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Introduction: Streptococcus mutans has been implicated as a primary causative agent of
dental caries in humans, and its cell surface protein antigen ¢ (PAc) is known to be
associated with sucrose-independent adhesion to tooth surfaces. PAc is composed of
several domains, including an N-terminal signal sequence, an alanine-rich repeat region
(A-region), a proline-rich repeat region (P-region), and an anchor region.

Methods: To investigate the functions of each domain, an A-region-deficient mutant
strain of S. mutans was constructed, and recombinant PAc and A- and P-region proteins
were also constructed. The interactions of each domain with the recombinant proteins
were analyzed using surface plasmon resonance spectroscopy with a biomolecular
interaction analyzing system.

Results: The A-region-deficient mutant strain showed the lowest levels of adherence to
saliva-coated hydroxyapatite. Furthermore, findings in an immunoblot assay indicated
that the A-region protein reacted strongly with proline-rich proteins in saliva, while the
recombinant P-region protein interacted more quickly with PAc than the recombinant
A-region protein.

Conclusion: These results suggest that the A-region has a strong relationship with
adhesion to tooth surfaces, while the P-region has a high affinity for PAc.
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Streptococcus mutans has been implicated
as a primary causative agent of dental
caries in humans (9) and possesses a
number of virulence factors that enable it
to colonize tooth surfaces. The cell surface
protein antigen ¢ (PAc), one of the major
surface proteins of S. mutans and known
by a number of other names, including
SpaP (13), antigen I/II (26) and B (25), P1
(7), and MSL-1 (6), is correlated to the

virulence of the organism in the develop-
mental of dental caries. PAc is known to
participate in bacterial adherence to teeth
via interaction with the salivary pellicle
(12). The gene for PAc of S. mutans
serotype ¢ has been cloned and sequenced
(13, 23), and includes an N-terminal signal
sequence, a region with a series of three
82-residue alanine-rich repeats (A-region)
within the N-terminal third of the molecule

and a region with a series of three 39-
residue proline-rich repeats (P-region) in
the central portion of the molecule (23).
Furthermore, C-terminal sequences char-
acteristic of wall- and membrane-spanning
domains of streptococcal surface proteins
have also been reported (11).

Human salivary proline-rich proteins
(PRPs), composed of heterogeneous mol-
ecules, are abundant in saliva produced
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from the parotid, submandibular, and sub-
lingual glands (3). They comprise about
80% of parotid salivary components and
are classified into three groups: acidic
(molecular mass <16 kDa), basic (molec-
ular mass <6 to 9 kDa), and glycosylated
(molecular mass 39 kDa) (27). PRPs are
coded by a multi-family of six genes, and
more than 20 PRPs have been discovered
by both differential RNA splicing and
proteolytic cleavages after secretion (17).
Acidic PRPs have been reported to act as
salivary receptors for several plaque-form-
ing bacteria (2), while glycosylated PRPs
have also been shown to interact with
several types of microorganisms, such as
Fusobacterium nucleatum (27).

Several studies have reported that the
proline-rich region may bind to PAc;
however, the binding specificities and
underlying mechanisms remain unknown.
In the present study, we constructed PAc-
deficient mutants by inserting an erythro-
mycin-resistance gene into the A-region of
the pac gene of S. mutans strain MT8148.
In addition, recombinant PAc, and A- and
P-region proteins were generated. We then
analyzed the binding specificities of each
domain and attempted to determine the
biological function of each region of PAc
using these recombinant proteins and
PAc-deficient mutants.

Materials and methods
Bacterial strains and plasmids

Table 1 lists the bacterial strains and the
plasmids utilized in the present study. We
used S. mutans strain MT8148 (serotype c)

aerobically at 37°C on Luria—Bertani agar
or broth.

Generation of PAc, A-region, and P-region
recombinant proteins

Recombinant proteins were generated
using a method described previously
(18). Briefly, DNA fragments encoding
total-PAc (PAc), the A-region of PAc,
and the P-region of PAc in pac (23)
(GenBank accession no. X14490) were
amplified from the genomic DNA of
strain MT8148 using a polymerase chain
reaction (PCR) technique with AmpliTaq®
polymerase (Applied Biosystems, Foster
City, CA). The amplified fragments of
the pac gene were subcloned into a
pGEM-T Easy Vector (Promega, Madison,
NJ), which was constructed based on
the sequences shown in Table 2 (total
PAc: forward, V2-1; reverse, V2-2;
A-region: forward, G21; reverse, G22;
P-region: forward, G25; reverse, G26),
after which appropriate restriction sites
were introduced for subcloning (BamHI at
the 5" end of the upper primer and Sall at
the 5" end of the lower primer). The
presence of an insert was confirmed by
BamHI and Sall digestions, followed by
gel electrophoresis and purification with
a QIAEX gel extraction kit (Qiagen,
Chatsworth, CA). The purified fragments
were subcloned into the expression vec-
tor pET42a(+) (Novagen, Darmstadt,

Table 2. Primers used in this study

Germany) and named pV12, pG212, and
pG256, respectively. The plasmids were
then transformed into E. coli BL21 (DE3)
cells and those harboring each recombinant
plasmid were grown in Luria—Bertani
broth (800 ml) to the middle log phase
at 37°C. Isopropylthio-B-D-galactoside
(Wako Pure Chemical Industries, Osaka,
Japan) was added to a final concentration
of 1.0 mM, then the cultures were incu-
bated for an additional 3 h to induce
protein synthesis. The cells were harvested
by centrifugation, then pelleted cells were
suspended in 20 mMm imidazole buffer
(10 mM NazHPO4, 10 mm NaH2PO4,
0.5 M NaCl, 20 mM imidazole, pH 7.4)
and sonicated on ice. Recombinant PAc
(rPAc), A-region (rG12), and P-region
(rG56) proteins were obtained after centri-
fugation at 12,000 g for 30 min. The
supernatants were subjected to a HiTrap
chelating affinity chromatography col-
umn (GE Health Bio-Science) and eluted
with 0.5 M imidazole buffer (10 mm
Na,HPO,4, 10 mm NaH,PO,, 0.5 M NaCl,
0.5 M imidazole, pH 7.4). The purified
rPAc, rG12, and rG56 proteins were dia-
lyzed with MilliQ water and stored at
-80°C.

Rabbit anti-PAc serum was generated
using a method described previously (22).
Purified rPAc protein was mixed with
Freund’s complete adjuvant (Becton Dick-
inson) and injected intramuscularly into
adult white rabbits twice with a 14-day

(24). For the saliva-coated hydroxyapatite ~ Primer Sequence (5°-3°) Position
adherence assay, 3H_]abeled cells were V2-1 GCC ATG GTA GCA GCA GTC TCT TGT AGC AGGA 69-98
prepared by culturing in brain—heart infu- V2-2 GTC GAC ATC TTT CTT AGC CTT TAA ACC AAG 4671-4700
sion broth (Becton Dickinson Co., Frank- G21 CTG GAT CCG CCG AGO TTG AAC GCAT 547-571
. . P G22 TCT GCG TCG ACT TTT TGA TAT TTG G 1378-1402
lin Lakes, NJ) containing [*H]thymidine G5 GAA GGT TGT GGA GGT AGA CTA GGT CAG CTG 2507-2531
(0.1 MBg/ml; GE Health Bio-Science  G26 TTT GGA AAC ATT GTC GAC ACG GAT TTT ACC 2950-2974
Corp., Piscataway, NJ) for 16 h at 37°C.  Erm (Sacl)-F AAT TAG GAG CTC AAA ATT TGT AAT TAA GAA
Escherichia coli strains used for plasmid Erm (Sacl)-R AAG CGA CTC ATA GAG CTC TTT CCT CCC GTT
manipulation and maintenance were grown  Endonuclease recognition sequences are underlined.
Table 1. Bacterial strains and plasmids used in this study
Strain/plasmid Relevant characteristics Source/reference
Strains
MT8148 Wild type 24
PDG12 A-region of PAc deletion mutant strain derived from MT8148; Em" This study
Plasmids
pGEM-T Easy Cloning vector; Amp" Promega
pET42a (+) Vector for expression of GST fusion protein Promega
pVI12 pET42a (+) derived plasmid containing full length of PAc, Km" 22
pG212 pET42a (+) derived plasmid containing PCR-amplified DNA encoding amino acid 182 to 467 of PAc; Km" This study
pG256 pET42a (+) derived plasmid containing PCR-amplified DNA encoding amino acid 835 to 991 of PAc; Km" This study
pG312 pGEM-T Easy derived plasmid containing PCR-amplified DNA encoding amino acid 182 to 467 of PAc; Amp" This study
pE312 pG312 inserted erythromycin resistance cassette at the medium of PAc; Amp", Em’ This study

Amp", ampicillin resistance; Km', kanamycin resistance; Em’, erythromycin resistance.



interval. One week after the second injec-
tion, blood was drawn, then antiserum was
collected and stored at —20°C.

Construction of deletion mutants

DNA fragments encoding the A-region
from S. mutans MT8148 were amplified
by PCR with Ampli Taq® (Applied Bio-
systems) using primers (forward, G21;
reverse, G22), as shown in Table 2. The
DNA fragments were subcloned into a
pGEM-T Easy Vector (Promega) and
named pG312. The DNA fragment encod-
ing the Em' cassette from pVA838 (16)
was amplified by PCR with Ampli Taq®.
PCR primers were constructed based on
the sequences shown in Table 2, which
added the restriction enzyme site of Sacl at
the 5° and 3’ ends of the fragment.
Fragments of the Em" cassette were
digested using the appropriate enzyme,
then ligated into pG312 and named pE312.
The plasmid was digested with EcoRlI,
then linearized and transformed into
S. mutans MT8148 using the method of
Lindler and Macrina (14). Strain MT8148
was grown overnight in brain-heart
infusion broth and then transferred to
Todd-Hewitt broth (Becton Dickinson)
containing 10% heat-inactivated horse
serum (Gibco BRL, Rockville, MD). After
the resultant culture was incubated at 37°C
for 2 h, 200 pg pE312 plasmid DNA was
added to separate cultures, which were
allowed to stand at 37°C for 2 h, then
plated on Mitis Salivarius agar (Becton
Dickinson) containing erythromycin (final
concentration, 10 pg/ml). The A-region-
deficient mutant strain PDG12 was con-
firmed by PCR amplification, which
determined the nucleotide sequences of the
erm and pac genes, as well as by Western
blotting of whole cells of the mutants
with PAc-specific rabbit antiserum.

Saliva-coated hydroxyapatite adherence
assay

Sucrose-independent adhesion to saliva-
coated hydroxyapatite (SHA) was assayed
using the method of Matsumoto et al. (19),
with some modifications. Paraffin-stimu-
lated whole saliva was collected from a
healthy subject; it was placed into a beaker
placed on ice and clarified by centrifuga-
tion at 12,000 g for 15 min. Thereafter, the
saliva was stored at —20°C and thawed
before use. Five milligrams of spheroidal
hydroxyapatite (HA; BDH Chemicals Ltd,
Poole, UK) was placed in 3-ml plastic
tubes and washed three times with buf-
fered KCI (5 mM KCIl, 2 mMm K,POy,

1 mM CaCly; pH 6.0) to remove the fines.
Clarified saliva (1 ml) was mixed at room
temperature with the washed HA on a
rotator (RT-50; Taitec Corporation, Koshi-
gaya, Japan) at a speed of 1.1 x 10™%g for
60 min. Each SHA suspension was added
to an individual cup in a vacuum filtration
device (1225 Sampling Manifold; Milli-
pore, Bedford, MA) containing a mixed
cellulose—ester membrane (0.45-pm pore
size; Toyo Roshi Kaisha Ltd., Osaka,
Japan) and a vacuum was applied. The
membrane was washed three times in
buffered KCI to remove the loosely bound
SHA, which produced a monolayer of
beads. After washing the SHA-binding
membrane, radiolabeled MT8148 and the
mutant strain were added individually to
the cup and reacted at room temperature
for 30 min. Unbound cells were decanted,
after which the SHA-binding membrane
was washed four times in buffered KCI.
The radioactivity of the SHA-binding
membrane was measured using a liquid
scintillation spectrometer.

Proline-rich protein fraction of saliva

Paraffin-stimulated whole saliva was col-
lected from a healthy subject and dialyzed
extensively against distilled water at 4°C
using a cellophane tube (Dialysis Mem-
brane size 36; Wako), then freeze-dried.
Lyophilized samples were reconstituted in
0.1 M Tris—HCI buffer (pH 7.5) containing
6 M guanidine—HCl1 and fractionated by
gel filtration chromatography with a Seph-
acryl S-200 column (2.5 X 100 cm, Bio-
Rad Laboratories, Hercules, CA), using
the method described by Stromberg et al.
(28). The flow rate was 0.4 ml/min at 4°C
and the elution was collected as 4-ml
fractions. Fractions containing PRPs were
dialyzed and freeze-dried.

Dot blot assay

Each PRP fraction was labeled with
biotin using an ECL Biotinylation Kit
(GE Health Bio-Science). The rPAc,
rG12, and rG56 (100 ng) were blotted
on nitrocellulose membranes using a 96-
well dot blot manifold (Bio-Rad) and
reacted with biotin-labeled PRPs. The
wells were washed twice with 200 pl of
phosphate-buffered saline (PBS), then the
filters were removed from the apparatus
and blocked with PBS containing 5%
skim milk and 0.25% Triton X-100.
Horseradish peroxidase-conjugated strep-
tavidin was added to the wells and
development was performed with a
4-chloro-1-naphthol solution.
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Measurement of molecular interactions
with the BlAcore system

Interactions of the A-region and P-region
with the PAc fragments were analyzed
using a BIAcore Model 1000 system
(BIAcore International, Uppsala, Sweden),
according to the manufacturer’s instruc-
tions. Briefly, a dextran layer on a sensor
chip covalently attached to a carboxy-
methylated dextran gold surface (CMS5
sensor chip, BIAcore International) was
activated by injection of a mixture of
n-hydroxysuccinimide (NHS) and carbo-
diimide (EDC) for 10 min, creating a
reactive ester on the surface. Subsequently,
rPAc in 10 mM of sodium acetate buffer
(pH 4.5) was immobilized on the CMS5
sensor chip. Excess binding sites contain-
ing non-reacted ester groups of the CM5
matrix were blocked with 1 M ethanol-
amine-HCI. One flow cell was left blank
and used as a reference. The rG12 and
rG56 were dissolved in PBS, which was
also used as the running buffer for this
experiment. Various concentrations of
rG12 or rG56 were injected at a flow rate
of 10 pl/min at 25°C, and the interactions
were monitored as resonance units (RU)
using a sensorgram. The results of each
specific interaction are presented as the spe-
cific dissociation rate constant (ky), asso-
ciation rate (k,), and association constant
(Ka, where Kx = ku/kq), which were deter-
mined using BIA EVALUATION software
version 3.02, as described previously (1).

Statistical analysis

Intergroup differences of various factors
were analyzed by a statistical analysis of
variance (ANOVA) for factorial models.
Fisher’s protected least-significant differ-
ences test was used to compare individual
groups.

Results
Expression and purification of rPAc

As for the recombinant proteins, analysis
using sodium dodecyl sulfate—polyacryl-
amide gel electrophoresis showed only a
single band each for PAc, the A-region
protein (rG12), and the P-region protein
(rG56), which corresponded to 200, 60,
and 75 kDa, respectively (Fig. 1).

Biological properties of PAc-deficient
mutant strains

In the SHA binding assays of A-region-
deficient mutant strains, PDG12 showed a
significantly lower binding level than
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Fig. 1. Sodium dodecyl sulfate—polyacrylamide
gel electrophoresis with Coomassie blue stain-
ing. Lane 1, molecular marker; lane 2, rPAc;
lane 3, rGl12; lane 4, rG56; and lane 5,
molecular marker.

MTS8148 (P < 0.01, data not shown). In
addition, the adherence of the PDGI12
strain became elevated when rAr (1 mg/
ml) was added, but it did not change when
rPr (1 mg/ml) was added (Fig. 2A). Fur-
thermore, the adherence of PDGI12 was
dependent on the concentration of rAr
(Fig. 2B).

Interaction of recombinant PAc and
salivary PRPs

PRPs were fractionated from whole saliva
and the molecular sizes ranged from 20 to
25 kDa (Fig. 3A). Dot blot assay findings
showed that the recombinant A-region
protein (rG12) bound to the salivary PRPs
strongly, whereas a band for the recombi-
nant P-region protein (rG56) was not
clearly detected (Fig. 3B).

Estimation of P-region binding affinity to
PAc using BlAcore system

BIAcore analysis revealed that rG56 had a
significantly lower k; value than rG12,
suggesting that the P-region was resistant
to dissociation from PAc (Fig. 4A). Fur-
thermore, the affinity of rG56 to PAc
showed a more rigid and stable binding
mode as compared with that of rG12. The
K, values, which indicated total binding
affinity, were 5.17 x 10° for rG56 and
5.98 x 10° for rG12, suggesting a much
greater adhesive affinity of the P-region to
PAc (Fig. 4B).

Discussion

Several studies have demonstrated the
functions of PAc using truncated recombi-
nant proteins of S. mutans and have ana-
lyzed the function of each PAc domain
using E. coli organisms that secrete PAc.
However, those findings were merely from
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Fig. 2. Bacterial adherence to saliva-coated
hydroxyapatite by A-region deletion mutant
strain  PDG12. (A) Recombinant A-region
(rAr) and P-region (rPr) proteins were added
to the PDG12 strain. (B) Various concentrations
of rAr were added to the PDG12 strain. There
were statistically significant differences between
each of the protein added strains and between
the concentrations of rAr (**P < 0.01; Fisher’s
protected least-significant differences analysis).

observations of the interactions between
PAc and the target proteins, and did not
analyze the functions of the cells (5). A
possible reason for the limited findings
presented in those reports may be linked to
difficulties in the production of PAc dele-
tion mutants. In the present study, we
successfully constructed A-region-deleted
mutant strains of S. mutans PDG12 and
each showed different cariogenic proper-
ties in vitro.

Lee et al. (13) reported that PAc protein
was not detected in any cellular fractions
of a PAc-deficient mutant strain, while the
protein was detected in the culture
medium. They speculated that either a
frame shift of the pac gene occurred by the
insertional mutation procedure or one of
the genetic functions had changed. As a
result, the LPXTG wall anchor motif could
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Fig. 3. Binding of salivary proline-rich proteins
(PRPs) to Streptococcus mutans PAc. (A) So-
dium dodecyl sulfate—polyacrylamide gel elec-
trophoresis ~ (SDS-PAGE) of fractional
components. The fraction containing salivary
PRP was dissolved in SDS-loading buffer. It
should be noted that the PRPs migrated in an
anomalous manner with respect to molecular
mass in the SDS-PAGE gels. Lane 1, molecular
marker; lane 2, whole saliva; and lane 3, fraction
containing PRPs (arrows indicated the acidic
PRPs). (B) rPAc, rG12 (A-region protein), and
rG56 (P-region protein) were blotted onto
nitrocellulose membranes and reacted with bio-
tin-labeled PRPs. The wells were then exposed
to horseradish peroxidase-conjugated streptavi-
din. Well 1, rPAc; well 2, rG12; and well 3,
rG56.

not be expressed and then an incomplete
PAc of the mutant strain was translocated
into the supernatant. In the present study,
the PDG12 strain showed the lowest value
of adherence to SHA among all of the
tested strains, while the recombinant
A-region protein complemented the adher-
ence to SHA by the A-region deletion
mutant strain (Fig. 2) These results indi-
cate that the A-region is strongly related to
adherence to SHA and suggest that the
recombinant A-region protein enhances
binding of the PAc-deficient mutant strain
to SHA. A previous study reported that
incomplete PAc was found in 4% of
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Fig. 4. Binding affinity of tG12 and rG56 to PAc analyzed using a BIAcore system. (A) The binding
ability of rG56 to PAc was monitored and is presented as a sensorgram. The same molar amount of
each recombinant PAc was immobilized on the matrix of the chip. rG12 and rG56 were injected at a
flow rate of 10 pl/min for 240 s. For kinetic studies, rG56 was used with increasing concentrations.

(B) Binding constants of rG12 and rG56 to rPAc.

clinical S. mutans isolates from Japanese
children (22). Thus, the fragment size of
PAc or the presence of the A-region may
indicate the level of cariogenicity of these
strains.

Several studies of S. mutans have
shown that the recombinant peptide frag-
ment derived from the A-region binds
salivary agglutinin (5) and salivary glyco-
proteins (20), while the binding activity of
that from the P-region is lower than that
from the A-region. Another study also
reported that the P-region bound to the
PAc molecule itself and proposed that this
segment may contribute to spontaneous
self-aggregation of the molecule (21).
Proline-rich sequences are frequently
repetitive and generally form extended
structures (30), and the fibronectin-binding
proteins of Streptococcus pyogenes have
very similar proline-rich sequences adja-
cent to their fibronectin-binding domains
(29). Repetitive proline-rich segments are
also present in the sequence encoded by
genes of the immunoglobulin A Fc binding
protein of group B streptococci (10), as
well as numerous proteins expressed by a
wide variety of bacterial species.

PRPs are thought to possess unique
hidden receptors, termed cryptitopes,
which promote bacterial adherence (8).
Several oral bacteria have been observed
to bind to adsorbed PRPs on dental enamel
surfaces, while agglutinin and glycopro-
tein are considered to bind to the A-region
of PAc (5, 20). Thus, we investigated the

interactions between PRPs and each PAc
domain in the present experiments. Our
immunoblot assay findings showed that
the A-region strongly reacted with PRPs
(Fig. 3), indicating that they may bind
specifically to the A-region in PAc. On the
other hand, the P-region protein does not
adhere to tooth surfaces, though the pro-
line-rich region is known to be involved in
a variety of intra- and intermolecular
protein—protein interactions (30). In addi-
tion, a fragment of PAc that included the
central proline-rich repeat (amino acid
residues 816 to 1213) was reported to be
protective against recolonization with
S. mutans in human passive immunization
experiments (15). In addition, the P-region
protein is an integral component that
contributes to the conformation of the
central region of PAc and its presence is
necessary for surface expression of the
molecule on S. mutans (4).

In the present study, incomplete PAc
was translocated to the supernatants of all
PAc-deletion mutant strains, which led us
to consider that the P-region may have
another biological function that is kept
stable by conformation. Proline-rich se-
quences are frequently repetitive, and
generally form extended structures and
flexible regions (30). We employed surface
plasmon resonance technology with a
biomolecular interaction analyzing system
(BIAcore) for kinetic analysis of the P-
region with PAc. A strong interaction of
the P-region with PAc was shown in our
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results of surface plasmon resonance spec-
troscopy obtained with the BIAcore, while
real-time observations revealed that the
P-region protein interacted more quickly
with PAc than the A-region protein. The
significant association constant (k,) values
obtained by BIAcore analysis demon-
strated that the interaction between the
P-region protein and PAc was specific.
Furthermore, the P-region protein pos-
sessed a significantly higher affinity with
PAc compared to the A-region protein. We
consider that this high level of affinity may
promote swift adhesion and aggregation.
In summary, the A-region of PAc
of S. mutans was shown to bind to
proline-rich proteins, which are salivary
components, while the P-region also
demonstrated a high affinity to PAc.
Nevertheless, further investigations are
needed to clarify the relationship of PAc
and self-aggregation. Additional findings
may lead to elucidation of the function of
each domain of PAc in S. mutans and their
involvement in biofilm formation.

Acknowledgments

This study was supported by a Grant-in
Aid for Scientific Research (C) 18592233
from the Japan Society for the Promotion
of Science, and in part by the 21* Century
COE entitled Organization at Osaka Uni-
versity Graduate School of Dentistry, sup-
ported by the Ministry of Education,
Culture, Sports, Science, and Technology
of Japan.

References

1. Amano A, Nakamura T, Kimura S et al.
Molecular interaction of Porphyromonas
gingivalis fimbriae with host proteins:
kinetic analyses based on surface plasmon
resormance. Infect Immun 1999: 67: 2399—
2405.

2. Amano A, Sojar HT, Lee SJ, Sharma A,
Levine MJ, Genco RJ. Salivary receptors
for recombinant fimbrillin of Porphyromon-
as gingivalis. Infect Immun 1994: 62:
3372-3380.

3. Bennick A. Structural and genetic aspects of
proline-rich proteins. J Dent Res 1987: 66:
457-461.

4. Brady LJ, Cvitkovitch DG, Geric CM et al.
Deletion of the central proline-rich repeat
domain results in altered antigenicity and
lack of surface expression of the Strepto-
coccus mutans P1 adhesion molecule. Infect
Immun 1998: 66: 4274-4282.

5. Crowley PJ, Brady LJ, Piacentini DA,
Bleiweis AS. Identification of a salivary
agglutinin-binding domain within cell sur-
face adhesion P1 of Streptococcus mutans.
Immunology 1993: 61: 1547-1552.

6. Demuth DR, Lammey M, Huck ET,
Lally ET, Malamud D. Comparison of



270

10.

12.

13.

Matsumoto-Nakano et al.

Streptococcus mutans and Streptococcus
sanguis receptors for human salivary agglu-
tinin. Microb Pathog 1990: 9: 199-211.

. Forester H, Hunter N, Knox KW. Charac-

teristics of a high molecular weight extra-
cellular protein of Streptococcus mutans.
J Gen Microbiol 1983: 129: 2779-2788.

. Gibbons RJ, Hay DI, Ghilds WCI, Davis G.

Role of cryptic receptors (cryptitopes) in
bacterial adhesion to oral surfaces. Arch
Oral Biol 1990: 35: 1075-1145.

. Hamada S, Slade HD. Biology, immunol-

ogy, and cariogenicity of Streptococcus
mutans. Microbiol Rev 1980: 44: 331-384.
Heden LO, Frithz E, Lindahl G. Molecular
characterization of an IgA receptor from
group B streptococci: sequence of the gene,
identification of a proline-rich region with
unique structure and isolation of N-terminal
fragments with IgA binding capacity. Eur J
Immunol 1991: 21: 1481-1490.

. Homonylo-McGavin MK, Lee SF. Role of

the C terminus in antigen Pl surface
localization in Streptococcus mutans and
two related cocci. J Bacteriol 1996: 178:
801-807.

Koga T, Okahashi N, Takahashi I, Kanam-
oto T, Asakawa H, Iwaki M. Surface
hydrophobicity, adherence, and aggregation
of cell surface protein antigen mutants of
Streptococcus mutans serotype c. Infect
Immun 1990: 58: 289-296.

Lee SF, Progulske-Fox A, Erdos GW et al.
Construction and characterization of iso-
genic mutants of Streptococcus mutans
deficient in major surface protein antigen
Pl (I/II). Infect Immun 1989: 57: 3306—
3313.

. Lindler LE, Macrina FL. Characterization

of genetic transformation in Streptococcus

20.

21.

22.

mutans by using a novel high-efficiency
plasmid marker rescue system. J Bacteriol
1989: 166: 658-665.

. Ma B, Tsai CJ, Nussinov R. Binding and

folding: in search of intramolecular chap-
eron-like building block fragments. Protein
Eng 2000: 13: 617-627.

. Macrina FL, Tobian JA, Jones KR, Evans

R, Clewell DB. A cloning vector able to
replicate in Escherichia coli and Strepto-
coccus sanguis. Gene 1982: 19: 345-353.

. Maeda N, Kim HS, Azen EA, Smithies O.

Differential RNA splicing and post-transla-
tional cleavages in the human salivary
proline-rich protein gene system. J Biol
Chem 1985: 260: 11123-11130.

. Matsumoto M, Hamada S, Ooshima T.

Molecular analysis of the inhibitory effects
of Oolong tea polyphenols on glucan-bind-
ing domains of recombinant glucosyltrans-
ferase from Streptococcus mutans. FEMS
Microbiol Lett 2003: 228: 73-80.

. Matsumoto M, Minami T, Sasaki S, Ha-

mada S, Ooshima T. Inhibitory effects of
oolong tea extract on caries-inducing prop-
erties of mutans streptococci. Caries Res
1999: 33: 441-445.

Moisset A, Schatz N, Lepoivre Y et al.
Conservation of salivary glycoprotein-inter-
acting and human immunoglobulin G-cross-
reactive domains of antigen I/Il in oral
streptococci. Infect Immun 1994: 62: 184—
193.

Nakai M, Okahashi N, Ohta H, Koga T.
Saliva-binding region of Streptococcus mu-
tans surface protein antigen. Infect Immun
1993: 61: 4344-4349.

Nakano K, Tsuji M, Nishimura K, Nomura
R, Ooshima T. Contribution of cell surface
protein antigen PAc of Streptococcus

23.

24.

25.

26.

217.

28.

29.

30.

mutans to bacteremia. Microbes Infect
2006: 8: 114-121.

Okahashi N, Sasakawa M, Yoshikawa S,
Hamada H, Koga T. Cloning of a surface
protein antigen gene from serotype ¢ Strep-
tococcus mutans. Mol Microbiol 1989: 3:
221-228.

Ooshima T, Izumitani A, Sobue S, Hamada
S. Cariostatic effect of palatinose on exper-
imental dental caries in rats. Jpn J Med Sci
Biol 1983: 36: 219-223.

Russell RR. Wall associated protein anti-
gens of Streptococcus mutans. J Gen
Microbiol 1979: 114: 109-115.

Russell MW, Lehner T. Characterization of
antigens extracted from cells and culture
fluids of Streptococcus mutans serotype c.
Arch Oral Biol 1978: 23: 7-15.

Schenkels LCPM, Veerman ECI, Ameron-
gen AVN. Biological composition of
human saliva in relation to other mucosal
fluids. Crit Rev Oral Biol Med 1995: 6:
161-175.

Stromberg N, Borén A, Carlén A, Olsson J.
Salivary receptors for GalNAcp-sensitive
adherence of Actinomyces spp.: evidence
for heterogeneous GalNAcP and proline-
rich protein receptor properties. Infect Im-
mun 1992: 60: 3278-3286.

Talay SR, Valentin-Weigand P, Timmis KN,
Chatwal GS. Domain structure and con-
served epitopes of Sfb protein, the fibro-
nectin-binding adhesion of Streptococcus
pyogenes. Mol Microbiol 1994: 13: 531—
539.

Williamson MP. The structure and function
of proline-rich regions in proteins. Biochem
J 1994: 297: 249-260.



This document is a scanned copy of a printed document. No warranty is given about the accuracy
of the copy. Users should refer to the original published version of the material.



