaccharolyticus ATCC 25260, (D) B. macacae ATCC 33141,
(E) B. gingivalis 381. Row 3, third well in twofold serial dilution on
the plate. No agglutination occurred in the first and second wells in
lanes C and D, although atypical agglutination that was different
from that in lanes A and B was observed in the first and second wells
in lane E.

i
|.NoiW ---_-----

FIG. 7. Stability of B. gingivalis fimbriae in SDS. B. gingivalis
fimbriae (same preparation as in Fig. 2, lane C, 30 ,ul) were heated at
70°C for 20 min (lane A), at 80°C for 20 min (lane B), or at 100°C for 5

min (lane C) with 10 RI1 for the solubilization buffer (0.13 M Tris-
hydrochloride [pH 6.8], 4% SDS, 10% 2-mercaptoethanol, 2%
glycerol, 0.001% bromphenol blue). The treated samples were

applied to SDS-PAGE.

and T. Suzuki, unpublished data) further indicates that B.
gingivalis fimbriae have a primary structure different from
fimbriae of Neisseria gonorrhoeae, Moraxella nonliquefa-
ciens, Pseudomonas aeruginosa PAK, Bacteroides nodo-
sus, and Escherichia coli and K88 and CFA/1 fimbriae (7, 11,
18).

Antisera against fimbriae and their subunits reacted with
whole cells and whole cells solubilized by SDS, respectively,
of B. gingivalis 381 and B. gingivalis ATCC 33277. In
contrast, the antisera did not react with those ofB. assachar-
olyticus ATCC 25260, B. maccacae ATCC 33141 and B.
intermedius ATCC 25611. These observations are consistent
with the results of previous work (10, 19), which showed that
B. gingivalis and B. assacharolyticus were immunologically
distinct from each other by using antisera against whole
cells. Fimbriae seem to be a species-specific component of
B. gingivalis, although a comprehensive screening of B.
gingivalis and closely related Bacteroides strains is needed.
If the fimbriae are really species specific and play a role in
adherence to mucosal or other bacterial surfaces, they may
be a useful tool for determining human antibody response to
B. gingivalis and may be good material for vaccine prepara-
tion. Antiserum against the fimbriae may also be useful for
identifying B. gingivalis and for estimating, by means of
fluorescent antibody stain (13), the population of B. gingiva-
lis in clinical specimens and other materials.
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In other studies (13, 15) B. gingivalis cells that had been
washed several times with saline or phosphate-buffered
saline were used for either preparing antigen or extracting
fimbriae. A considerable amount of fimbriae could be easily
released by the shearing force which is inherent in washing
and resuspension; in fact, ca. 5 mg of protein from fimbriae
was obtained in a pure form from the cell wash derived from
a 1.7-liter culture. Therefore, fewer fimbriae, if any, could
have been present in preparations used in previous studies.
Fewer fimbriae appear in culture supernatants (24- to 48-h
culture). As mentioned in a previous report (26), the sonica-
tion of whole cells appears to make the subsequent purifica-
tion of fimbriae difficult because of contamination caused by
cell lysis. However, we could purify fimbriae, even from a
cell-lysate fraction, partly because this highly polymerized
structure was resistant to SDS.
The estimated size (5 by 4 nm) of the monomers (apparent

molecular weight of 43,000) of fimbrilin is reasonable when
compared with actin monomers; they are globular with a
diameter of 5.5 nm and a molecular weight of 42,000 (3).
The lack of hemagglutinating ability does not necessarily

indicate that B. gingivalis fimbriae have nothing to do with
adherence of the organisms. More specific binding tests to
oral surfaces and to the gram-positive bacteria are of impor-
tance. Slots and Gibbons (26) reported that B. gingivalis 381
(previously B. melaninogenicus subsp. asaccharolyticus
381) had the capacity to attach to erythrocytes, to human
crevicular epithelial cells, and to human buccal epithelial
cells as well as to the surfaces of the gram-positive bacteria.
They showed that, in contrast to the adherence-inhibiting
effects of saliva and serum on the attachment ofB. gingivalis
to erythrocytes and the human cells, these fluids did not
strongly inhibit the attachment of B. gingivalis to the gram-
positive bacteria studied. These observations suggest that
the surfaces of the gram-positive bacteria may serve as
important receptors for the attachment of B. gingivalis and
support our assumption that there may be at least two kinds
of adherence; the fimbriae purified in this study may be
involved in the attachment of the organism to other bacteria
rather than to host cells. Such an assumption is also support-
ed by electron microscopy of fimbriae on either saccharoly-
tic strains lacking hemagglutinating activity or asaccharoly-
tic strains possessing this activity for B. melaninogenicus
and by the fact that hemagglutinating activity of intact B.
gingivalis 381 cells and of partially purified fimbriae was
completely destroyed by heating at 60°C for 15 min (26).

Since the 43K fimbrilin protein was about one-half the
apparent molecular weight of the 75K protein, we consid-
ered the possibility that the 75K protein in our fimbriae
preparation was related to fimbrilin. To test this hypothesis,
the 75K envelope protein was partially purified in SDS, and
a specific rabbit antiserum against the 75K protein was
raised, using a preparation excised from the SDS-polyacryl-
amide gel as the antigen. Analysis with this antiserum
proved the immunological identity of the 75K protein found
in the fimbriae and in envelope preparations. The 43K
protein was immunologically distinct from the 75K protein
(data not shown).

Since the 75K protein was a major protein in whole-
envelope preparations and since after mechanical breakage
of cells some of the 75K protein coeluted with fimbriae
during gel filtration, we considered the possibility that the
75K protein was involved in the attachment of fimbriae to
the membrane. However, when the fimbriae preparation
containing the 75K protein as a minor component was mixed
with the monospecific antiserum against the 75K protein,

almost all of the 75K protein but only a small amount of the
43K protein precipitated (data not shown).
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