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The nucleotide sequence of a 2.9-kb streptococcal DNA fragment which codes for two proteins with Mrs of
36,000 (Streptococcus sanguis adhesin B [SsaB]) and 20,000 has been determined. The ssaB gene is 927 bp and
codes for a 34,684-Da protein. The open reading frame coding for the 20-kDa protein is 489 bp and codes for
a protein of 17,885 Da. The SsaB protein has a putative hydrophobic 19-amino-acid signal sequence resulting
in a 32,620-Mr secreted protein, whereas the 20-kDa protein has no signal sequence. Both proteins are

hydrophilic, and neither appears to have a hydrophobic membrane anchor sequence in the carboxy-terminal
region. A DNA sequence homology of 73% exists between the cloned fragment containing the ssaB gene from
S. sanguis 12 and the cloned fragment containing the type 1 fimbrial gene of S. sanguis FW213 (J. C. Fenno,
D. J. LeBlanc, and P. Fives-Taylor, Infect. Immun. 57:3527-3533, 1989). Amino acid comparisons of the SsaB
and type 1 fimbrial proteins show 87% homology, indicating a close similarity of the two proteins. Antiserum
raised against the cloned SsaB protein cross-reacts with a 38-kDa protein identified from Streptococcus gordonii
(S. sanguis) PK488 which was proposed to mediate coaggregation with Actinomyces naeslundii PK606 (P. E.
Kolenbrander and R. N. Andersen, Infect. Immun. 58:3064-3072, 1990). The SsaB adhesin may play a role in
oral colonization by binding either to a receptor on saliva or to a receptor on actinomyces.

Streptococcus sanguis is one of the first bacteria to adhere
to teeth and may help initiate dental plaque formation (1, 29).
S. sanguis constitutes about 8 to 15% of the organisms
isolated from mature dental plaque (11). Coaggregation of S.
sanguis with other plaque bacteria such as actinomyces may
contribute to the formation and accumulation of dental
plaque (2). Studies with oral veillonellae and streptococci
have established that coaggregation properties of oral bac-
teria may play a critical role in colonization of specific oral
surfaces (13, 22).

Ionic, hydrophobic (10, 26), and lectin-like mechanisms
(27, 28) have been proposed to mediate binding of S. sanguis
to saliva-coated hydroxyapatite beads (S-HA) (3). Recently,
a 36,000-Mr protein (SsaB) was shown to inhibit attachment
of S. sanguis 12na to S-HA (9). Antibodies against fimbriae
isolated from S. sanguis FW213 block adherence of the
streptococcus to S-HA (5). A fimbrial gene (type 1) encoding
a 34,349-Da protein has been cloned in Escherichia coli (8)
and sequenced (6). These studies did not resolve whether the
fimbrial subunit and the adhesin are distinct proteins, as has
now become evident from studies of E. coli pap and type 1
fimbriae (19, 23). To help answer this question, we have
sequenced the previously cloned 2.9-kb fragment from S.
sanguis 12, which expresses the ssaB gene product, a
36-kDa adhesin, as well as a 20-kDa protein (9).
The DNA sequence of the ssaB gene presented here

enabled a determination of the relatedness of the sequence of
this gene to the reported sequence of the fimbrial gene of S.
sanguis FW213 (6). We also report the antigenic cross-
reactivity of the SsaB protein and the S. gordonii PK488
38,000-Mr protein, which appears to mediate coaggregation

* Corresponding author.

between streptococci and Actinomyces naeslundii PK606
(16). The possible role of these proteins in initial colonization
of oral streptococci is discussed.

MATERIALS AND METHODS

Bacterial strains and culture conditions. S. sanguis 12 and
its non-saliva-aggregating variant 12na, Streptococcus gor-
donii PK488 and its coaggregation-defective mutant PK1804,
and A. naeslundii PK606 have been described previously
(16, 21). All strains were grown under anaerobic conditions
(GasPak system; BBL Microbiology Systems, Cockeysville,
Md.) at 37°C in a medium containing tryptone, yeast extract,
Tween 80, and glucose buffered to pH 7.5 with K2HPO4 (16).
Cells were harvested by centrifugation, washed, and stored
in coaggregation buffer (1 mM Tris [pH 8.0], 0.1 mM CaCl2,
0.1 mM MgCl2, 0.02% NaN3, 0.15 M NaCl).

E. coli SA2 (9) was grown in LB broth at 37°C. When solid
medium was required, agar (1.5% [wt/vol]) was added to LB
broth. Ampicillin (100 ,ug/ml) was added when required.

Nucleotide sequence determination. The DNA sequence
was determined by the Sanger dideoxy-chain termination
method (32) with a T7 DNA polymerase sequencing kit, as

recommended by the manufacturer (Pharmacia LKB Bio-
technology Inc., Piscataway, N.J.). [o-35S]dATP (specific
activity, 39.3 TBq/mmol; Dupont NEN Research Products,
Boston, Mass.) was used to label the reaction products, and
the DNA fragments were fractionated in Hydrolink DNA
sequencing gels (AT Biochem, Malvern, Pa.). Initially, the
universal and reverse primers of pUC18 were used. Syn-
thetic primers (20-mers) were then made by using either a

Pharmacia Gene Assembler (Pharmacia LKB Biotechnology
Inc.) or the PCR-MATE DNA Synthesizer, model 391
(Applied Biosystems, Foster City, Calif.). Primers were
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made at approximately 100- to 150-bp intervals on both
strands as the new DNA sequence became available. The
sequences of both strands were determined independently at
least two times. The double-stranded plasmid DNA tem-
plates (pSA2) for sequencing were prepared from E. coli SA2
by alkaline lysis and CsCl density gradient centrifugation as
described by Maniatis et al. (20). For sequence analysis, the
University of Wisconsin Genetics Computer Group software
package was used on a VAX-VT100 computer (4).

Electrophoretic methods. Sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) was done with
10% polyacrylamide gels (18). Samples for SDS-PAGE were
boiled in 2% SDS and 5% ,-mercaptoethanol for 5 min.
Prestained molecular weight standards were purchased from
Bio-Rad Laboratories (Richmond, Calif.), and their apparent
molecular weights were 110,000 (phosphorylase b), 84,000
(bovine serum albumin), 47,000 (ovalbumin), 33,000 (carbon-
ic anhydrase), 24,000 (soybean trypsin inhibitor), and 16,000
(lysozyme). Gels were stained with Coomassie brilliant blue.
Alternatively, proteins were transferred electrophoretically
(33) to nitrocellulose for Western immunoblotting. Western
blots were then incubated with either anti-PK488 immuno-
globulin G (IgG) which had been absorbed with a coaggre-
gation-defective mutant PK1804 (16) or anti-SsaB IgG (9)
and visualized with an alkaline phosphatase-conjugated anti-
rabbit IgG and dye indicator supplied by Promega, Madison,
Wis.

Antisera. Antisera against S. gordonii PK488 (16) and
SsaB protein (9) were prepared in New Zealand White
rabbits as described previously. IgG was purified either by
using a protein A-Sepharose CL-4B (Sigma Chemical Co.,
St. Louis, Mo.) column or by (NH4)2SO4 precipitation (0 to
55%) and ion-exchange chromatography (DE-52; Whatman,
Inc., Clifton, N.J.).

Purification of the SsaB and 20-kDa proteins. Both proteins
were purified from E. coli SA2 by gel filtration and ion-
exchange chromatography as described previously (9). A
tryptic peptide of SsaB was isolated by incubating SsaB with
trypsin (10 jig/ml) for 18 h and then purifying the tryptic
peptide on a Superose-12 column (Pharmacia FPLC system;
Pharmacia, Uppsala, Sweden) with 0.05 M Tris (pH 8.0)-0.1
M NaCl buffer. Fractions were analyzed by SDS-PAGE for
the presence and purity of the tryptic peptides of SsaB. The
N-terminal amino acid sequences of the 20-kDa protein and
the tryptic peptide of SsaB were determined by automated
Edman degradation by using an Applied Biosystems model
470A gas-phase sequenator utilizing the resident sequencing
program. The amino acid residues were analyzed by reverse-
phase high-pressure liquid chromatography. These analyses
were provided by the University of Victoria protein se-
quencing facility. The amino acid compositions of intact
recombinant proteins were also determined at the protein
sequencing facility at the University of Victoria, Victoria,
British Columbia, Canada.

Sonic lysates of streptococci. An amount of 600 mg (wet
weight) of streptococcal cells was resuspended in 3 ml of
distilled water and was sonicated in an ice bath for 1 min at
maximum power (50 W) by using a Kontes micro ultrasonic
cell disruptor (Kontes, Vineland, N.J.). The sonicated cell
suspension was centrifuged at 20,000 x g for 10 min, and the
supernatant was stored frozen until used.

Protein determination. Protein concentrations were deter-
mined with the Bio-Rad protein assay kit.

Nucleotide sequence accession number. The GenBank ac-
cession number for the S. sanguis 12 ssaB gene is M37189.

RESULTS

DNA sequence analysis. The nucleotide sequence of the
2.9-kb fragment which codes for the ssaB gene contained
two open reading frames (Fig. 1). The ssaB gene is 927 bp
and is located between nucleotides 1049 and 1975 on the
cloned fragment. The deduced ssaB gene product is 309
amino acids and has a molecular weight of 34,684, as
calculated from the translated nucleotide sequence. A puta-
tive signal peptide of 19 amino acids is indicated by the
dashed line starting with nucleotide 1049 in Fig. 1. Cleavage
of this leader peptide between alanine and cysteine, accord-
ing to the Von Heijne parameters (34), would result in an
SsaB protein with an Mr of 32,620. A hydropathy plot
computed from the sliding average of the hydropathy values
(17) supports the presence of a signal peptide and indicates
that the mature protein is hydrophilic (data not shown). The
N-terminal sequence of the recombinant SsaB protein could
not be determined because the N-terminal region was
blocked. The N-terminal amino acid sequence determined
from the tryptic peptide (35 kDa) of the SsaB protein starts
with residue 24 (Fig. 1, asparagine marked by asterisk). The
calculated molecular weight of this peptide is 31,946. The
deduced isoelectric point of the molecule is about 5.3.
A typical ribosome-binding site (RBS) sequence,

GGAGG, similar to Bacillus (24, 25), Streptococcus (7), and
E. coli (12) RBS sequences, is present 6 bases upstream from
the ATG translation initiation codon. Two identical potential
-10 region TAAAAT sequences are located 5 and 10 bases
upstream from the RBS sequence (31). They are preceded by
two putative -35 regions, TTAAAA and TTGCCC, located
20 and 39 bases, respectively, upstream from the proposed
-10 promoter region located between nucleotides 1021 and
1027; however, transcription studies are needed to deter-
mine the actual promoter sequences.
A second open reading frame which corresponds to the

previously identified 20-kDa protein (9) is located between
nucleotides 2130 and 2618. It encodes a 163-amino-acid
protein with a calculated molecular weight of 17,885. The
N-terminal sequence determined from the purified 20-kDa
protein is indicated in Fig. 1 by asterisks starting with
nucleotide 2133. In contrast to the SsaB protein, the 20-kDa
protein does not appear to have a typical signal sequence.
The 20-kDa protein also is hydrophilic and has a deduced
isoelectric point of 5.0.
A potential RBS sequence, GGAG, is present 7 bases

upstream from the ATG translation initiation codon (12).
Two potential -10 regions, TATCAA and TACAAT, are

located 8 and 19 bases upstream from the RBS sequence
(31). Two probable -35 regions, TTCGAA and TTCAAA,
are located 18 and 39 bases respectively, away from one of
the -10 regions (TACAAT). Translation of the 20-kDa
protein terminates at nucleotide 2618. This sequence is
followed by an inverted repeat capable of stem-loop forma-
tion which, as determined by methods of Zuker and Stiegler
(37), has a negative free energy of -13.7 kcal (1 cal = 4.184
J) per mol. This stem-loop structure would consist of a

perfectly matched 12-base stem separated by a 6-base loop.
The hydropathy plots (17) indicate that neither the SsaB

protein nor the 20-kDa protein appears to have a hydropho-
bic membrane anchor sequence in its carboxy-terminal re-

gion (data not shown). Amino acid compositions of the
deduced SsaB and 20-kDa proteins are very similar to those
determined for the SsaB and 20-kDa proteins purified from
E. coli (Table 1).

Comparison of ssaB with an S. sanguis type 1 fimbrial gene.
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TABLE 1. Amino acid compositions of the 20-kDa, SsaB, and
type 1 fimbrial proteins

No. of residues in proteina

Residue 20-kDa SsaB Type 1 fimbrial

Deduced Determined Deduced Determined protein (deduced)b

Ala 16 19 22 26 27
Cys 2 2 3 1 2
Asp 15 27c 22 52c 17
Glu 7 15d 27 35d 25
Asn 9 21 - 18
Gln 5 - 6 9
Phe 8 9 9 8 11
Gly 8 10 15 19 19
His 3 3 4 4 3
Ile 8 9 23 20 22
Lys 8 8 39 31 40
Leu 16 19 25 23 26
Met 2 2 5 5 5
Pro 4 5 12 16 12
Arg 4 5 3 6 2
Ser 10 12 22 23 20
Thr 16 18 16 15 15
Val 15 17 18 20 19
Trp 2 2 3 4
Tyr 5 5 14 14 13

a -, Not determined.
b Composition deduced from sequence in reference 6.
'Total amino acid compositions for both Asp and Asn.
d Total amino acid compositions for both Glu and Gln.

The 2.9-kb DNA sequence was compared with other DNA
sequences in the GenBank and EMBL DNA data base
libraries. The only DNA sequence which showed a high
degree of homology was the 1.6-kb DNA sequence contain-
ing the type 1 fimbrial gene from S. sanguis FW213 (6).
Comparison of the two sequences was made by using the
BestFit program of the University of Wisconsin Genetics
Computer Group software package (Fig. 2). The correspond-
ing regions of the 1.6-kb fragment of S. sanguis FW213 and
the 2.9-kb fragment from S. sanguis 12 are 73% identical.
The DNA sequence of the type 1 fimbrial gene shows
differences at the 5'- and 3'-flanking regions when compared
with the corresponding ssaB gene from S. sanguis 12. These
differences are designated by circled numbers from 1 to 4
(Fig. 2). Region 1 is 12 nucleotides and is present in the 5'
region of the type 1 fimbrial gene. Regions 2, 3, and 4 are
located near the 3' end of the type 1 fimbrial gene, are 26, 42,
and 7 nucleotides long, respectively, and are located coinci-
dentally near the 5' end of the gene coding for the 20-kDa
protein. DNA homology is also seen in the region coding for
the 20-kDa protein, although the DNA sequence reported by
Fenno et al. (6) does not include the complete gene for the
20-kDa peptide (Fig. 2).
Amino acid sequence comparison between SsaB and the

type 1 fimbrial protein shows that they are 87% identical
(Fig. 3). The major difference between ssaB and the type 1
fimbrial gene lies in the signal sequence. The molecular
weight of the unprocessed type 1 fimbrial peptide is almost
identical (Mr, 34,349) to that of the unprocessed SsaB
protein (Mr, 34,684). A comparison between the deduced
amino acid composition of type 1 fimbrial protein and that of
the SsaB protein is shown in Table 1. These data indicate
that these two molecules are very similar.

Antigenic relationship between SsaB adhesin and a coaggre-
gation-mediating adhesin. A 38,000-Mr streptococcal surface

protein was identified by Kolenbrander and Andersen (16)
and was proposed to mediate coaggregation between S.
gordonii PK488 and A. naeslundii PK606. Since the molec-
ular weight of this adhesin was similar to the molecular
weight of the SsaB protein involved in binding to saliva, a
Western blot analysis was done to see whether these two
proteins were immunologically cross-reactive (Fig. 4). Sonic
lysates of S. gordonii PK488 and its coaggregation-defective
mutant PK1804, which does not coaggregate with A.
naeslundii PK606, were compared with sonic lysates of S.
sanguis 12 and its non-saliva-aggregating variant 12na. Pro-
teins separated by SDS-PAGE were Western blotted and
probed with IgG prepared from either anti-SsaB serum or
anti-PK488 serum absorbed with PK1804 cells. The Western
blots clearly show that SsaB from S. sanguis 12 (Fig. 4B and
C, lanes 4) and the 38,000-Mr protein from S. gordonii PK488
(Fig. 4B and C, lanes 2) are indistinguishable in size and
antigenicity.
Although strain 12na specifically has lost the ability to

bind to neuramindase-treated S-HA, it maintains the ability
to bind to pH-sensitive receptors on S-HA, mediated by the
SsaB adhesin (28), it coaggregates with A. naeslundii PK606,
and it has the SsaB protein (Fig. 4B and C, lanes 5). The
apparent lower immunoreactivity of the SsaB protein in
lanes 5 (Fig. 4B and C) may be due to a smaller amount of
protein applied (Fig. 4A, lane 5). Strain PK1804 (Fig. 4, lanes
3) is unable to coaggregate with A. naeslundii PK606 but
appears to have a small amount of immunoreactive protein
(Fig. 4B and C, lanes 3). The mutant may be producing small
amounts of nonfunctional (in coaggregation), immunoreac-
tive protein. Alternatively, the mutant could be producing a
small amount of functionally active protein that remains
cytoplasmic.

Coaggregation assays were done to compare the coaggre-
gation properties of S. sanguis 12 and 12na with those of S.
gordonii PK488, whose only actinomyces coaggregation
partner is A. naeslundii PK606 (16). Strains 12 and 12na
coaggregated only with A. naeslundii strains PK947 and
PK606, which represent actinomyces coaggregation groups
C and D, respectively (15). Therefore, S. sanguis 12 and
12na exhibit coaggregation properties similar to those of S.
gordonii PK488, which is the reference strain of streptococ-
cal coaggregation group 6.

Further evidence that these two proteins are similar was
obtained by treating sonic lysates of strains 12 and PK488
with trypsin. The digested material was separated by SDS-
PAGE, and the proteins were Western blotted and probed
with IgG prepared from either anti-SsaB serum or anti-
PK488 serum absorbed with PK1804 cells. Results obtained
indicate that the trypsin-treated proteins from both strepto-
cocci (Fig. SB and C, lanes 2 and 4) migrated slightly faster
than untreated proteins (Fig. SB and C, lanes 3 and 5). Thus,
trypsin cleavage results in the formation of polypeptides of
similar molecular weight which are reactive with both anti-
sera (Fig. 5). These data suggest that the SsaB protein and
the 38,000-Mr protein, in addition to their immunological
similarity, exhibit a structural relatedness.

DISCUSSION

The nucleotide sequence of ssaB shows a striking homol-
ogy with that of a functionally similar fimbrial gene from S.
sanguis FW213 (6). Both proteins bind to a component
present in whole saliva, although the nature of this receptor
is not yet known. The homology of the SsaB protein and the
type 1 fimbrial protein raises the question of whether the
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S. SANGUIS ADHESIN DNA SEQUENCE

712 CACTATCTGCTGATGATTCTSTTGACCTTGOTCTCTGTGACAGCCATGCA 761
11111Hill III1I11 llIlllllll 11111 lii 11 111I

1 CACTACCTGCTCATGGTGCTCTTGACCTTGGTTTCTOTCACTOCTATGCA 50

762 OAGTGTGGGAACCATTCTGATTGTCGCTCTCTTOATAACGCCAGCAGCAA 611
1111111 111111111111ll ll llll II II II Ill

51 GAOTGTTOOOACCATTCTCATCGTCGCCATGCTCATCACACCCGCTOCOA 100

612 CGGCCTACCTCTATGCCAACAGTCTGAAAACTATOATTCTGCTGTCCTCA 661
1111111 llllllllll Il 11111 1111111

101 CGGCCTATCTCTATOCCAACAOCCTCTGGTCCATGATOCTTTTGTCCTCT 150

662 OGGCTGGOGCCTCTAOCTTCTOTACTOGGACYCTTTATCGGCTACAGCTT 911
ii ggg gi ll gggl lllllllllll 11111 11111

151 AGCTTAGOTGCTCTTGCATCCATTCTAGGACTCTSTATTGGCTATAGCTT 200

912 TAATGTCOCTGCAGOATCCAGCATTOTCCTGACCTCAGCCCTCATCTTTC 961
i gill gill III 11 1 11 11 III 11 HIM

201 AAACATCOCCGTTOGGS CTTGTATTGTCCTCACTTCTGCCGTCTTCSTTC 250

962 TCATCTCTTTCTTTATTGCCCCTAAGCAACGCTATTTAAAACTTAAAAAC 1011111 11111111Illllllllll 11 111
251 TCATCAOCTTTTTTATCGCTCCTAAOCAOAO .... ........ AAAOAAC 268

1012 CGACCTAAACTAAAATAAAATTTAATGGAGGAATCCCATGAAAAAATTAG 1061
Il Il 1111 l 1111 llllllllll

269 AAOCACGCTCTTTCATCTCATTAAA. .OGAGAAACACATOAAAAAoATCG 336

1062 GTTTTTTATCCCTGCTTTTGCTAGCAGTC ... .TGCACTCTCTTTGCCTGC 1108

337 CTTCTOTCCTCOCCCTCTTTGTGGCACTCTTATTCGGTCTTCTAGCCTGT 386

1109

387

1159

434

TCCAATCAGAAGAACGCGTCCAOTOACTCOTCCAAGCTCAAGGTTOTTGC 1156

1I ll l 11 I 11 11 I 111ll11
AGCA ... AGOGGTCSTCTTCTGGAGCTTCTGGTAAATTGAAAGTOGTCAC 433

GACCAACTCAATTATCGCTGATATTACCAAAAATATAOCTGGCGATAAGA 1206

Hill 11111ll lll llllllllll Hil1111111
CACCAATTCGATCCTSGCAOATATCACCAAAATATTGCTOGGGATAAGA 463

1209 TTOACCTGCACAOCATTOTACCAGTCOOCAAAGACCCCCACGAATACCAG 1256
1 11111111 III 11 11 11 IIIIIIIIIII IIIIIIIIIIII

464 TCOAGCTCCACAGTATCGTTCCCGTCOOCAAAOATCCCCACOAATACGAA 533

1259 CCCCTGCCTGAAGATGTCAAAAAGACTTCTCAAOCGGATCTCATCTTCTA 1308
111111 IlllllllllllHll 11111 11 11

534 CCGCTACCAGAAGATOTCAAAAAAACTTCACAAGCAGACCTGATCTTCTA 563

1309 CAATSGTATCAACCTAGAAACCOGCGGCAATGCTTGGTTTACCAAOTTGG 1356

III 11 11 Illllllllllllll l1111 MI
564 CAACGCGATCAACCTTGAAACTGGTSGCAATGCTTGGTTCACTAAATTGG 633

1359 TCAAAAATGCCAATAAGGAAGAAAACAAGGACTACTATGCTGTCAGCGAT 1408

634 TCAAAAATGCCAATAAAGTAGAAAACAAOGACTATTTCGCAOTGAGCGAG 663

1409 GGCGTTGACGTCATTTACCTTGAAOGTCAAAOTGAAAAGGGTAAGGAAGA 1456

11 11 11111111 11111 1111 11 IIIll 1Hill
664 GGAOTCGACGTCATCTACCTAGAAOOCCAAAACCAAGCGOGAAAAOAAGA 733

1459 CCCTCATGCTTGGCTCAATTTGGAAAACGGTATCATCTATGCGCAAAATA 1506

Il lllllllllll 1111 11111l
734 CCCACACGCTTGGCTCAATCTCGAACSOCGGGTCCTCTACGCTAAACACA 763

1509 TTOCCAAGCGTTTGATCGAAAAAGACCCTGACAATAAGGCTACTTACGAG 1556

I 1 1 I 1 1 H il l
764 TTGCCAAACKATTGATCGCCAAGATCCGAAAAACAAGGACTTCTACGJAA 633
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II I 11 111 1111 111 111111I IIIIIIII
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1609 AATCAAOTGTGOACOACCOTCCGATGAAGACTGTTTCTAAAOACACCAAC 1656
MIi 11 11 1111 11111 11111 11111 1111111 11111

1064 AATCCAGCGTTGATOAGCOTCCCATOAAAACTOGAGCTAAAGATACCAAT 1133

1659 ATCCCAATCCACOCTAAAATTTTCACTGACTCAATCGCTGATCAAGGCGA 1906

1134 ATTCCGATCTATGCAA&GATCTTCACTGATTCCATTGCCAAAGAAGGAGA 1163

1909 AGAAGGCGACACOTACSACAGCATGATOAAATACAATCTAGATAAAATTT 1956
lllllll llllllllllllll l llII l li

1164 AAAGGGCGATAGCTACTACAGCATGATGAAGTGGAACTTAGACAAOATCO 1233

1959 CTGAAGGCTTGGCCAAATAATGATAAAAOOGTTAGAAGACAAAATCCTAA 2006
1 11111111 () 1111 I 11

1234 CAGAAGGATTG ........... .. AGTCAGTAACC... 1255

2009 CCTCTTTATTTTTGGAOAAOGAGCTTCACATGOAGTCOATTTCAAATTTC 2058

III) 11111
1256.. . .

.
.CTCAGATTTC 1266

2059 CGGTCAAATTATTCGAAAAAAATCCCTATTCGCTOTACAATGAAGCTATC 2106
1111I III II IlII I®

1267 TAAACAAATCAGTGOCCCCTCCTCCGGTATTGAGGTACAATAA ....... 1309

2109 AAACATOAATOGAGACTTCCTATGACAACTTTTCTCOGAAATCCTGTAAC 2156
11111 11 1111 111 1111 i111111 1 1111111H 11

1310 AAACAAAAAAGGAGTCTTTTTATGOCAACATTTTTGGOAAACCCTGTTAC 13S9

2159 CTTTACTSGAAAGCAACTGCAAGTCGGCGACACAGCCCACOATTTTAOCC 2208
111111 III 11111 11111 gi ll 11111 111111

1360 CTTTACCGGATCTCAACTTCAAGTAGOGGAAATTGCCCATOATTTTTCAT 1409

2209 TGACAGCTACTGACCTTTCAAAGAAAACTCTGGCTOATTTTOCTGGCAAA 2256
III 11ll l H IM1 1 II I IIIIIIIIIIIIII

1410 TGATCACTCCAOCTCTGGAGAAGAAATCTTTAGCTGATTTTOCTGGCAAO 1459

2259 AAGAAAGTCCTGAOCATCATCCCATCTATCGATACTGGTGTATGCTCGAC 2306
11 111111 1 11111111111;1 III1 11 11 1111111

1460 AAAAAAOTCCTCAGCATCATCCCATCCATCGACACAGGGATCTGTTCGAT 1509

2309 TCAGACTCGCCGTTTCAACCAAGAGCTCTCTGACTTGGACAATACCGTTG 2358
11 11 HIM11 1111 llllllllll 11 11 I

1510 GCAAACACGTCACTTCAACAAGACCTTATCGGACTTOGAAGACACTGTCG 1559

2359 TTATCACOGTTTCAGTTGACTTGCCTTTTGCTCAAGGCAAGTGOTG . TGC 2407
1 1111111 11III Il llllllllllllll 11 11111 II

1560 TCTTGACGGTCTCTGTCGACCTTCCTTTTGCTCAAGGTAAATGGTGCGGC 1609

2408 TGCTGAAGG 2416
111111111

1610 TGCTGAAGG 1618

12 1559 AASTCTCAAAGCCTATGTAGAAA0CTAACCGCTTTGGATAAGGAAGC 1606
11111111 111111 11111 111 II I

1W2113 634 AAAAATCTAGCAGCCTACACTGAAASACTCAGCAAGCTAGACCAAAAAGC 663

FIG. 2. DNA sequence homology of the type 1 fimbrial gene from S. sanguis FW213 and S. sanguis 12 DNA containing the ssaB gene.
DNA sequences were aligned by using the program BestFit (University of Wisconsin Genetics Computer Group) (gap weight, 5; gap length
weight, 0.3). Identical ( ) nucleotide bases are indicated. The four regions discussed in the text are indicated by numbers within circles. The
DNA sequences coding for SsaB and type 1 fimbrial protein are indicated by horizontal arrows -* <-. The vertical arrow (. ) indicates the

translation initiation of the 20-kDa protein in S. sanguis 12.

SsaB protein is a fimbrial component. Antisera raised against
SsaB and fibrils (surface appendages without a measurable
width) from S. sanguis 12 do not cross-react with fibrils or

SsaB, respectively (9), which suggests that the SsaB protein
is not part of fibrils. We have examined the arrangement of
the SsaB protein on the surface of S. sanguis 12. Chemical
cross-linking studies have shown that SsaB only forms
dimers and trimers, indicating that SsaB is not part of a

larger, organized, structural unit such as fibrils (8a).
The S. sanguis FW213 type 1 fimbrial gene product was

identified by using absorbed (with an adhesion-negative
mutant) adhesion-blocking fimbriae-specific antiserum (8),
as well as polyclonal antisera raised against S. sanguis
FW213 (6). It is possible that these antisera may have
identified the adhesin rather than the fimbrial monomer. In
gram-negative bacteria, adhesins are usually minor compo-
nents distinct from the fimbrial subunit (19, 23). Therefore,
the published DNA sequence of S. sanguis FW213 type 1
fimbrial gene may not be that of a fimbrial subunit monomer

but in fact that of an adhesin. This notion is supported by the
observations that neither streptococcal type 1 fimbrial gene
nor ssaB has a hydrophobic membrane anchor sequence on

its carboxy-terminal region, as seen with other fimbrial
subunits (35, 36).

If the structural organization of FW213 fimbriae resembles
that of E. coli fimbriae, then the gene encoding the fimbrial
subunit could be part of a fimbrial operon (14, 30). There-
fore, some of the gene(s) involved in fimbrial synthesis or

assembly could be present in the 6-kb fragment cloned by
Fives-Taylor et al. (8), and it is also possible that the 20-kDa
protein identified in S. sanguis 12 may be involved in one of
these yet undetermined functions.
Fenno et al. (6) found that the level of expression of the

type 1 fimbriae in E. coli was low. The difference observed in
the 5' region of the type 1 fimbrial gene when compared with
the S. sanguis 12 ssaB gene may very well account for this
poor expression in E. coli. The reasons for this difference are
unknown. These differences could have been the result of
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1 MKKLG.FLSLLLLAVCTLFACSNQKNASSDSSKLKVVATNSIIADITKNI SsaB

1 MKKIASVLALFVALLFGLLACSKG.SSSGASGKLKVVTTNSILADITKNI type 1

50 AGDKIDLHSIVPVGKDPHEYEPLPEDVKKTSQADLIFYNGINLETGGNAW SsaB

50 AGDKIELHSIVPVGKDPHEYEPLPEDVKKTSQADLIFYNGINLETGGNAV type 1

100 FTKLVKNANKEENKDYYAVSDGVDVIYLEGQSEKGKEDPHAVLNLENGII SsaB

100 FTKLVKKANKVENKDYFAVSEGVDVIYLEGONQAGKEDPHAWLNLENGIL type 1

150 YAQNIAKRLIEKDPDNKATYEKNLKAYVEKLTALDKEAKEKFNNIPEEKK SsaB
11e111e1e11111*11111 11-111.1X1 *111

150 YAKNIAKQLIAKDPKNKDFYEKNLAAYTEKLSKLDQKAKOAFKNIPEDKK type 1

200 HIVTSEGCFKYFSKAYNVPSAYIVEINTEEEGTPDQIKSLVEKLRKTKVP SsaB
III1111111 111111.-1111111 IIIliii111:1 11.1 III11.11111

200 MIVTSEGCFKYFSKAYGVPSAYIVEINTEEEGTPEQIKTLVEKLRQTKVP type 1

250 SLFVESSVDDRPMKTVSKDTNIPIHAKIFTDSIADQGEEGDTYYSHMKYN SsaB

250 ALFVESSVDERPKKTVAKDTNIPIYAKIFTDSIAKEGEKGDSYYSMIKVN type 1

300 LDKISEGLAK SsaB
1111-11l--

300 LDKIAEGLSO type 1

FIG. 3. Amino acid homology between the SsaB protein (upper
sequence) and the type 1 fimbrial protein (lower sequence). The
predicted amino acid sequences of the two proteins were aligned by
using the program BestFit (University of Wisconsin Genetics Com-
puter Group) (gap weight, 3.0; gap length, 0.1). Identical ( ) and
conserved (:) amino acid residues are indicated.

either deletions in the FW213 genome or insertions in the
strain 12 chromosome. It would be interesting to compare
the nucleotide sequences in the flanking regions in other
related streptococcal strains such as S. gordonii PK488,
which show antigenically similar, similar-molecular-weight
proteins.
The only other streptococcal adhesin of similar molecular

weight identified so far is the 38,000-Mr protein from S.

gordonii PK488 (16). The observation that the SsaB adhesin
is also antigenically related to the S. gordonii PK488 adhesin
was unexpected. Their immunological cross-reactivity raises
the possibility that the adhesin may be a bifunctional protein
and thus mediates coaggregation with A. naeslundii PK606

1 2 3 4 12 3 4 5 2 3 4 5

kDa

110_ _

84-:
.... ......

47_- :

24_ . :

A B C

FIG. 4. Western blots of sonic cell lysates .of S. gordonii and S.
sanguis were probed with IgG prepared from either anti-SsaB serum
or anti-PK488 serum absorbed with PK1804 cells. (A) Gel stained
with Coomassie brilliant blue; (B) Western blot of gel reacted with
anti-SsaB IgG; (C) Western blot of gel reacted with anti-PK488
absorbed IgG. Lanes 1, Molecular mass markers; lanes 2, 5.

gordonii PK488; lanes 3, S. gordonii PK1804 (coaggregation-defec-
tive mutant of strain PK488); lanes 4, 5. sanguis 12; and lanes 5, S.
sanguis 12na (non-saliva-aggregating variant of strain 12). Pre-
stained molecular mass markers are indicated at the left.

kDa 1 2 3 4 5
110- "R-'

33 '1

24-W
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.w
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FIG. 5. Western blots of trypsin-digested sonic cell lysates of S.

gordonii and S. sanguis were probed with IgG prepared from either
anti-SsaB serum or anti-PK488 serum absorbed with PK1804 cells.
(A) Gel stained with Coomassie brilliant blue; (B) Western blot of
gel reacted with anti-SsaB IgG; (C) Western blot of gel reacted with
anti-PK488 absorbed IgG. Lanes 1, Molecular weight markers; lanes
2, 5. gordonii PK488 digested with trypsin; lanes 3, S. gordonii
PK488 (undigested); lanes 4, S. sanguis 12 digested with trypsin;
and lanes 5, S. sanguis 12 (undigested). Prestained molecular mass
markers are indicated at the left.

as well as recognizes salivary receptors. This proposed
bifunctional property of the adhesins may be a unique
mechanism for bacterial adherence. For example, these
adhesins may be useful in recognizing salivary molecules in
the acquired pellicle on a freshly cleaned tooth surface and
may also be used as a mechanism for accretion of actinomy-
ces in the developing plaque.
The nature of the receptors for these adhesins on the

surface of actinomyces or in saliva is unknown. The salivary
receptor may be derived from the host. Alternatively, since
saliva-binding studies are conducted with clarified whole
saliva and since it is known that whole saliva contains some
bacterial debris, the receptor may be a bacterial component
shed into the saliva. Purification of the receptors from saliva
and A. naeslundii will be required to test the potential
bifunctionality of the SsaB protein and the 38,000-Da protein
from S. gordonii PK488.
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