
Streptococcus mutans is a major causative
agent of human dental caries and its ability
to adhere to tooth surfaces is considered to
be central to the pathogenic capability
of this organism (6). In addition, a number
of functional molecules on the cell surface
of S. mutans have been identified, includ-
ing cell-associated glucosyltransferase
(GTF) and the adhesin PAc.
GTFs catalyze the synthesis of adhesive

glucans from sucrose and S. mutans is
known to harbor at least three different
types of GTFs; GTF-I, GTF-SI and
GTF-S, which are encoded by the gtfB,

gtfC and gtfD genes, respectively. Cell-
associated GTF-I is responsible for the
generation of water-insoluble glucans and
GTF-SI, which is also cell-associated,
catalyzes the synthesis of both water-
soluble and water-insoluble glucans, while
GTF-S is secreted into culture supernatant
and synthesizes water-soluble glucans (4,
24). It remains unknown how S. mutans
uses the different GTFs; however, glucan-
mediated binding is considered to provide
a strong adherence to tooth surfaces for
S. mutans. In addition, another important
role of glucan is the development of

biofilm, which is often referred to as dental
plaque.
PAc is a 190-kDa surface protein of

S. mutans and similar functional proteins
are also expressed by other oral strepto-
cocci (14, 16). Independent research
groups have identified this molecule so it
is also referred to as P1 (12), B (18) and
antigen I/II (19). PAc binds to the salivary
agglutinin contained in the pellicle that
often coats teeth in the oral cavity, thereby
enabling S. mutans to adhere to tooth
surfaces. Although PAc has drawn the
interest of many researchers since being
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identified, little is known regarding how its
expression is regulated by S. mutans. In
Streptococcus sobrinus, the negative reg-
ulatory gene par exists upstream of the
pag operon and the pag gene shows a high
homology to S. mutans pac (23). There-
fore, we speculated that pac regulatory
genes exist upstream of the pac operon in
S. mutans. In the present study, we deter-
mined the nucleotide sequence of the
region and identified two open reading
frames (ORFs), then investigated the func-
tions of these putative regulatory genes by
constructing gene-targeted mutant strains.

Materials and methods

Bacterial cells and culture conditions

S. mutans strain MT8148 (serotype c) was
isolated from a Japanese patient and used as
a wild-type control strain (4, 24). Unless
specified elsewhere, brain–heart infusion
(BHI) broth (Difco Laboratories, Detroit,
MI) was used as the base culture medium.
For selection of transformed S. mutans
strains, kanamycin was added to a final
concentration of 30 lg/ml. To prepare
intermediate plasmid constructs, Escheri-
chia coli strain XL-10 Gold (Stratagene, La
Jolla, CA) was used and grown in Luria–
Bertani broth (Sigma, St Louis, MO) or on
Luria–Bertani agar plates supplemented
with 100 lg/ml of ampicillin.

Manipulation of DNA and RNA

Genomic DNA from S. mutanswas purified
using a Puregene DNA isolation kit (Qia-
gen, Düsseldorf, Germany) and transfor-
mation of S. mutans was performed as
described previously (8). Plasmid DNA
preparation, transformation of E. coli, and
polymerase chain reaction (PCR) were
performed as previously described (20).
DNA sequencing was carried out using a
BigDye terminator cycle sequencing ready
reaction kit (Applied Biosystems, Foster
City, CA) and an ABI PRISM 310 DNA
sequencer (Applied Biosystems). RNA
preparations from S. mutans and RNA dot
blot analysis were performed as described
previously (23). The probes used were
amplified by PCR with the primers listed
in Table 1.

Determination of nucleotide sequence

upstream of the pac gene

Genomic DNA was digested with either
HindIII or EcoRI. The resultant fragments
were then subcloned into a pUC19 cloning
vector that had been digested with either
HindIII or EcoRI to construct genomic

DNA libraries. These libraries were
screened with a pac-specific probe to
select positive clones. The resultant clones
that possessed the upstream region of the
pac gene were sequenced as described
previously (20).

ORF analysis

Potential ORFs were initially identified
using GeneWorks version 2.4 (IntelliGe-
netics, Mountain View, CA). The ORF data
were then analyzed using a blast search
(http://www.ncbi.nlm.nih.gov/BLAST/),
with the resultant ORFs designated as orf1
and orf2. Sequence data for these ORFs
were submitted to DDBJ/EMBL/GenBank
under accession no. AB040534, during
which time we renamed orf2 as rgtB.

Construction of inactivated mutants

Coding regions of the orf1 and orf2 genes
were amplified by PCR using appropriate
primer sets, which are listed in Table 1.
Each of the PCR products was purified by
electrophoresis on agarose gel and subcl-
oned into a pGEM-T vector (Promega,
Madison, WI) to give rise to the circular
plasmids pYT1071 and pYT1072 for orf1
and orf2, respectively, based on the manu-
facturer’s instructions. To construct target-
ing plasmids for inactivation of the orf1 and
orf2 genes, pYT1071 and pYT1072 were
digested with HindIII and ligated with a
kanamycin-resistant gene, aphA3, with the
new constructs designated as pYT1082 and
pYT1079, respectively. These plasmids

were then linearized by ApaI digestion and
introduced to S. mutans strain MT8148, to
inactivate genomic orf1 and orf2 through
homologous recombination.

Sodium dodecyl sulfate–polyacrylamide

gel electrophoresis and Western blot

analyses

Sodium dodecyl sulfate–polyacrylamide
gel electrophoresis and Western blotting
were carried out as described previously
(5). Blotted membranes were reacted with
rabbit anti-GTF-I/SI immunoglobulin G
(IgG), which recognized both GTF-I and
GTF-SI or anti-GTF-S IgG, followed by
swine antirabbit IgG conjugated with
alkaline phosphatase (Dakopatts, Glostrup,
Denmark).

Hydrophobicity

Surface hydrophobicity was determined as
described previously (8). Briefly, lyophi-
lized bacterial cells were suspended in
PUM buffer (100 mm sodium phosphate
buffer, pH 7.1; 30 mm urea; 0.8 mm

MgSO4) at a final concentration of
0.6 mg/ml and mixed with n-hexadecane.
Following vigorous shaking, the optical
densities of the aqueous phases were
measured at 550 nm (OD550).

Adherence to a smooth surface

A sucrose-dependent adhesion assay was
performed as described by Kawabata and
Hamada (8). Briefly, 25 ll of precultured

Table 1. Primers used in this study

Gene Primer Sequence(5¢ to 3¢)
orf1 orf1/F1 GGAGCTGCATCTGTTTTAATTGG

orf1/R1 CGACGAATACCACTGTAGGAACG
orf2 orf2/F3 CGACGAATACCACTGTAGGAACG

orf2/R1 ATGAATTTTAGTATGAATAAC
Pac pac/F1 CACTGTGTGGTGCTGTTCTAGG

pac/R1 CAGCCTGATAAGGCAAGGGC
gtfB gtfB/F1 CGACAGCAATTAGACTGT

gtfB/R1 TTAGTACGAACTTTGCCG
gtfC gtfC/F1 GCAACATCTCAACCAACC

gtfC/R1 ATCTGTACTATAGACCTG
gtfD gtfD/F1 AGAACAGCAGACCTCAGA

gtfD/R1 TTATGACAGGCTCAAGTC
gbp gbp/F1 CTCTGAAGAGCACCATCC

gbp/R1 TATAGAACCAGTCTGTCG
ftf ftf/F1 GTACACCGGAAGTAGGTC

ftf/R1 CTTCCATCTTCATTTACGG
dexA dexA/F1 GCGTTATGCTGCTATTGG

dexA/R1 CTCTGCCATAGATACACC
aga aga/F1 CCTGCCAGCCATTATGATGTG

aga/R1 CGTTGCGACCGCCACCTCCTG
msmR msmR/F1 ACTGCCATACTGCGAATG

msmR/R1 TTGATCACTACGGTTCAG
recA recA/F1 CCGGAATCTTCTGGTAAG

recA/R1 CTAATTCACCTGTACGAG
aphA3 aphA3/R2 GGGATGAAGCCTGATTGGGAG
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suspension was inoculated into 5 ml BHI
broth supplemented with 1% sucrose and
cultured for 18 h at 37�C at a 30� angle,
after which the cell suspension was trans-
ferred to another glass tube (fraction A). A
5-ml quantity of sterile saline was added to
the tube and then it was subjected to
vortexing for 3 s, after which the mixture
was transferred to a new glass tube
(fraction B). Finally, to dissociate bacterial
cells that had tightly adhered to the glass
tube, another 5-ml quantity of sterile saline
was added to the tube and adherent cells
were dissociated completely using a soni-
cator (fraction C). The turbidity of each
fraction was determined at OD550 and per
cent adhesion of the test bacteria was
defined by the result of C/(A+B+C) (with
A, B and C representing the turbidity of
fractions A, B and C, respectively). Each
of the turbidity values was justified before
calculation by subtracting the appropriate
background (OD550 of BHI medium or
saline without bacterial cells), which was
measured beforehand.

GTF activities

GTF activities on S. mutans cell surfaces
and in culture supernatants were determined
as described previously (9, 10). Test strains
were cultured in 5 ml BHI broth for about
18 h at 37�C until the OD550 value reached
0.8. The culture supernatant and cellular
portion were separated by centrifugation,
and then the cellular portion was washed
twice and suspended in 5 ml phosphate-
buffered saline. Ten-microliter samples
from the supernatant and the cell suspen-
sion were each reacted with 10 ll 0.2 m

potassium phosphate buffer (pH 6.8)
containing 20 mm [14C-glucose]sucrose
(1.85 GBq/mol; MP Biomedicals, Solon,
OH) for 1 h at 37�C, after which the
reaction mixture was adsorbed onto a piece
of filter paper. The sample was then dehy-
drated and washed three times with meth-
anol, and used as a total glucan sample.
Another set of samples was similarly
prepared, but was washed with distilled
water in place of methanol. These samples
served as insoluble glucan samples. Syn-
thesized [14C]glucan was measured using a
liquid scintillation counter (Aloka Co. Ltd,
Mitaka, Japan).

Statistical analysis

Values are shown as the mean ± standard
error. Significant differences were esti-
mated with a Mann–Whitney U-test. For
this study, findings of P < 0.05 were
considered significant.

Results

Analysis of genomic region neighboring

pac gene

We determined the full DNA sequence of
the upstream region of the pac gene on the
chromosome of S. mutans strain MT8148
and investigated further for the presence of
putative pac regulatory genes. As a result,
two ORFs, designated orf1 and orf2, were
identified, as shown in Fig. 1A. Next, we
attempted to define the functions of these
genes through analysis of the deficient
mutant strains of one of the two genes. The
genes were inactivated by inserting a
kanamycin-resistance gene, aphA3, into
the target gene, and the resulting inacti-
vated mutants of orf1 and orf2 were
designated as TR-15.1 and TR-15.2,
respectively. Insertion of the aphA3 gene
was confirmed by PCR, as shown in
Fig. 1B. PCR assays with different geno-
mic DNA preparations provided a single
specific band only when the proper primer
set was used, i.e. aphA3/R2 and orf1/R1
for the TR-15.1 genomic template, and
aphA3/R2 and orf1/R2 for that of TR-15.2

(Fig. 1C). Template DNA from the wild-
type strain MT8148 did not yield any PCR
products, indicating that our PCR system
was reliable for detecting the aphA3 insert.

Expression levels of PAc, GTF-I/SI and

GTF-S

We speculated that orf1 and orf2 are
regulatory genes for PAc expression so
the protein expression levels of PAc in TR-
15.1 and TR-15.2 were examined by
Western blotting using a PAc-specific
primary antibody (Fig. 2A, B). There were
no significant differences between the
wild-type and deficient mutant strains with
regard to PAc expression level in the 8 m

urea extracts of the cells or culture super-
natants. The method of 8 m urea extraction
used is able to isolate various streptococcal
surface proteins, such as GTF-I, GTF-SI,
FbaA, FbaB and Lbp (5, 26–28). In the
Western blotting analyses, the densities of
specific bands became lower in lanes that
represented cellular samples from strains
TR-15.1 and TR-15.2, as compared to the
wild-type strain, when the anti-GTF-I/SI

A 

B C 

Fig. 1. Identification of putative regulatory genes upstream of the pac region in Streptococcus
mutans strain MT8148 and inactivation of those genes. (A) Physical map of the S. mutans strain
MT8148 chromosome neighboring the pac gene (top). The nucleotide sequence upstream of the pac
gene was determined as described in the Materials and methods section. Two open reading frames
(ORFs), orf1 and orf2, were found located upstream of the pac gene by ORF analysis (bottom). (B)
Each ORF was inactivated by insertion of the aphA3 gene, which was confirmed by polymerase
chain reaction (PCR) assay results. The forward primer aphA3/R2 was constructed within the
inserted sequence and the reverse primers, orf1/R1 and orf2/R1, were designed in proximity of the C-
terminus of orf1 and orf2, respectively. (C) Analysis of PCR products by agarose gel electrophoresis.
Specific bands corresponding to the PCR products were obtained from the mutant strains only when
the appropriate specific primers were used.
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primary antibody was used in place of the
anti-PAc primary antibody. These findings
indicated that the expression level of GTF-
I/SI was decreased in both mutant strains.
We also examined the expression level of
GTF-S protein in culture supernatants and
cellular samples from these strains, how-
ever, failed to find any significant differ-
ences.

Surface hydrophobicity and sucrose-

dependent adhesion to smooth surface

Cell-surface hydrophobicity analysis cle-
arly revealed that the orf1- and orf2-defi-
cient mutant strains had higher levels of
hydrophobicity in contrast to the parental
wild-type strain (Fig. 3A). Furthermore,
sucrose-dependent adhesion was signifi-
cantly (P < 0.01) lower for the orf1- and
orf2-deficient strains as compared to the
wild type strain (Fig. 3B).

RNA dot blotting

The effects of orf1 and orf2 inactivation on
transcriptions of various genes including
adhesion molecules were examined by
RNA dot blotting. The results revealed
that the transcriptional levels of pac were
apparently the same in the wild-type and
the mutants. On the other hand, transcrip-
tions of the gtfB and gtfC genes to
messenger RNA appeared to be sup-
pressed, whereas that with the gtfD gene
was not. It is important to note that
inactivation of orf1 did not change the
transcriptional levels of neighboring orf2
and the pac genes, and that orf1 and the
pac genes in the orf2-inactivated mutant
strain were also not affected, indicating
that inactivation of either orf1 or orf2 did
not have polar effects on the neighboring
genes. A panel of probes available in our
laboratory was used to examine as many

genes as possible; the examined genes and
their coding proteins are listed in Fig. 4.
The recA and gbp genes were downregu-

lated only in the orf2-inactivated strain,
while the remaining genes were not
affected.

GTF activity

Finally, the comprehensive GTF activities
of the mutant and wild-type strains were
evaluated. Overall, inactivation of orf1 and
orf2 led to lower GTF activities for
synthesizing insoluble glucan. In contrast,
the GTF activities for total glucan synthe-
sis were higher in the supernatants of the
inactivated mutant strains as compared to
the wild-type (Table 2).

Discussion

S. mutans is considered to be an important
etiological agent of dental caries and has
been intensively investigated in studies of
various strains. From our work with strain
MT8148, we have accumulated a vast
amount of data from both in vivo and
in vitro experiments. In 2002, the entire
genome sequence of S. mutans strain
UA159 was published (1) and has now
become the standard strain for S. mutans
investigations. When compared with
SMU_609 of UA159, ORF1 of strain
MT8148 exhibited a 97% homology at
the nucleotide level and 96% homology at
the amino acid level. Since orf2 in
MT8148 shares a 96% homology at the
nucleotide level and 97% homology at the
amino acid level with SMU_608 in
UA159, we consider that the present
findings are applicable to S. mutans strain
UA159, which is the standard strain of
S. mutans.
In the GenBank database, the SMU_608

locus of UA159 is registered as a ‘putative
peptide release factor’ based on its homol-
ogy to other streptococcal genes. Conse-
quently, it is possible that orf2 does not
regulate gtf genes directly, but rather is
involved in the maturation of gtf-regula-
tory genes such as peptide elongation.
Furthermore, these gtf-regulatory genes
may be global regulatory genes that con-
trol a number of different genes, which
may also explain the finding in this study
showing that the recA and the gbp genes
appeared to be downregulated in the orf2-
inactivated strain.
SMU_609 of UA159 is identical to the

40-kDa cell wall protein of S. mutans
OMZ175, which was identified by Ogier
et. al. (15) SMU_609 is currently anno-
tated as a ‘putative 40-kDa cell wall
protein’ based on their work; however, its
function has not been specified. Recently,
Catt et. al. (3) showed that the repeat area
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Fig. 2. Phenotypic analyses of orf1- and orf2-inactivated strains. (A) Protein expressions of GTF-I/
SI and PAc were examined by Western blotting using anti-GTF-I/SI and anti-PAc specific antibodies.
‘Cell’ indicates the cellular portion that was extracted with 8 m urea from the bacterial cells. ‘Sup’
represents the culture supernatant from the Streptococcus mutans strains. (B) Western blot analyses
of culture supernatants with specific antibodies against GTF-S and PAc.
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of SMU_609 was translated to a 67-kDa
cell surface protein SmaA, which pos-
sesses a YSIRK-signal sequence and
LPXTG-cell anchoring motif. SmaA has
a high homology to the Streptococcus
agalactiae murein hydrolase Bsp, though
it is still unclear if enzymatic activity is
involved in gene regulation or whether

Bsp is a multifunctional molecule (3).
Since inactivation of orf1 functioned sim-
ilarly to orf2 activation with regard to gtf
regulation, orf1 may also operate through
the same intermediate regulator(s) as gtf2.
In the present inactivated mutant strains

(TR-15.1 and TR-15.2), nearly all GTF-
related phenotypic changes occurred par-
allel to the changes in transcriptions of the
gtfB and the gtfC genes, i.e. the protein
expression levels of GTF-I and GTF-SI
were depressed, sucrose-dependent adher-
ence was downregulated, and the amount
of synthesized insoluble glucan was
decreased, except for the activities of total
glucan synthesis in the culture supernatant.
That exception is difficult to explain,
because the expression of GTF-S and
transcription from the gtfD gene were
unchanged in both mutant strains. A
plausible explanation is an increase of
GTF-S activity. Absence of the catalytic
products of GTF-I and GTF-SI in the same
system may confer advantages on GTF-S,
such as better access to substrates or
improved product clearance. Previously
reported results support this possibility.
Ooshima et al. suggested that the ratio of
all three GTFs has effects on the sucrose-

dependent adherence of S. mutans and the
production of insoluble glucan (17). Fur-
thermore, Tamesada et al. showed that
GTF-SI has a strong effect on sucrose-
dependent adhesion, even though insolu-
ble glucan is considered to be a major
constituent of adhesive glucan (25). These
findings indicate that three GTFs can
interact with each other and that the ratio
of different GTFs affects the nature of the
final glucan product.
Another intriguing result obtained from

inactivation of orf1 and orf2 is the effect
on surface hydrophobicity (Fig. 3A).
Although the surface molecules that con-
tribute to the hydrophobicity of S. mutans
have not been completely identified (13),
Koga et al. reported that PAc is a major
factor in surface hydrophobicity (11). The
orf-inactivated strains in this study carried
the same levels of PAc as the wild-type,
however, the mutants showed significantly
higher levels of hydrophobicity. This may
indicate that molecules other than PAc
significantly contribute to the hydropho-
bicity of S. mutans, and those molecules
are affected by the inactivation of orf1 and
orf2. As noted above, ORF1 has a high
homology to SMU_609 of UA159 and it is

Fig. 4. Messenger RNA expression levels of various genes in orf1- and orf2-inactivated mutants as well as the wild-type were examined by RNA dot
blotting. The genes examined are listed, with their coding proteins described in parentheses: recA (recombination protein RecA protein), gtfB
[glucosyltransferase (GTF) –I], gtfC (GTF-SI), gtfD (GTF-S), gbp (glucan-binding protein), ftf (fructosyltransferase), dexA (dextranase precursor), aga
(alpha-galactosidase) and msmR (MSM operon regulatory protein).

Table 2. Effects of orf1 and orf2 inactivation on
glucosyltransferase activities

Strain
Total
glucan

Insoluble
glucan

Cell
MT8148 (wild) 7469 ± 125 1069 ± 101
TR-15.1(Dorf1) 1757 ± 55 92 ± 6
TR-15.2(Dorf2) 1255 ± 13 86 ± 9

Sup.
MT8148 (wild) 1703 ± 68 192 ± 6
TR-15.1(Dorf1) 2892 ± 189 137 ± 12
TR-15.2(Dorf2) 2516 ± 427 167 ± 19

Values are given as means ± SE in counts per
minute, n = 3. Numbers shown represent the
relative amount of radiolabeled glucans synthe-
sized by either cell-associated GTFs (Cell) or
free GTFs in the culture supernatant (Sup), with
[14C-glucose]sucrose used as the substrate.
Samples used for measurements of total and
insoluble glucans were prepared as described in
the Materials and methods section.
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almost certain that SMU_609 is a cell
surface protein, because of the existence of
a YSIRK signal sequence and an LPXTG
cell-anchoring motif. Therefore it is possi-
ble that ORF1 itself can be the molecule
that contributes to the hydrophobicity in
MT8148. It is also possible that PAc was
not affected in quantity but was changed in
quality: for example, the lack of a post-
translational modification may be able to
make PAc more hydrophobic.
Additional findings have been reported

concerning the molecular mechanisms
involved with regulation of gtf genes.
Biswas recently found that CovR nega-
tively regulates the expression of the gtfB
and gtfC genes by directly binding to the
promoter region of S. mutans strain
UA159 (2). CovR is part of the CovRS
two-component regulatory system in group
A Streptococcus, whereas S. mutans CovR
is reported to work as an orphan response
regulator and is referred to in various
ways, such as GcrR (21) or TarC (7).
Furthermore, Senadheera et al. reported
that the VicRK signal transduction system
in S. mutans UA159 negatively regulated
the gtfBCD, gbp and ftf genes (22). In
contrast, scant information is available
regarding the molecular mechanisms of
pac regulation. The present results suggest
that the pac regulatory system in S. mutans
is more complicated than that in S. sobri-
nus, despite the high homology between
pac and pag at the nucleotide sequence
level (23). Although S. sobrinus possesses
the negative regulatory gene par upstream
of the pag gene, complete sequence deter-
mination of the upstream region of the pac
gene did not provide ORFs other than orf1
and orf2. Homologies between Par in S.
sobrinus and ORF1/ORF2 at the amino
acid level are low (11% for each protein),
and the sequenced 2850-base area up-
stream of pag has a low homology (41%)
to the nucleotide sequence in the corre-
sponding area upstream of pac. Hence,
there may not be any cis regulatory
proteins for the pac gene. Nevertheless,
Yamashita et al. reported a spontaneous
variant of S. mutans strain Xc, in which
expression of the pac gene was found to be
downregulated (29). Therefore, a downre-
gulating mechanism of pac in S. mutans
must exist, though that study did not
identify which genes were altered in the
variant strain.
For S. mutans, the surface adhesin PAc

and adhesive glucans are indispensable for
competing against other oral bacteria for a
niche, i.e. the tooth surface, in the oral
cavity. It is quite reasonable for S. mutans
to have redundant regulatory mechanisms

to maintain high expression level of GTFs,
as far as the energy supply allows. Further
investigation is needed to identify how
S. mutans uses PAc and GTFs for adher-
ence to the tooth surface.
In conclusion, the present findings indi-

cate that orf1 and orf2 are novel compo-
nents involved in the regulation of GTFs in
S. mutans. Furthermore, we also propose
that orf1 and orf2 do not regulate gtf genes
directly, but rather may be associated with
some intermediate regulators of those
genes. The present findings may contribute
to a better understanding of the gtf-regu-
latory mechanism.
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