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The gene encoding the fimbrial subunit protein of Bacteroides gingivalis 381, fimbrilin, has been cloned and
sequenced. The gene was present as a single copy on the bacterial chromosome, and the codon usage in the gene
conformed closely to that expected for an abundant protein. The predicted size of the mature protein was
35,924 daltons, and the secretory form may have had a 10-amino-acid, hydrophilic leader sequence similar to
the leader sequences of the MePhe fimbriae family. The protein sequence had no marked similarity to known
fimbrial sequences, and no homologous sequences could be found in other black-pigmented Bacteroides species,
suggesting that fimbrilin represents a class of fimbrial subunit protein of limited distribution.

Black-pigmented members of the anaerobic gram-negative
genus Bacteroides are frequent colonists of the human oral
cavity (6, 25, 26). In particular, Bacteroides gingivalis has
been shown to comprise a significant proportion of the
cultivable flora in established periodontal lesions (37, 46)
and has been implicated in the pathogenesis of periodontal
disease (35).

It is widely accepted that one of the first stages in
colonization by bacteria is adherence (1, 2). Bacterial fim-
briae (pili) have been shown to mediate specific cell adhesion
to surfaces (1-3, 8), and their presence has been demon-
strated on several black-pigmented Bacteroides species,
including B. gingivalis (14, 30, 35, 36). However, the adhe-
sive function of B. gingivalis fimbriae has yet to be estab-
lished. Some reports have correlated the hemagglutinating
activity of B. gingivalis (29, 30, 34, 36) with fimbriation (29,
36), indicating a potential role in binding to oral epithelial
cells. Other studies have found no correlation between
fimbriae and hemagglutination in this organism (5, 44). In
one of these studies, fimbriae were purified from B. gingi-
valis 381 by shearing, and hemagglutinating activity did not
purify with the fimbriae (44). These different results could
have been due to copurification of the hemagglutination
factor with fimbriae in certain preparations or they could
have been caused by the presence of different types of
fimbriae on the different B. gingivalis strains used in these
studies.
The fimbrial subunit protein of B. gingivalis 381, fimbrilin,

is approximately 43 kilodaltons, as determined by gel elec-
trophoresis (44). The N-terminal sequence of the subunit
protein appears to be unrelated to the N termini of fimbriae
from other species, including the nonpigmented Bacteroides
nodosus (45). No data are available on the relationships, if
any, between B. gingivalis fimbriae and those of the other
black-pigmented Bacteroides species.
We have sought to isolate a recombinant clone carrying

the fimbrilin gene from B. gingivalis 381. We had two
specific aims: first, to provide basic information on the
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structure of the subunit protein, which might provide further
clues to its function and to any relationship with other
fimbriae; and second, to provide a DNA hybridization probe
which would allow us to investigate the presence of related
genes in other black-pigmented Bacteroides species and the
expression of the fimbrilin gene in fimbriate strains of B.
gingivalis.

(Part of this work appeared as an abstract at the 1986
International Association of Dental Research annual meeting
[D. P. Dickinson, M. Kubiniec, F. Yoshimura, and R. J.
Genco, J. Dent. Res. 65:24, 1986].)

MATERIALS AND METHODS
Strains and media. B. gingivalis 381 (kindly provided by S.

Socransky) was maintained on blood agar plates (40 g of
tryptic soy agar per liter, 1 g of yeast extract per liter, and
5% defibrinated sheep blood, supplemented with 1 mg of
vitamin K1 per liter). Cells were transferred to fresh plates
every 4 to 7 days. Growth was at 37°C in an anaerobic
chamber (Coy Laboratory Products) under an atmosphere of
85% nitrogen, 10% hydrogen, and 5% carbon dioxide. For
liquid cultures, 10 ml of 0.5 x brain heart infusion medium
(per liter: 20 g of brain heart infusion, 0.75 g of cysteine, 5 mg
of hemin, and 1 mg of vitamin K1) was inoculated with a
single colony and grown anaerobically at 37°C for 1 to 2
days. This preculture was then used to inoculate larger
volumes of 0.5x brain heart infusion medium for growth
under the same conditions. Colony purity was assessed by
Gram stain, phase-contrast microscopy, and anaerobic and
aerobic culture on blood agar plates. Escherichia coli JM83
[F- ara A(lac-pro) strA thi 480d lacZ AM15) was used as the
host strain for pUC13 plasmid subclones (40). E. coli DH-1
(F- recAl endAl gyrA96 thi-J hsdRJ7 supE44 relAI) was
used as the host strain for cosmid cloning (13) with the
cosmid vector pJB8 (17). Cells were maintained as frozen
glycerol stocks, and each strain colony was purified before
use by plating on Luria agar plates (21). Routine liquid
cultures were prepared by single-colony inoculation of a
5-ml Luria broth overnight culture, which was then used to
inoculate (1:100) larger volumes of medium. Growth was
aerobic at 37°C with shaking (250 rpm). The selective me-
dium contained 50 ,ug of ampicillin per ml.

Isolation of high-molecular-weight genomic DNA. DNA
was isolated from B. gingivalis 381 and E. coli JM83 and
DH-1 by a modification of the method of Meyer et al. (24).
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Briefly, cells in the late logarithmic phase of growth were
lysed in 1.6% sodium dodecyl sulfate, 50 mM NaCI, 50 mM
Tris hydrochloride, and 50 mM EDTA (pH 7.5). RNA and
protein were digested by successive treatment with RNase A
(1 ,ug/ml) and pronase (0.5 mg/ml), and high-molecular-
weight DNA was purified by repeated phenol extraction
followed by ammonium acetate-isopropanol precipitation
(21). The yields were ca. 10 to 30 mg of DNA per liter of
culture, and the DNA was >100 kilobases (kb), as judged by
gel electrophoresis on 0.3% agarose gels.

Construction and testing of oligonucleotide probes. Several
17- to 20-residue mixed-base probes were synthesized to
correspond to the N-terminal coding sequence of fimbrilin by
using phosphoramidite chemistry (4) on an Applied Biosys-
tems model 380A DNA synthesizer. Each probe was de-
salted by gel exclusion chromatography on a Sephadex G-50
column (18 by 0.7 cm) eluted with 10 mM triethylammonium
bicarbonate (pH 7.0) and lyophilized. The probes were then
5' end-labeled with 32p in a 20-,ul reaction containing 300
pmol of oligonucleotide, 70 mM Tris hydrochloride (pH 7.6),
10 mM MgCl2, 5 mM dithiothreitol, 0.1 mM spermidine, 150
,uCi of [y-32P]rATP (7,000 Ci/mmol), and 10 U of T4 poly-
nucleotide kinase (Bethesda Research Laboratories, Inc.).
The reaction was incubated at 37°C for 1 h, and the labeled
probes were used without further purification. To test oligo-
nucleotides as probes for detecting the fimbrilin gene, 5-,ug
samples of B. gingivalis 381 and E. coli genomic DNA and 1
,ug ofboth pJB8 and pUC13 vector DNAs were digested with
BamHI, electrophoresed on 1% agarose gels, and trans-
ferred to nylon membranes (Zetabind; AMF Cuno) (38). The
baked filters were rinsed at 65°C for 30 min in 3 x SSC (lx
SSC is 0.15 M NaCl plus 0.015 M sodium citrate, pH
7.0)-0.1% sodium dodecyl sulfate and then prehybridized
with 6x SSC-1 x Denhardt solution (21)-100 ,g of sheared
denatured salmon sperm DNA per ml-0.05% sodium pyro-
phosphate at 1 ml/cm2 of the blot. Hybridization with the
probes was performed in the same volume of fresh prehy-
bridization mix containing 2 x 106 to 3 x 106 cpm/ml of
probe. Hybridization was continued overnight at 37°C, after
which the blots were rinsed four times at room temperature
with 500 ml of 6x SSC-0.05% sodium pyrophosphate. To
establish probe specificities and wash stringencies, the filters
were further washed at increasing temperatures. Each suc-
cessive wash was performed for 15 min with 500 ml of 6x
SSC-0.05% sodium pyrophosphate at 37, 47, 50, and 52°C.
Between each temperature increment, the filter was re-
moved, blotted dry, and autoradiographed overnight at
-70°C with an intensifying screen.
Cosmid cloning and screening of the cosmid library. A

1,200-,u reaction mixture containing 250 p.g of B. gingivalis
genomic DNA, 100 mM NaCl, 10 mM MgCl2, 10 mM Tris
hydrochloride (pH 7.5), and 100 jig of bovine serum albumin
per ml was prewarmed to 37°C for 20 min. Then 2.5 U of
Sau3AI (New England BioLabs, Inc.) was added, and at
intervals of 10, 25, and 40 min, 400-pu samples were with-
drawn and added to 20 ,ul of 0.5 M EDTA (pH 8.0). This
protocol yielded Sau3AI fragments in the range of 20 to 50
kb, as shown by electrophoresis of samples of each fraction
in the cold at 3 V/cm on 0.3% agarose gels with TAE buffer
(21) containing 0.5 ,ug of ethidium bromide per ml. Bacterio-
phage A DNA and suitable restriction fragments of k DNA
were used as size markers. DNA fragments in the pooled
samples were separated on a 30-ml 5 to 25% sucrose gradient
containing 10 mM Tris hydrochloride and 1 mM EDTA (pH
7.5) by centrifugation for 14 h at 22,500 rpm and 15°C in a
Beckman SW-28 rotor. Fractions (1.2 ml) were collected and

analyzed on 0.3% agarose gels as described above. DNA
fragments in the 30- to 50-kb range were recovered by
precipitation with ammonium acetate-isopropanol from ap-
propriate fractions. Cosmids were constructed essentially as
described by Grosveld et al. (12). The cosmid vector pJB8
(17) was linearized with BamHI and treated with phospha-
tase. The DNA fragments were ligated into the vector, and
the ligation mix was packaged into bacteriophage k heads
with a commercial packaging kit (Promega-Biotec). The
packaged heads were then used to infect E. coli DH-1 as
described previously (21). Cosmids were replicated onto
nitrocellulose disks and lysed in situ by sequential treatment
with sodium dodecyl sulfate and NaOH (21). After being
baked, the filters were hybridized with oligonucleotide
BGFIM2 (see Results) essentially as described above.

Plasmid cloning. To clone B. gingivalis genomic DNA
fragments into pUC13 (40), 100 pug of B. gingivalis 381
genomic DNA was digested to completion with Sacl restric-
tion endonuclease as recommended by the manufacturer
(New England BioLabs). This enzyme was chosen because
it produced the smallest fragment (2.5 kb) that carried a
sequence complementary to BGFIM2 (see Results) and that
was compatible with the vector polylinker cloning sites. The
restricted DNA was electrophoresed on a 1% agarose pre-
parative gel, the region of the gel containing fragments of 2 to
3 kb was excised, and the DNA (about 1 jxg) was recovered
by electroelution (model 1750 sample concentrator; ISCO).
The pUC13 vector was linearized with Sacl and treated with
calf intestinal alkaline phosphatase (21). The Sacl genomic
DNA fragments were ligated into the vector, and the ligation
mix was used to transform JM83 cells rendered competent
by calcium chloride treatment (21). 5-Bromo-4-chloro-3-
indolyl-p-D-galactopyranoside was used to identify recombi-
nants as white colonies (40).

Screening ofSaI clones. Normally, recombinants carrying
cloned sequences are identified by replication onto filters,
followed by colony lysis and probe hybridization. Positive
colonies are then purified, retested by filter colony screen-
ing, and characterized by restriction endonuclease analysis
and Southern blotting. However, since the electroeluted
genomic DNA sample used to construct the pUC13 library
contained only 5 to 10 SacI fragments (not shown), 1 of
which contained a sequence complementary to our oligonu-
cleotide probe, the probability of finding a positive clone in
the first 22 recombinants examined at random (assuming
equal cloning efficiencies) was >90%. We therefore em-
ployed a rapid, direct Southern blot analysis of isolated
plasmid DNA to initially test individual recombinants and
simultaneously provide direct information on the clone in-
serts. White colonies were picked off the primary plate and
inoculated both onto a selective agar plate (to provide a
stock) and into 1 ml of selective Luria broth. After overnight
growth, plasmid DNA from 22 broth cultures was isolated by
the rapid alkaline lysis method of Ish-Horowicz and Burke
(17) and digested with SacI for 1 h, and the fragments were
separated on a single 0.7% agarose gel containing 0.5 ,ug of
ethidium bromide per ml. The DNA was transferred to a
nylon membrane (38) for 2 h. Transfer of most of the DNA
was verified by examination of the gel and filter under UV.
The filter was baked for 1 h at 80°C in vacuo and then
hybridized with the oligonucleotide probe essentially as
described above, except that the hybridization time was
reduced to 5 h, the filter was washed directly at 52°C, and
X-ray film was exposed overnight with an intensifying
screen.

Sequencing. A putative fimbrilin clone (pUC13Bg12.1; see

VOL. 170, 1988



1660 DICKINSON ET AL.

Results) was characterized by restriction mapping (21) and
Southern blotting (38) with oligonucleotide probe BGFIM2.
Subclones were then constructed in either pUC13 or pUC18
by using appropriate restriction fragments. These subclones
were then linearized by restriction endonuclease digestion at
an appropriate site in the vector polylinker region. For
5'-to-3' sequencing, the linearized DNA was treated with
alkaline phosphatase (21) and separated from residual RNA
by agarose gel electrophoresis and electroelution. The DNA
was end labeled essentially as described above, except that
a 50-pul reaction mixture with 200 ,uCi of [_y-32P]rATP was
used. Free label was removed by precipitating the DNA with
2.5 mM spermidine-10% dimethyl sulfoxide at -70°C for 10
min, thawing it on ice for 1 h, and recovering the DNA by
centrifugation. The labeled DNA was washed three times
with cold 70% ethanol and dried. For 3'-to-5' sequencing,
the DNA was labeled with the appropriate deoxynucleotide
triphosphate by using a Klenow fill-in reaction (21). Labeled
DNAs were then restricted with a second enzyme, and the
fragments were purified by gel electrophoresis and electro-
elution. The fragments were sequenced by the method of
Maxam and Gilbert (23). A search was conducted of the
Protein Sequence Data Base of the Protein Identification
Resource (release no. 7.0, 1986; National Biomedical Re-
search Foundation, Georgetown University Medical Center,
Washington, D.C.) for protein sequences similar to the
derived fimbrilin sequence.

Southern blot analysis of black-pigmented Bacteroides spe-
cies by using the fimbrilin clone. The 2.5-kb Sacl insert in
pUC13Bg12.1 was labeled by the random primed method of
Feinberg and Vogelstein (7) to a specific activity of >3 x 108
cpm/,Lg with [a-32P]dCTP. High-molecular-weight genomic
DNA was isolated from the American Type Culture Collec-
tion type strains of black-pigmented Bacteroides species,
essentially as described above for B. gingivalis. The strains
used were B. endodontalis ATCC 35406, B. asaccharoly-
ticus ATCC 25260 and ATCC 27067, B. gingivalis ATCC
33277, B. intermedius ATCC 25611 and ATCC 25261, B.
corporis, ATCC 33547, B. melaninogenicus ATCC 25845, B.
denticola ATCC 33185, B. loescheii ATCC 15930, and B.
levii ATCC 29147. After restriction of 1 ,ug of DNA from
each strain with PstI and electrophoresis on a 0.7% agarose
gel, the DNA fragments were transferred to nylon membrane
as described above. The baked filters were rinsed at room
temperature in 6x SSC and then incubated at 65°C for 1 h in
200 ml of 1Ox Denhardt solution-4x SSC-0.1% sodium
dodecyl sulfate-0.1% sodium pyrophosphate per filter. The
filters were then prehybridized for 4 h at 60°C in 25 ml of 5 x
SSC-5x Denhardt solution-0.1% sodium dodecyl sulfate-
10% dextran sulfate-100-,ug/ml denatured salmon sperm
DNA per filter; then 2 x 106 cpm of denatured probe per ml
was added. After overnight incubation at 60°C, the filters
were washed several times at 60°C. Each wash was per-
formed for 45 min with 200 ml of 5 x SSC-0.1% sodium
dodecyl sulfate. The dried filters were then exposed to X-ray
film with an intensifying screen at -70°C for various times.

RESULTS AND DISCUSSION

Oligonucleotide probes for detecting the fimbrilin gene. The
availability of the N-terminal peptide sequence of B. gingi-
valis 381 (44) allowed us to design oligonucleotide probes
which would hybridize to the corresponding region of the
genome. Synthesized probes were radiolabeled and tested
by Southern blot hybridization analysis of B. gingivalis
genomic DNA. A 20-mer probe designated BGFIM2 (5'-

GCNAARTTRACNGTNATGGT-3'OH) yielded a single
band of ca. 6.5 kb with B. gingivalis genomic DNA, even at
the most stringent temperature tested, and yielded no de-
tectable signal with an equivalent amount of BamHI-di-
gested E. coli genomic DNA or with a >100-fold molar
excess of vector DNA, even at the lower stringencies tested
(data not shown). In contrast, the other probes we tested
gave either weak signals, cross-hybridization with control
DNAs, or both. We therefore used BGFIM2 as a hybridiza-
tion probe to screen for recombinants carrying fimbrilin
sequences.
Cosmid library construction and screening. We initially

sought to construct a cosmid library containing B. gingivalis
genomic DNA fragments, since a clone carrying the fimbrilin
subunit gene might also carry accessory genes involved in
fimbriation, as has been found in other cases (20, 28, 31; for
a review, see reference 8). At least 94% of the clones carried
an appropriate insert, as shown by BamHI digestion of
small-scale cosmid preparations (17) and gel electrophoresis
(not shown). Despite screening over 2,000 clones (for a
probability of >99.9% that the library contained the fimbrilin
gene, assuming all fragments cloned with equal efficiency
[21]), we failed to detect a clone that gave a significant
hybridization signal, even after chloramphenicol amplifica-
tion (21).

Plasmid cloning. One possible explanation for our failure
to detect clones in the cosmid library which carried fimbrilin
sequences was a deleterious effect on E. coli of sequences
closely linked to the fimbrilin gene. Cloning of substantially
smaller DNA fragments could obviate this potential diffi-
culty. Preliminary Southern blot data obtained by using
BGFIM2 as probe (not shown) indicated that SacI produced
a ca. 2.5-kb genomic DNA fragment that hybridized with the
probe. Other enzymes tested that would give appropriately
sized fragments and that would clone efficiently into the
polylinker region of the pUC13 vector all gave larger frag-
ments. Therefore, SacI fragments of B. gingivalis 381 ge-
nomic DNA in the range of 2 to 3 kb were cloned into
pUC13. We estimate that there were 5 to 10 fragments in this
size range, judging by the number and intensity of bands
seen on ethidium bromide-stained agarose gels. Of the first
22 clones screened by direct Southern blot analysis, 1
carried a 2.5-kb Sacl fragment that strongly hybridized with
the BGFIM2 probe. This clone was designated pUC13
Bgl2.1.

Sequence analysis of pUC13Bg12.1. A map of selected
restriction sites for clone pUC13Bg12.1 and the sequencing
strategy used are shown in Fig. 1. To facilitate sequencing by
the method of Maxam and Gilbert (23), subclones were
constructed in pUC13. During subcloning, fragments de-
rived from the region between the 3' end of the fimbrilin gene
and the downstream SacI site were inserted into the poly-
linker of pUC13 in the orientation opposite to that in the
parent clone. Such constructs were highly deleterious to E.
coli. Clones containing these inserts could be distinguished
on plates as flat, transparent gray colonies which micro-
scopic examination showed to contain many dead cells and
cell wall ghosts. The gene fragments caused no adverse
effect when cloned in the orientation opposite to that of the
lacZ gene in pUC18. The apparently lethal effect of this
region of the B. gingivalis genome onE. coli may explain our
failure to obtain a cosmid clone.
The predicted sequence of the fimbrilin gene is shown in

Fig. 2. The region comprising the major open reading frame
that includes the BGFIM2 sequence (see below) was se-
quenced on both strands, and the majority of each strand
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Transcription

SqtcI HinPI nAc II fI PvuU &nPI Jlc I4f.4 4
laCZ o.p.

IrioPI NincII

FIG. 1. Sequencing strategy used to determine the nucleotide sequence of pUC13Bg12.1. With the exception of the sequence derived from
the SspI site, which was determined by directly labeling SspI-digested pUC13Bg12.1, the sequences were determined from fragments
subcloned into pUC13 or pUC18 by using appropriate restriction sites in the polylinkers. Symbols: *, 5' end labeled; d, 3' end labeled; _,
vector DNA (o., lac operator; p., lac promoter); cui, region encoding the fimbrilin protein; , N-terminal region complementary to the
oligonucleotide probe. The presumptive direction of transcription in B. gingivalis, based on subsequent nucleotide sequencing of the clone,
is indicated by the large arrow. Small arrows indicate direction of sequencing.

was covered in both directions. All cloning sites were
sequenced through, and no ambiguities remained.
pUC13Bg12.1 and complete fimbrilin gene correspondence.

The region of pUC13Bg12.1 that hybridized to the BGFIM2
oligonucleotide probe was localized by Southern blot anal-
ysis to the sequence bounded by the SspI site and the
adjacent PstI site. The sequence of this region includes a
span of 20 nucleotides that corresponds exactly to one of the
isomers in the mixed oligonucleotide probe BGFIM2 and
that contains a HihcII site (Fig. 1 and 2). As further
confirmation of the uniqueness of this probe, Southern blot
analysis of HinclI-digested pUC13Bg12.1 failed to give a
signal due to cleavage within the region recognized by the
probe, since it gave fragments with regions of homology too
short to form stable hybrids (not shown). This 20-base
sequence defined an open reading frame which extended
from base 113 to base 1277.

Beginning at base 266 is a stretch of 24 codons that codes
precisely for the known N-terminal sequence of mature B.
gingivalis 381 fimbrilin (45). The open reading frame ex-
tended downstream from the N-terminal alanine codon for a
total of 337 codons, until it was terminated by TAA. Assum-
ing no further processing of the polypeptide, this would
produce a mature fimbrilin polypeptide of 35,924 daltons, or
somewhat smaller than the estimate of 43,000 daltons de-
rived from sodium dodecyl sulfate gel electrophoresis (44).
One possibility was that the clone had undergone a deletion
of a portion of the coding sequence. This would require the
loss of approximately 175 bases during cloning while main-
taining an open reading frame (unless the loss occurred at the
C-terminal region). To test this possibility, we first per-
formed detailed restriction site mapping of the B. gingivalis
fimbrilin gene based on information obtained from the clone
sequence. When this experiment was designed, small frag-
ments were chosen to maximize the probability of detecting
differences. We found no discrepancy between the clone and
the genomic DNA it represented (data not shown), which
strongly suggests that a deletion had not occurred during
cloning. Since the coding region was sequenced on both
strands by using overlapping fragments, we had no indica-
tions of a sequencing error. To rule out the possibility that
we had erred in the assignment of the termination codon, the
three C-terminal amino acids were determined by the car-
boxypeptidase method and shown to be in agreement with
our sequence data (F. Yoshimura, unpublished observa-
tions). A 20% discrepancy in size could give rise to differ-
ences between the predicted amino acid composition and
that found by direct amino acid analysis of the protein. There
was very close agreement between these two approaches,

again suggesting that a deletion or an error had not occurred
(Table 1). The simplest explanation for the observed size
difference is that the fimbrilin polypeptide migrated aber-
rantly on sodium dodecyl sulfate gels compared with globu-
lar protein size markers. Such discrepancies are not unusual,
for example, chromogranin A has an apparent molecular
weight of 75,000 daltons but a true size of 48,000 daltons as
determined by DNA sequencing (15).
Codon usage. Codon usage has been proposed as a factor

in determining the efficiency of translation of messages (10,
11). The codon usage for the fimbrilin gene is shown in Table
2. There was a marked bias toward the use of U and against
the use of C in the third position of quartet codons (U:C =
59:32), consistent with favoring codon-anticodon complexes
of intermediate energy (10). For individual codons, the usage
was comparable to that of highly expressed genes in other
bacteria. Cognate tRNAs for codons AUA, CGG, AGA,
AGG, CUA, CGA, GGA, and GGG are rare in E. coli or
interact only weakly, and the use of these codons is avoided
in highly expressed proteins (10, 11). With the exception of
GGA and GGG, which were used only once, the remaining
codons were not used at all in the fimbrilin gene. Other
codons used rarely in highly expressed bacterial genes are
UCA, UCG, ACG, CUC, CUU, CCU, and CCC (10). Of
these, UCG, ACG, and CCC were used rarely or not at all in
the fimbrilin gene. Although the leucine codons CUU and
CUC accounted for nearly half of the leucine codons, CUG
was clearly the preferred codon, as has been noted for other
bacterial genes (10). Exceptions in the fimbrilin gene to the
general pattern of codon usage in efficiently expressed
bacterial genes were the preferential use of UCA instead of
UCC, use of CCU instead of CCG, and extensive use of
GGA. These exceptions may indicate that the cognate tRNA
species are more abundant in B. gingivalis than in other
bacterial species.

Shine-Dalgarno, initiation codon, and leader sequences.
Secretory proteins are generally synthesized with an oligo-
peptide sequence at the N terminus called the leader or
signal peptide. This is usually 15 to 20 amino acids long and
contains a highly hydrophobic domain with the general
exception of at least 1 positively charged residue close to the
methionyl initiation residue (16, 41, 42). The open reading
frame extends upstream from the known N-terminal alanine
codon for a total of 50 codons and is closed by a TAA
termination codon at base 113. Since the initiation tRNA of
E. coli can recognise XUG (including reinitiation codons [18,
27]) and the initiation codon in bacteria is bounded by certain
sequence characteristics (39), including a Shine-Dalgarno
sequence of the form AGGAGGU (9, 33, 39), we searched
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aQCAGCAAGGCCAGCCCGGAGCACAACACAATCTGAACGAACTGCGACGCTATATGCAAGACAAT
Ilin P I 40

CTCTAAATGGGAAAAGATTAGATTTTTAGAAAAC&&Z&ZCACTTTTAAAACAAAAACGA
80 Ssp I 120

GATGAAAAAAACAAAGTTTTTCTTGTTGGGACTTGCTGCI'CTTGCTATGACAGCTTGTAACAA
160 1?

Shine-Daiqarno? Met Val Leu Lys Thr Ser Asn Ser
AGACAACGAGGCAGAACCCGTTACAG&LGGYAATGCCACCATCAGC GTG CTA

200 20 240 Leader Sequence7
Asn Arq Ala Phe Gly Val Gly Asp Asp Glu Ser Lys Val Ala Lys Leu Thr Val Met Val
MLtCCT GCT TTT GGA GTT GGC GAT GAC GAA TCA AAG GTG

260 40 Probe Sequence Hin c II

Tyr Asn Gly Glu Gln Gln Glu Ala Ile Lys Ser Ala Glu Asn Ala Thr Lys Val Giu Asp
TAT AMT GGA GAA CAG CAG GM GCC ATC AM TCA GCC GAA AAT GCG ACT AAG GTT GAM GAC
320 60 360

1le Lys Cys Ser Ala Gly Gln Arg Thr Leu Val Val Met Ala Asn Thr Gly Ala Met Glu
ATC MA TGT AGT GCA GGC CM CGT ACG CTG GTC GTA ATG GCC AAT ACG GGT GCA ATG GAM

400 80

Leu Val Gly Lys Thr Leu Ala Glu Val Lys Ala Leu Thr Thr Glu Leu Thr Ala Glu Asn
CTG GTT GGC MAG ACT CTT GCA GAG GTA AAA GCA TTG ACA ACT GAA CTG ACTLCA. GAA AAC
440 100 480 Pst I

Gln Glu Ala Ala Gly Leu Ile Met Thr Ala Glu Pro Lys Thr Ile Val Leu Lys Ala Gly
CAA GAG G^1L."fLGG TTG ATC ATG ACA GCA GAG CCA AAM ACA ATC GTT TTG AAG GCA GGC

Pst I 520 120

Lys Asn Tyr Ile Gly Tyr Ser Gly Thr Gly Glu Gly Asn His Ile Glu Asn Asp Pro Leu
AAG AAC TAC ATT GGA TAC AGT GGA ACC GGA GAG GGT AAT CAC ATT GAG AAT GAT CCT CTT
560 140 600

Lys Ile Lys Arg Val His Ala Arg Met Ala Phe Thr Glu Ile Lys Val Gln Met Ser Ala
AAG ATC AAG CGT GTT CAT GCT CGC ATG GCT TTC ACC GAA ATT AAA GTG CAA ATG AQQ_=A

640 160 Hin P I

Ala Tyr Asp Asn Ile Tyr Thr Phe Val Pro Glu Lys Ile Tyr Gly Leu Ile Ala Lys Lys
GCC TAC GAT AAC ATT TAC ACA TTC GTC CCT GMA AMG ATT TAT GGT CTC ATT GCA AAG AAG
680 i80 720
Gin Ser Asn Leu Phe Gly Ala Thr Leu Val Asn Ala Asp Ala Asn Tyr Leu Thr Gly Ser

CAA TCT AAT TTG TTC GGG GCA ACA CTC GTA AAT GCA GAC GCT AAT TAT CTG ACA GGT TCT
760 200

Leu Thr Thr Phe Asn Gly Ala Tyr Thr Pro Ala Asn Tyr Ala Asn Val Pro Trp Leu Ser
TTG ACC ACA TTT AAC GGT GCT TAC ACA CCT GCC AAC TAT GCC AAT GTG CCT TGG CTG AGC
800 220 840

Arg Asn Tyr Val Ala Pro Ala Ala Asp Ala Pro Gln Gly Phe Tyr Val Leu Glu Asn Asp
CGT AAT TAC GTT GCA CCT GCC GCC GAT GCT CCT CAG GGT TTC TAC GTA TTA GAA AAT GAC

880 240

Tyr Ser Ala Asn Gly Gly Thr Ile His Pro Thr Ile Leu Cys Val Tyr Gly Lys Leu Gln
TAC TCA GCT AAC GGT GGA ACT ATT CAT CCG ACA ATC CTG TGT GTT TAT GGC AAA CTT CAG
920 260 960

Lys Asn Gly Ala Asp Leu Ala Gly Ala Asp Leu Ala Ala Ala Gln Ala Ala Asn Trp Val
AAA AAC GGA GCC GAC TTG GCG GGA GCC GAT TTA GQ&_C' CT CAG GCC GCC AAT TGG GTG

1000 280Pvu II

Asp Ala Glu Gly Lys Thr Tyr Tyr Pro Val Leu Val Asn Phe Asn Ser Asn Asn Tyr Thr
GAT GCA GAA GGC AAG ACC TAT TAC CCT GTA TTG GTA AAC TTC AAC AGC AAC AAC TAT ACT
1040 300 1080

Tyr Asp Ser Asn Tyr Thr Pro Lys Asn Lys Ile Glu Arq Asn His Lys Tyr Asp Ile Lys
TAC GAC AGC AAT TAT ACG CCT AAG AAT AAA ATT GAG CGT AAC CAT AAG TAT GAT ATT AAG

1120 320

Leu Thr Ile Thr Gly Pro Gly Thr Asn Asn Pro Glu Asn Pro Ile Thr Glu Ser Ala His
TTG ACA ATT ACA GGC CCC GGA ACG AAT AAC CCA GAG AAT CCT ATC ACA GAG TCT GCT CAC
Hin c II 1167 340 1200

Leu Asn Val Gln Cys Thr Val Ala Glu Trp Val Leu Val Gly Gln Asn Ala Thr Trp c.t.
TTG AAT GTA CAG TGC ACT GTA GCT GAG TGG GTT CTC GTT GGT CAG AAT GCT ACT TGG TAA

1240

1'CGACCCG".'CAAACGACTMAAAACTTTCATAGTTTGTCTATATCGGAATACAGGGAGCGGGGTTCGCTCC
1280 1320

ACTCCCCGTATTCATTCTCTCCAAATCAAATAGCGAAATCACAATCACCAATCAAAGAATCATTGTTATG
1360 1400 1420

FIG. 2. Nucleotide sequence of the region of pUC13Bgl2.1 spanning the fimbrilin gene. The sequence is numbered fromn base 1 at the
S'-most HinPI site (numbers below the sequence), and the conceptual amino acid sequence is numbered from residue 1 at the putative GTG
initiation codon located at base 236 (numbers above the sequence). The known N-terminal amino acid sequence begins at residue 11. The
putative leader sequence, the nucleotide sequence complementary to BGFIM2, and restriction sites used for sequencing are underlined and
labeled.
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TABLE 1. Comparison of the amino acid compositions of
-fimbrilin from B. gingivalis 381 derived by direct analysis and

deduced from the clone pUC13 Bg 12.1

Amta
Amino acid

Measured' Deducedc

Asx 43 44
Thr 27 29
Ser 11 12
Glx 33 32
Pro 13 13
Gly 27 26
Ala 43 43
1/2-Cys-CMd Cys 3 3
Val 23 25
Met 5 6
Ile 17 17
Leu 24 24
Tyr 19 19
Phe 7 7
His 5 5
Lys 22 23
Arg 5 5
Trp 2e 4

a Molar ratio relative to 43 mol of alanine.
b Hydrolyzed with 6 N HCI at 110°C for 24 h after reduction, followed by

S-carboxymethylation of the sample for cysteine and cystine.
c Derived from the sequence shown in Fig. 2.
d CM, Carboxymethylated.
eDerived from an analysis of methanesulfonic acid hydrolysis.

this upstream region for sequences which met these criteria,
indicating potential translation initiation sites. There were
four sites with homology to the 3' end of B. fragilis 16S
rRNA (Table 3) (43), but only two of these sites were within
an appropriate distance of a potential initiation codon, i.e.,
ATG at base 173 and GTG at base 236. The leader sequence
resulting from initiation at the ATG would be 31 residues
long and hydrophilic (average hydropathy index [191, -0.66)
and would contain 6 charged residues, with 4 acidic and 2
basic. This putative leader sequence therefore would not

TABLE 3. Analysis of potential Shine-Dalgarno sites and
initiation codons in fimbrilin clone pUC13 Bg 12.1

Shine- .ntainStormo et al. rulesa
no. Dalgarno lodtvonsequence i ii iii iv v

123 ACGAGAT
128 ATG G 2 A C None
149 TTG T 1 G T 20
152 TTG T 1 A C 23
154 GGGACTT
173 ATG G 1 A G 12
195 ACGAGGC
214 AGAAGGT
236 GTG A 1 A A 15
242 TTG G 3 G G 21

a With the first base of the initiation codon designated zero, the Stormo et
al. (39) rules are as follows: (i) not G at -3, (ii) less than two Gs in the -1 to
-7 region, (iii) A at +5, (iv) A at +10, and (v) a Shine-Dalgarno sequence
within an appropriate distance of the initiation codon. The 3-terminal
sequence of B. fragilis 16S rRNA is 3'0H-UCUUUCCUCCAC-5' (43).

resemble any known format for secretory signal peptides.
The leader generated from the GTG would be 10 residues
long and hydrophilic (average hydropathy index, -0.78) and
would contain two positive and no negative charges. This
leader would be remarkably similar to those of the MePhe
group of fimbrial subunit proteins, which are also found in B.
nodosus (22) (Table 4). Residues 4 and 5 in the putative B.
gingivalis leader (Lys-Thr) would be conserved, and resi-
dues 9 to 11 would be conservative substitutions. Further, to
increase alignment between the MePhe subunit protein
leader sequences, a gap had to be introduced in the same
position as that required to align the B. gingivalis leader, and
residue 2 in mature B. gingivalis fimbrilin, Phe, aligned with
the N-terminal Phe of the MePhe fimbriae. However, no
significant homology was found between the rest of the
fimbrilin gene sequence and the MePhe subunit genes when
they were compared by the homology matrix method of
Pustell and Kafatos (32). No homology to other published
sequences was found at the protein level in a search of the

TABLE 2. Codon usage in the B. gingivalis fimbrilin gene

A'mino Nb Codon Amino Amino AminoCodona acid NoaCodon acid No. % Codon acid No. % Codon acid No. %

TTI Phe 2 0.6 TCT Ser 3 0.9 TAT Tyr 9 2.7 TGT Cys 2 0.6
TTC Phe 5 1.5 TCC Ser 0 0.0 TAC Tyr 10 3.0 TGC Cys 1 0.3
TTA Leu 2 0.6 TCA Ser 3 0.9 TAA CT 1 0.3 TGA CT 0 0.0
TTG Leu 10 3.0 TCG Ser 0 0.0 TAG CT 0 0.0 TGG Trp 4 1.2

CTT Leu 3 0.9 CCT Pro 9 2.7 CAT His 2 0.6 CGt Arg 4 1.2
CTC Leu 3 0.9 CCC Pro 1 0.3 CAC His 2 0.6 CGC Arg 1 0.3
CTAC Leu 0 0.0 CCA Pro 2 0.6 CAA Gln 4 1.2 CGA Arg 0 0.0
CTG Leu 6 1.8 CCG Pro 1 0.3 CAG Gln 7 2.1 CGG Arg 0 0.0

ATT Ile 10 3.0 ACT Thr 8 2.4 AAT Asn 18 5.2 AGT Ser 2 0.6
ATC Ile 7 2.1 ACC Thr 5 1.5 AAC Asn 13 3.9 AGC Ser 4 1.2
AlA Ile 0 0.0 ACA Thr 12 3.6 AAA Lys 8 2.4 AGA Arg 0 0.0
ATG Met 6 1.8 ACG Thr 4 1.2 AAG Lys 15 4.5 AGG Arg 0 0.0

GTT Val 10 3.0 GCT Ala 14 4.2 GAT Asp 7 2.1 GGT Gly 8 2.4
GTC Val 2 0.6 GCC Ala 12 3.6 GAC Asp 6 1.8 GGC Gly 7 2.1
OTA Val 9 2.7 GCA Ala 15 4.5 GAA Glu 12 3.6 GGA Gly 9 2.7
GTG Val 4 1.2 GCO Ala 2 0.6 GAG Glu 9 2.7 GGG Gly 2 0.6

a Underlined codons represent rate tRNA species in E. coli (11).
b Total number of residues specified by a codon.
c Percentage of total codons (338, including termination codon) represented by a given codon.
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TABLE 4. Alignment of the putative leader sequence of the
fimbrilin protein with those of the MePhe fimbrial protein familya

Species Leader sequenceb

Methylococcus bovis e MN --- AQKG / FT L ....

Neisseria gonorrhoeae MNT - - LQKG / FT L ....

Bacteroides nodosus MK S - - LQKG / FT L ....

Pseudomonas aeruginosa MK --- AQKG / FT L ....

1 10
Bacteroides gingivalisc MVLKT SNS NR / AFG V ....

a MePhe fimbrial-protein-family data are from Marrs et al. (22). Gaps have
been introduced to enhance the alignment.

b /, Cleavage site.
c Residue numbers are given above the line.

Protein Identification Resource of the National Biomedical
Research Foundation.

Southern blot analysis of black-pigmented Bacteroides spe-
cies. To test the possibility that homologous genes might
exist in other black-pigmented Bacteroides species, we
performed Southern blot analysis (38) of PstI-digested ge-
nomic DNA isolated from the Ametican Type Culture Col-
lection type strains with pUC13Bg12.1 as the probe (Fig. 3).
B. gingivalis ATCC 33277 gave two strongly hybridizing
fragments, as would be expected for a single-copy gene with
two closely spaced internal PstI sites. Eight other indepen-
dently isolated B. gingivalis strains tested showed a hybrid-
ization pattern consistent with a single-copy gene, and strain
381 gave a hybridization pattern identical to ATCC 33277
(not shown). None of the other species tested gave a
significant hybridization signal, even under the very-low-
stringency wash conditions used. Prolonged exposure of a
film resulted in the appearance of pumerous weak bands in
all lanes, including those containing B. gingivalis DNA, but
their relative intensity was about 1/100 that obtained for the
fimbrilin gene.
We conclude that we have isolated a recombinant clone

carrying a sequence representing the gene encoding the B.
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FIG. 3. Southern blot analysis of PstI-digested genomic DNA
from American Type Culture Collection strains of black-pigmented
Bacteroides species isolated by using the pUC13Bg12.1 probe. The
blot shown is a 6-h exposure with a screen. The weak upper band in
the B. gingivalis lane is a trace amount of a partial digestion product.
Molecular sizes (in kilobases) are indicated on the left.

gingivalis fimbrial subunit protein fimbrilin. Since we have
failed to detect plasmids in this organism using a number of
approaches (D). P. Dickinson, P. S. Rivoli, J. M. Brewster,
and R. J. Genco, J. Dent. Res. 66:223, abstr. no. 933, 1986),
this gene appears to be present as a single copy in the
chromosome of this organism. No similar sequences appear
to be present in other black-pigmented Bacteroides species,
and we could find no clear homology with other published
fimbrial sequences, suggesting that B. gingivalis fimbriae are
assembled from a previously undescribed type of subunit;
Preliminary experiments have shown that pUC13Bgl2.1
detects a ca. 1,450-base transcript in total RNA isolated from
cultures of B. gingivalis (data not shown). Therefore, this
probe will be valuable in future studies of environmental
modulation of fimbriation in this organism.
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