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Streptococcus mutans surface proteins may be important in immunization against dental caries. We report
the existence of an open reading frame of 1,005 bp that lies 1,162 bases upstream of the S. mutans OMZ175 sr
gene and that encodes a cell wail-associated protein. This open reading frame codes for 335 amino acid
residues. The first 18-amino acid region is predominantly hydrophobic and resembles a signal peptide, and the
hydrophobic C-terminal region may function as an anchor to the bacterial cell wall. On the basis of the
predicted antigenic determinants of the deduced amino acid sequence, a 16-residue synthetic peptide
corresponding to the middle hydrophilic coiled region was synthesized. Antibodies raised against this synthetic
peptide reacted with a protein with an apparent Mr of 40,000 that was identified by Western immunoblotting
in a cell wall extract from S. mutans OMZ175. The high reactivity in an enzyme-linked immunosorbent assay
of the antibodies with whole S. mutans OMZ175 cells showed that this protein was located on the bacterial cell
surface. Furthermore, the antipeptide immunoglobulin G recognized an identical determinant on the cell
surface of other members of the S. mutans group. However, the function of this protein is not yet known.

Streptococcus mutans, the primary etiologic agent of the
initiation of dental caries, possesses a number of cell surface
and extracellular proteins which are implicated in the attach-
ment of these bacteria to salivary glycoproteins in the tooth
pellicle (15). These proteins are highly immunogenic and are
protective in immunization studies (2). The virulence of S.
mutans has been investigated by a genetic approach, and
several genes specifying cell surface and extracellular pro-
teins have been cloned. Extracellular proteins recently char-
acterized are (i) glucosyltransferases (31), fructosyltrans-
ferases (27), and a glucan-binding protein (26), which are
implicated in sucrose-dependent adherence; (ii) antigen I/II
(12), a protein of Mr 185,000 present in all members of the S.
mutans group except S. rattus and involved in sucrose-
independent adherence; and (iii) antigen A (5), a protein of
Mr 29,000 found in S. mutans and S. rattus and the role of
which is not yet known. Animal studies have demonstrated
that protection against dental caries could be obtained after
immunization with purified antigen I/II or related proteins
(13) and with antigen A (25). However, some side effects,
such as the induction of heart-reactive antibodies (9), the
production of rheumatoid factors (24), and antigen mimicry
with human immunoglobulin G (IgG) (33), have hampered
the development of a vaccine against S. mutans, although it
was recently shown that the induction of heart-reactive
antibodies was not due to antigenic similarity between
antigen I/II and components of the human heart (34).

Therefore, the characterization of other S. mutans cell
surface proteins is of particular importance in the develop-
ment of a safe vaccine. Previously, we reported the cloning
(19) and nucleotide sequence (20) of the sr gene of S. mutans
OMZ175 (serotype f), which encodes the SR protein, an
antigen I/II-related protein (12) implicated in the interactions
of S. mutans with salivary glycoproteins. The present com-
munication describes an open reading frame (ORF) lying
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1,162 bases upstream of the sr gene. The results presented
here indicate that this ORF encodes a cell wall protein ofMr
40,000 containing an antigenic determinant present in mem-
bers of the S. mutans group. However, the role of this cell
wall protein in S. mutans virulence is still not known.

MATERIALS AND METHODS

Bacterial strains and plasmids. S. mutans OMZ70 (sero-
type c), B-2 (serotype e), and OMZ175 (serotype f); S.
cricetus E49 (serotype a); S. rattus OMZ51 (serotype b); S.
sobrinus OMZ176 (serotype d) and 6715 (serotype g); and S.
downei MFe 28 (serotype h) have been described elsewhere
(1, 28). The strains were grown in brain heart infusion broth
(Difco Laboratories, Detroit, Mich.). Escherichia coli
NM522 (7) was used as the host for plasmids pTZ18R and
pTZ19R (Pharmacia LKB, Uppsala, Sweden). Recombinant
plasmid pHBsr-1 has been described elsewhere (19).

Antigens and CE. Cell wall extracted antigens (WEA) and
extracellular soluble antigens (ESA) were prepared from
exponential-phase cultures of S. mutans OMZ175 as previ-
ously described (28). Cellular extracts (CE) were prepared
from E. coli HB101 cells transformed by plasmid pHBsr-1,
and recombinant SR protein was prepared from CE as
described by Ogier et al. (19).
DNA cloning and analysis procedures. Routine DNA ma-

nipulation procedures such as miniscale plasmid prepara-
tion, restriction endonuclease analysis, purification of DNA
fragments from agarose gels, and subcloning were performed
as described by Maniatis et al. (16). Restriction endonu-
cleases and T4 DNA ligase were obtained from Appligene
(Strasbourg, France).
DNA sequencing and computer analysis. Restriction frag-

ments covering the 5'-flanking region of the sr gene were
generated from pHBsr-1 and subcloned in plasmids pTZ18R
and pTZ19R. Single-stranded templates were produced from
the pTZ plasmids in accordance with the instructions of the
manufacturer. Series of deletions extending from the BamHI

1620



S. MUTANS 40-kDa CELL WALL PROTEIN 1621

5'
ORF1 ORF2 ORF3 sr

I I-
*E o*-1 a~ - 1 II I -I HAB S HP H

, .XE ,E PS H X F; B S H

I kb

FIG. 1. Restriction map of the sr gene and its 5'-flanking region. The thick black bars indicate the ORFs. The open box represents the
probe used in the hybridization experiment. Restriction sites: B, BamHI; E, EcoRI; H, HindIII; P, PstI; S, SacI; X, XbaI.

and PstI restriction sites, respectively localized 2,983 bases
and 1,692 bases upstream from the start of the sr gene, were
produced by digestion with exonuclease III (8). The nucle-
otide sequence was determined on both strands by the
dideoxy chain termination method with T7 DNA polymerase
(Pharmacia), [35S]dATP (>37 TBq/mmol; Amersham, Les
Ulis, France), and the universal reverse primer or appropri-
ate specific synthetic oligonucleotide primers (Appligene).
The software package PC Gene (IntelliGenetics, Geneva,
Switzerland) was used for the analysis of the sequence data
and the prediction of the secondary structure of the protein
and epitopes. The hydrophobicity and amphiphilicity prop-
erties of the deduced amino acid sequence were analyzed by
the method of Kyte and Doolittle (10).

Southern blotting and hybridization procedure. Streptococ-
cal DNA was recovered by the protocol of Robeson et al.
(22). Each genomic DNA (20 pLg) was BamHI-PstI digested
to completion, and fragments were electrophoresed on an
0.8% agarose gel. The Southern blotting protocol (29) was
slightly modified: DNA was transferred under vacuum onto
nylon membranes (Amersham) and bound to the nylon under
UV light at 254 nm. The BamHI-PstI restriction fragment
covering the 5' part of ORF 2 (see below) was used to
produce a probe labeled by nick translation with biotin-7-
dATP (BRL, Cergy-Pontoise, France) in accordance with
the instructions of the manufacturer. Hybridizations were
performed under standard conditions (16) in the following
solution: 6x SSC (lx SSC is 0.15 M NaCl plus 0.015 M
sodium citrate)-Sx Denhardt's reagent-0.5% sodium dode-
cyl sulfate (SDS)-100 ,ug of denatured salmon sperm DNA
per ml. Detection was done with a streptavidin-alkaline
phosphatase (AP) conjugate (BlueGene system; BRL).

Peptide synthesis and conjugation to carrier protein. On the
basis of the predicted antigenic determinants of the deduced
amino acid sequence, a 16-residue peptide (SNPQVNVETD
SSEKDE) corresponding to the middle region (amino acids
167 to 182) of the protein was synthesized (Neosystem,
Strasbourg, France) by a solid-phase method (17). The
composition of the peptide was confirmed by amino acid
analysis, and the purity (>85.9%) was checked by high-
pressure liquid chromatography. Tyrosine was added to the
carboxy terminus of the peptide to couple the peptide to
ovalbumin through bisdiazobenzidine. The coupling ratio
reached 12 mol of peptide per mol of ovalbumin. The peptide
was also conjugated to bovine serum albumin (BSA) by
glutaraldehyde, with a coupling ratio of 8 mol of peptide per
mol of BSA.
Immunization and preparation of antisera. Antipeptide

serum was raised in two rabbits by subcutaneous injections
of equal mixtures of peptide conjugated to ovalbumin (100
,ug of peptide in phosphate-buffered saline [PBS]) and Fre-
und incomplete adjuvant at 15-day intervals. At least 400 ,ug
of peptide was injected, and blood was collected 10 days

after the last injection. Anti-SR protein serum was prepared
as previouslv aescribed (33). The IgG fraction of each
antiserum was purified by chromatography on DEAE-
Trisacryl M essentially by the method of Corthier et al. (3).
Control preimmune sera were subjected to the same purifi-
cation procedure. AP-antirabbit IgG was from Miles (Pu-
teaux, France).
ELISA. The antibody recognition of the expressed protein

was checked by an enzyme-linked immunosorbent assay
(ELISA) as previously described (18, 33). In brief, microtiter
plates (Nunc, Roskilde, Denmark) were coated with 50 ,uI of
S. mutans whole cells (109 bacteria per ml), WEA, ESA, CE
(10 pug/ml), or BSA-peptide (1 ,ug/ml). After the remaining
binding sites were blocked with 0.5% gelatin in PBS contain-
ing 0.05% Tween 20, the plates were incubated with serial
dilutions of antipeptide IgG (1 h, 37°C). Antibody binding
was detected with AP-antirabbit IgG and by incubation with
a substrate. The A405 was read with a Dynatech MR 5000
spectrophotometer.

Electrophoresis and immunoblotting. Proteins were sepa-
rated by SDS-polyacrylamide gel electrophoresis (PAGE) on
15% gels with the discontinuous buffer system of Laemmli
(11). Proteins were detected by staining with Coomassie
blue. In Western immunoblotting experiments, proteins
were transferred from SDS-PAGE gels to nitrocellulose
sheets by the procedure ofTowbin et al. (30) and detected by
incubation with antipeptide IgG and with AP-antirabbit IgG
and an enzyme substrate.

RESULTS

Nucleotide sequence and analysis. We previously described
the construction of plasmid pHBsr-1, which contains the sr
gene of S. mutans OMZ175 on a 9-kbp BamHI-HindIII insert
(Fig. 1), as well as the sequencing strategy used to determine
the 4,667 bp of the coding sequence of the sr gene (19, 20).
We now determined the nucleotide sequence of the upstream
region. Analysis of this nucleotide sequence revealed the
existence of three ORFs (Fig. 1). The first ORF (ORF1), at
the 5' end, extends from an undetermined initiation codon to
the termination codon TAA (position 656) and is probably
incomplete (Fig. 2). The second ORF (ORF2), starting at the
ATG codon (position 816) which is preceded by possible
promoter sequences (-35 and -10) and a potential ribo-
some-binding site, extends to the termination codon TAA
(position 1821) (Fig. 2). The third ORF (ORF3) extends from
base 1733 to base 2743, with a putative initiation codon ATG
at position 2207. Analysis of ORF3 was done on the basis of
this potential initiation codon. So defined, ORF3 has the
potential to encode a peptide of 179 amino acids, mainly
hydrophobic. Because of the poor probability of the exist-
ence of a secretory signal sequence in ORF3, we gave
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FIG. 2. Nucleotide sequence of the upstream region of the sr gene. Numbering starts at the BamHI site (5' end). The deduced amino acid
sequence specified by the ORFs is given below the nucleotide sequence. Possible -35 and -10 promoter regions and a putative
ribosome-binding site (RBS) are underlined. The vertical arrows show the putative cleavage sites for the removal of the signal peptide. The
underlined ATG (position 2983) is the initiation codon of the gene sr.

priority to the study of ORF2, encoding a presumptive
transmembrane exported protein.

Characteristics of ORF2. Computer analysis of the nucle-
otide sequence revealed the absence of internal repeats.
ORF2 is transcribed with the same polarity as the sr gene
and has the potential to encode a 335-amino-acid polypeptide
(Fig. 2). To identify this putative gene product, we screened
the EMBL Swiss-Prot protein sequence data bank for ho-
mologous sequences, but none was found. Examination of
the deduced amino acid sequence revealed that the putative
protein is hydrophilic, with hydrophobic regions at the N
and C termini (Fig. 3). The hydrophobic N-terminal region,
consistent with the -3,-1 rule (32), contains two potential
signal peptide cleavage sites at amino acids 18 and 19,

followed by a phenylalanine residue, and at amino acids 22
and 23. The hydrophobic C-terminal region does not contain
any predicted antigenic determinant and may function as an
anchor to the bacterial cell wall, although it does not display
the features of a cell wall-spanning region described for other
gram-positive organisms (21). The deduced molecular weight
of the ORF2-encoded polypeptide is 37,141.

Characterization of the expression product. Our goal was to
study the expression product of ORF2 by using the following
three steps: (i) prediction analysis of the secondary structure
of the putative protein, (ii) antibody production against a
potential epitope by use of a synthetic peptide, and (iii)
detection of the expression product in recombinant E. coli
and S. mutans cells.
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FIG. 2-Continued.

In accordance with the secondary structure prediction
analysis, (14), we selected the middle hydrophilic coiled
region ranging from residue 167 to residue 182 for modeling
of the peptide. After synthesis, the 16-residue peptide was
conjugated to ovalbumin and used for antibody production in
two rabbits. The antipeptide response was measured in an
ELISA with the peptide conjugated to a different carrier
protein, BSA. The peptide elicited high titers of antibodies in
both rabbits. Figure 4 shows the titration curve of antipep-
tide IgG. We used antipeptide IgG to detect the putative
expression product of ORF2 by Western blotting and
ELISA. Analysis of CE from E. coli HB101 cells carrying
recombinant plasmid pHBsr-1 by Western blotting revealed
that the expression product of ORF2 migrated as a single
band with an apparent Mr of 40,000 (Fig. SB). This Mr is
close to that estimated from the deduced amino acid se-

quence. Antipeptide IgG showed strong reactivity in ELISA
with CE from transformed E. coli (Fig. 4). To determine
whether this protein was present in S. mutans, we analyzed
various cellular fractions by ELISA. All of the activity was
found associated with whole S. mutans cells and WEA but
not with ESA, suggesting a cell surface localization of this
protein (Fig. 4). Western blot analysis of S. mutans WEA
and ESA revealed that antipeptide IgG reacted strongly with
one protein present in WEA but not in ESA (Fig. SB). This
protein had a molecular weight of 40,000 and migrated like
the protein detected in transformed E. coli. The presence of
this protein in the other streptococci of the S. mutans group
was determined by a whole-cell ELISA with antipeptide
IgG. The results for heterologous binding revealed the
presence of the antigenic determinant of the peptide in all of
the streptococci (Table 1). On the other hand, we used a
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FIG. 3. Hydropathy plot of the ORF2 potential expression product. The x axis represents the amino acid number. Hydrophobic and
hydrophilic domains are, respectively, above and below the dotted line.

DNA probe covering the 5' portion of ORF2 (amino acids 1
to 157), with the exception of the peptide-encoding region, in
the hybridization analysis. Under high-stringency condi-
tions, the probe hybridized only with the homologous re-

striction fragment of S. mutans OMZ175 chromosomal DNA
and with chromosomal fragments derived from S. mutans
strains from serotypes c and e, indicating the absence of
close homology with the other streptococcal genes (Fig. 6) or
at least a weaker conservation of the 5' portion of the gene.

DISCUSSION

Several approaches, including biochemical, immunologi-
cal, and genetic methods, have been used to characterize S.
mutans surface proteins because of their possible impor-
tance as potential antigens in immunization against dental
caries. Here we report the existence of an ORF that lies
upstream of the S. mutans OMZ175 sr gene and that encodes
a cell-associated protein. From the DNA sequence analysis,
we deduced that the encoded protein was composed of 335
amino acids and was possibly shortened by a signal peptide.
To study the putative expression product of this ORF, we

elicited antibodies against a synthetic 16-residue peptide
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FIG. 4. Dose-dependent binding of antipeptide IgG to peptide

conjugated to BSA (-), CE from E. coli HB101 (0), and WEA (x)
and ESA (l) from S. mutans OMZ175. Values obtained with control
preimmune IgG are deducted.

derived from the deduced amino acid sequence and corre-

sponding to the middle hydrophobic region of high predicted
flexibility. Antipeptide IgG was used to determine, identify,
and localize the authentic streptococcal protein. The anti-
bodies reacted with a 40-kDa protein present in both CE
from recombinant E. coli and WEA from S. mutans, show-
ing that the expression of this S. mutans protein was efficient
in E. coli. The Mr deduced from the ORF sequence is 37,100,
similar to the Mr of the gene product in E. coli and to the Mr
of the protein identified in S. mutans, suggesting the absence
of any posttranslational maturation process. Antipeptide IgG
reacted with the streptococcal protein not only in immuno-
blotting, possibly indicating a denatured state, but also in
ELISA, in which the structure of the protein is likely to be
more native. Furthermore, the high reactivity of the antibod-
ies with whole S. mutans serotype f cells confirmed the fact
that the protein is exported at the cell surface and that the
hydrophobic C-terminal region probably anchors the protein
to the cell wall. Antipeptide IgG recognized an identical
determinant on the cell surface of other streptococci of the
S. mutans group. However, that genetic diversity exists
within these streptococci is evidenced by the hybridization
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FIG. 5. (A) Coomassie blue-stained SDS-PAGE gel of CE from

transformed (lane 1) and control (lane 2) E. coli HB101 and of S.
mutans OMZ175 WEA (lane 3) and ESA (lane 4). Forty micrograms
of protein per fraction was run. (B) Western blot of the gel incubated
with antipeptide IgG and with AP-antirabbit IgG. Relative molecular
mass markers are indicated at the left in kilodaltons (k).
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TABLE 1. Binding of antipeptide IgG to streptococcal whole
cells as measured by ELISA'

Strain (serotype) A405

S. cricetus E49 (a) ................ 700
S. rattus OMZ51 (b)................ 1,140
S. mutans OMZ70 (c)................ 640
S. sobrinus OMZ176 (d)................ 1,080
S. mutans B-2 (e) ................ 1,070
S. mutans OMZ175 (f)................ 1,100
S. sobrinus 6715 (g)................ 860
S. downei MFe 28 (h)................ 960

a Antipeptide IgG was used at a concentration of 50 ALg/ml, and the results
were read after 1 h at 405 nm. A405 values represent the read values minus
values obtained with preimmune serum.

experiments, which revealed a poor degree of homology in
DNAs from the different serotypes. The S. mutans OMZ175
DNA fragment used as a probe did not appear to have
sequence homology with the DNAs of the strains of S.
cricetus, S. rattus, S. sobrinus, and S. downei used in this
study. A similar finding was recently reported by Gold-
schmidt and Curtiss concerning the antigen I component of
the S. sobrinus SpaA protein (6). Although the antigen
I-encoding fragment of S. sobrinus DNA did not appear to
have sequence homology with the chromosomes of other
members of the S. mutans group, the immunodeterminant of
antigen I was shown to cross-react with cell surface proteins
from S. mutans of various serotypes. Russell described a cell
wall antigen (antigen III) present in S. mutans serotypes c, e,
and f and S. rattus serotype b and having an Mr of 39,000,
similar to the Mr of our protein (23). Recently, the gene
specifying a precursor form of antigen A (wapA), a cell
wall-associated antigen from S. mutans serotype c that is
similar to antigen III, has been cloned (4) and sequenced (5).
A comparison of the amino acid sequence reported here and
the sequence of the wapA-encoded protein as well as those
of other S. mutans proteins failed to reveal any homology,
demonstrating that our 40-kDa protein is different from
antigen III or A. In summary, by using antipeptide IgG, we
identified a new S. mutans cell wall protein. The function of

2'''

kblpL
FIG. 6. Southern hybridization. Lanes a, b, c, d, e, f, g, and h

indicate the patterns of hybridization of the biotin-7-dATP probe to
the BamHI-PstI-restricted chromosomal DNAs (20 ,ug each) of S.

mutans strains from the corresponding serotypes.

this 40-kDa protein remains unknown, and further studies
will be necessary to define the role, if any, of this protein in
the virulence of S. mutans and to determine whether inter-
actions occur with other cell wall components.

REFERENCES
1. Beighton, D., R. R. B. Russell, and H. Hayday. 1981. The

isolation and characterization of Streptococcus mutans sero-
type h from dental plaque of monkeys (Macaca fascicularis). J.
Gen. Microbiol. 124:271-278.

2. Colman, G., and B. Cohen. 1979. Immunisation of monkeys
(Macaca fascicularis) with Streptococcus mutans, p. 214-215.
In M. T. Parker (ed.), Pathogenic streptococci. Reedbooks
Ltd., Bracknell, United Kingdom.

3. Corthier, G., E. Boschetti, and J. Charley-Poulain. 1984. Im-
proved method for IgG purification from various animal species
by ion exchange chromatography. Immunol. Methods 66:75.

4. Dao, M. L., C. Chavez, Y. Hirachi, and J. J. Ferretti. 1989.
Molecular cloning of the Streptococcus mutans gene specifying
antigen A. Infect. Immun. 57:3372-3376.

5. Ferretti, J. J., R. R. B. Russell, and M. L. Dao. 1989. Sequence
analysis of the wall-associated protein precursor of Streptococ-
cus mutans antigen A. Mol. Microbiol. 3:469-478.

6. Goldschmidt, R. M., and R. Curtiss m. 1990. Cross-reactivity
between the immunodominant determinant of the antigen I
component of Streptococcus sobrinus SpaA protein and surface
antigens from other members of the Streptococcus mutans
group. Infect. Immun. 58:2276-2282.

7. Gough, J. A., and N. E. Murray. 1983. Sequence diversity
among related genes for recognition of specific targets in DNA
molecules. J. Mol. Biol. 166:1-19.

8. Henikoff, S. 1984. Unidirectional digestion with exonuclease III
creates targeted breakpoints for DNA sequencing. Gene 28:351-
359.

9. Hughes, M., S. M. McHardy, A. J. Sheppard, and N. C. Woods.
1980. Evidence for an immunological relationship between
Streptococcus mutans and human cardiac tissue. Infect. Im-
mun. 27:576-588.

10. Kyte, J., and R. F. Doolittle. 1982. A simple method for
displaying the hydropathic character of a protein. J. Mol. Biol.
157:105-132.

11. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

12. Lee, S. F., A. Progulske-Fox, and A. S. Bleiweis. 1988. Molecular
cloning and expression of a Streptococcus mutans major surface
protein antigen, P1 (I/II), in Escherichia coli. Infect. Immun.
56:2114-2119.

13. Lehner, T., M. W. Russell, J. Caldwell, and R. Smith. 1981.
Immunization with purified protein antigen from Streptococcus
mutans against dental caries in rhesus monkeys. Infect. Immun.
34:407-415.

14. Levin, J., B. Robson, and J. Garnier. 1986. An algorithm for
secondary structure determination in proteins based on se-
quence similarity. FEBS Lett. 205:303-308.

15. Loesche, W. J. 1986. Role of Streptococcus mutans in human
dental decay. Microbiol. Rev. 50:353-380.

16. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

17. Merrifield, R. B. 1963. Solid phase peptide synthesis. I. The
synthesis of a tetrapeptide. J. Am. Chem. Soc. 85:2149-2154.

18. Ogier, J., J. P. Klein, M. Scholler, and R. M. Frank. 1986.
Studies of Streptococcus mutans interactions with saliva glyco-
proteins by an enzyme linked immunosorbent assay. J. Micro-
biol. Methods 5:157-165.

19. Ogier, J. A., A. Pini, P. Sommer, and J. P. Klein. 1989.
Purification and characterization of the expression product of
the sr gene of Streptococcus mutans OMZ 175. Microb. Pathog.
6:175-182.

20. Ogier, J. A., M. Scholler, Y. Lepoivre, A. Pini, P. Sommer, and
J. P. Klein. 1990. Complete nucleotide sequence of the sr gene

VOL. 59, 1991



INFECT. IMMUN.

from Streptococcus mutans OMZ 175. FEMS Microbiol. Lett.
68:223-228.

21. Pancholi, V., and V. A. Fischetti. 1988. Isolation and character-
ization of the cell-associated region ofgroup A streptococcal M6
protein. J. Bacteriol. 170:2618-2624.

22. Robeson, J. P., R. G. Barletta, and R. Curtiss III. 1983.
Expression of a Streptococcus mutans glucosyltransferase gene
in Escherichia coli. J. Bacteriol. 153:211-221.

23. Russell, M. W. 1979. Purification and properties of a protein
surface antigen of Streptococcus mutans. Microbios 25:7-18.

24. Russell, M. W. 1987. Analysis of heart-reactive antibodies
induced in rabbits by immunization with Streptococcus mutans.
J. Oral Pathol. 16:234-240.

25. Russell, R. R. B., D. Beighton, and B. Cohen. 1982. Immuniza-
tion of monkeys (Macaca fascicularis) with antigens purified
from Streptococcus mutans. Br. Dent. J. 152:81-84.

26. Russell, R. R. B., D. Coleman, and G. Dougan. 1985. Expression
of a gene for glucan-binding protein from Streptococcus mutans
in Escherichia coli. J. Gen. Microbiol. 131:295-299.

27. Sato, S., and H. K. Kuramitsu. 1986. Isolation and characteri-
zation of a fructosyltransferase gene from Streptococcus mu-
tans GS-5. Infect. Immun. 52:166-170.

28. Scholler, M., J. P. Klein, and R. M. Frank. 1981. Common
antigens of streptococcal and nonstreptococcal oral bacteria:

immunochemical studies of extracellular and cell-wall-associ-
ated antigens from Streptococcus sanguis, Streptococcus mu-
tans, Lactobacillus salivarius, and Actinomyces viscosus. In-
fect. Immun. 31:52-60.

29. Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

30. Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic
transfer of proteins from polyacrylamide gels to nitrocellulose
sheets: procedure and some applications. Proc. Natl. Acad. Sci.
USA 76:4350-4354.

31. Ueda, S., T. Shiroza, and H. K. Kuramitsu. 1988. Sequence
analysis of the gtf gene from Streptococcus mutans GS-5.
Gene 69:101-109.

32. Von Heijne, G. 1983. Patterns of amino acids near signal-
sequence cleavage sites. Eur. J. Biochem. 133:17-21.

33. Wachsmann, D., F. Ackermans, C. Vincenzotto, M. SchOller, H.
Bazin, J. A. Ogier, and J. P. Klein. 1989. Human IgG and
Streptococcus mutans SR protein contain cross-reactive
epitopes. J. Immunol. 143:4257-4263.

34. Wu, H., and M. W. Russell. 1990. Immunological cross-reactiv-
ity between Streptococcus mutans and human heart tissue
examined by cross-immunization experiments. Infect. Immun.
58:3545-3552.

1626 OGIER ET AL.


