
Streptococcus mutans is generally consid-
ered to be the principal etiological agent
for dental caries (4, 44). The virulence
determinants of this organism have re-
ceived much attention over decades and
have been investigated using a range of
biochemical, physiological and genetic
techniques. Because proteins are the exec-
utors of cell functions, it is necessary to
find out and identify the proteins related to
virulence traits. A number of recent reports
have made use of the more holistic strategy
made possible by proteome analysis to

re-evaluate the cariogenesis of S. mutans.
Comparative proteomic analysis can reveal
alterations in protein expression and hence
cellular function, enabling researchers to
identify and focus on proteins of interest
without the need to re-identify each and
every protein.
Today, comparative proteomic analysis

of S. mutans is more frequently used to
establish changes in protein expression
when one strain is under a different mode
of growth (biofilm or planktonic) (34, 42,
46) or under different physiological

adaptations including acid shock (23, 24,
47, 49), oxidative stress, starvation, or salt
and heat stress (41). Researchers have paid
more attention to alterations in protein
expression when one strain of S. mutans
was occurring in different situations. Only
one strain of S. mutans was used however,
which could mean that much physiological
and cariogenic information has been
missed. No single strain is likely ever to
be entirely representative of its species, so
it is necessary to look at the differences in
protein expression between strains. The
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reason for this is that there is a general
truth to the recently proposed ‘distributed
genome hypothesis’, which supposes that
the majority of genes of a bacterial species
are not found in all members of that
species. For example, in Helicobacter
pylori, Mycobacterium tuberculosis, and
Escherichia coli the genomic size of
clinical isolates has been estimated to vary
by as much as 22%, 0.3%, and 14%
respectively (3, 20, 37). In S. mutans, the
genomic size was also found to vary in
different isolates (38). Waterhouse et al.
(45) found that 20% of the UA159 open
reading frames were absent from other
S. mutans strains. Differences in the
genome of S. mutans strains may also
cause changes in corresponding protein
expression profiles. In a recent study,
Luppens and ten Cate (25) found that
there 21–28% of proteins were differen-
tially expressed between strains C180-2,
GS5, and UA159. For each of the strains
they found a different set of proteins, and
none of the proteins were differentially
expressed in all three strains. It seems that
each strain of S. mutans has its own
protein pattern and possibly its own phys-
iology under similar growth conditions.
Therefore, a study of changes in protein
expression between S. mutans strains dif-
fering in virulence may find some new
virulence-associated proteins and will pro-
vide new information concerning the
mechanisms of cariogenesis.
Many researchers have proved that car-

ies-active individuals are colonized with
more than one genotype of S. mutans in
plaque (1, 31, 35). Different genotypes of
S. mutans detected within the oral cavity of
one subject can have different phenotypic
properties. The high genotype diversity of
S. mutans is likely to result in the coloniza-
tion by genotypes of different virulence (6).
In our previous work (13), clinical strains

of S. mutans were isolated from dental
plaque collected from 20 young adults aged
between 18 and 29 years (22.6 ± 3.74
[mean ± SD]), who were caries-active [the
number of decayed, missing, and filled
surfaces (DMFS) = 10.0 ± 3.01]. All iso-
lates were biotyped, serotyped, and geno-
typed. Different genotypes of S. mutans
that colonized the same oral cavity of caries-
active individuals have been screened for
possession of virulence traits. The suspec-
ted virulence factors associated with
S. mutans include adhesion, acidogenicity,
and acid tolerance (30). In our previous
work, water-insoluble glucan synthesis,
adhesion, acid production, and tolerance
were used to screen for virulence. Accord-
ing to the possession of suspected virulence

traits, S. mutans strains 9-1 and 9-2 that
colonized the same oral cavity were selec-
ted. Statistically significant differences in
the water-insoluble glucan synthesis, adhe-
sion, and acid tolerancewere found between
them.
Since the two strains were isolated from

the same oral cavity, their growth conditions
could be assumed to be very similar. Hence,
they were suitable candidates for a compar-
ative proteomic analysis study. On the other
hand, because the clinically isolated strains
had survived in the severe conditions of the
oral cavity, they were considered superior
for testing compared to laboratory strains
and were thought to express important
proteins for cariogenesis. Therefore, the
purpose of this present studywas to identify
protein expression differences between
S. mutans strains 9-1 and 9-2.

Materials and methods

Bacterial strains and growth conditions

Details of the subjects, plaque sample
collection, and bacterial strain separation
and isolation are given elsewhere (13).
Strains 9-1 and 9-2 of S. mutans that had

been isolated from the same oral cavity
and were different in their possession of
suspected virulence traits were stored as
frozen cultures at )80�C in brain–heart
infusion (BHI) broth containing 50% (v/v)
glycerol. For this work, the strains were
grown statically at 37�C in BHI broth or
on BHI-agar in an anaerobic atmosphere
(80% N2, 10% CO2 and 10% H2).

Preparation of cellular proteins

Stationary-phase planktonic cells of strains
9-1 and 9-2 were harvested after incuba-
tion at pH 7.0 and 37�C for 2 days and
washed in the presence of 2.5 lg/ml
Sigma proteinase inhibitor cocktail (Sig-
ma-Aldrich, Steinheim, Germany), and the
cell pellet was lyophilized. The frozen cell
pellets were then thawed in warm water,
frozen and thawed again. Cells were
resuspended in 350 ll lysis buffer con-
taining 8 m urea, 2% [volume/volume (V/
V)] 3-[(3-cholamidopropyl)dimethylam-
monio] propanesulfonic acid (CHAPS),
62 mm dithiothreitol (DTT), and 4% (V/
V) pharmalyte (IPG buffer 4-7, Amersham
Biosciences, Uppsala, Sweden) and sub-
jected to ultrasonication in the presence of
0.2-mm glass beads for 4 · 5 min with
cooling between. Intact cells were sedi-
mented by centrifugation at 16,000 g for
5 min at 4�C and the resultant cell extracts
were treated with nuclease mix (Amer-
sham Biosciences, Piscataway, NJ). The

extracts were further cleaned up with a 2D
Clean-Up kit (Amersham Biosciences,
Piscataway, NJ) according to the manu-
facturer’s recommendation. The protein
concentration was determined by the
method of Bradford (5) with the appropri-
ate concentration of lysis buffer in the
standards, as described by Fey et al. (11).
Individual sets of cells from strains 9-1 and
9-2 were processed simultaneously to
ensure consistency. Each set of cells was
prepared separately to monitor reproduci-
bility of the preparation method.

Two-dimensional electrophoresis

Proteins in the cell extracts were separated
by two-dimensional electrophoresis (2DE)
essentially as described by Svensäter et al.
(41). Before first-dimension separation of
the proteins, the IPG strips (18 cm, pH 4–7;
Amersham Biosciences, Sweden) were re-
hydrated overnight at room temperature.
One milligram of the protein samples was
then loaded on to the corresponding IPG
strips using the paper bridge method (36).
Proteins were focused on a Multiphor II
(Amersham Biosciences, Sydney, Austra-
lia). The focusing was initiated by 30 V for
6 h, 500 V for 1 h, and 1000 V for 1 h. The
voltage was then increased to 8000 V and
maintained at this level for 16 h. Before the
second-dimension separation, the IPG gel
strips were equilibrated in 50 mm Tris–HCl
(pH 8Æ8), 6 m urea, 2% [weight (W)/V]
sodium dodceyl sulfate (SDS), 30% (V/V)
glycerol, 2.5% DTT and 5 mm tributyl-
phosphine for 15 min and then for a further
15 min in the same solution except that
DTT was replaced with iodoacetamide to
alkylate any free DTT. The equilibrated IPG
strips were embedded on top of 12.5%
polyacrylamide gradient gels using 0.5%
(W/V) molten agarose. The SDS–poly-
acrylamide gel electrophoresis (PAGE)
was performed at a constant current of
20 mA per gel overnight at 4�C using an
Ettan DALTsix electrophoresis unit (Amer-
sham Biosciences, Australia) according to
the manufacturer’s instructions. Gels were
then fixed and stained with silver before
being ‘double-stained’ with Coomassie
brilliant blueG (7, 22). At least three protein
preparations were analyzed by 2DE, and
proteins that were subjected to further
analysis were visible in at least two gels.

Matrix-assisted laser desorption ionization

time of flight mass spectrometry (MALDI-

TOF MS)

Specific expressed proteins were excised
from gels stained with colloidal Coomassie
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brilliant blue and digestedwith trypsin using
an in-gel protocol (39, 48). Peptides were
purified and desalted using ZipTips (C18
reverse-phase tips; Millipore Ltd., Watford,
UK) according to the manufacturer’s
instructions and eluted in 1 : 1 acetonitrile/
0.1% trifluoroacetic acid. Peptide solutions
(0.5 ll) were applied to a stainless steel
target plate andmixed in equal volumeswith
a saturated solution of K-cyano-4-hydroxy-
cinnamic acid (99% purity; Sigma-Aldrich,
Gillingham,Dorset, UK) in 70%acetonitrile
and 0.033% trifluoroacetic acid (high-pres-
sure liquid chromatography grade; Perbio
Science UK Ltd., Chester, UK). Samples
were allowed to air dry before the acquisi-
tion of spectra on a Voyager Elite MALDI-
TOF spectrometer (Applied Biosystems,
Warringhton, Cheshire, UK) operating with
delayed extraction in reflector mode. Pep-
tides were irradiated with a nitrogen laser
giving a 337-nm output with 3-ns pulse
width and molecular ions accelerated at a
potential of 20 kV. The laser intensity used
was maintained at 1000 units. Peptide mass
fingerprints were calibrated using a mixture
of des-Arg1-bradykinin, angiotensin 1 and
Glu1-fibrinopeptide with close external cal-
ibration, and Data Explorer software
(Applied Biosystems) was used to label
monoisotopic peaks.

Protein identification

All searches were performed against the
completed genomic database for S. mutans
(http://www.genome.ou.edu). Mass spect-
roscopic parameters for protein identifica-
tion included amass tolerance of 150 p.p.m.
and a maximum of one missed cleavage per
peptide while taking into consideration
methionine sulfoxide and cysteine acryla-
mide modifications. Matches were defined
on the basis of the number of matching
peptide masses and the total percentage
sequence covered by the peptides.

Protein isoforms

The term ‘isoform’ is used here to describe
the multiple charged forms of a protein
that exist on a given 2DE gel, where the
mean observedMr for each form calculated
from the second (SDS–PAGE) dimension
deviated by approximately 10% or less,
and where there was no evidence from
peptide-mass mapping for some form of
truncation or degradation.

Results

Cellular proteins extracted from stationary-
phase planktonic cells of strains 9-1 and 9-

2 were resolved by 2DE and visualized
following colloidal Coomassie brilliant
blue staining. The total numbers of spots
visible on the 2DE gels were approxi-
mately 475 and 490 in the cell extracts of
strains 9-1 and 9-2 respectively.
As shown in Fig. 1 and Table 1, 96

protein spots were enhanced 1.3-fold or
more in strain 9-1 with 12 proteins
expressed only in stain 9-1. In contrast,
112 protein spots were diminished 1.3-fold
or more in strain 9-1 with three proteins
expressed only in strain 9-2, but not in
strain 9-1. The differentially expressed
proteins for strains 9-1 and 9-2 comprised
approximately 20.2–22.9% of the total
protein spots observed on 2DE gels.
To focus on the most significant protein

changes, further MALDI-TOF MS analy-
sis was restricted to those specific ex-
pressed proteins. These strain-specific
proteins (Table 2) are involved in protein
biosynthesis, protein folding, cell wall
biosynthesis, fatty acid biosynthesis, nuc-
leotide biosynthesis, repair of DNA dam-
age, carbohydrate metabolism, and signal
transduction and translation.

Discussion

For 2DE gels that were prepared for
peptide mass fingerprinting, colloidal Coo-
massie brilliant blue staining was used

because this yielded better MALDI-TOF
mass spectra than silver staining. Exam-
ination of colloidal Coomassie brilliant
blue-stained 2DE gels demonstrated that
475 and 490 protein spots were detected
when strains 9-1 and 9-2 were cultured at
pH 7.0 in planktonic phase for 2 days. The
total number of spots visible on the 2DE
gels in our study is similar to the findings
of other proteomic analyses of S. mutans in
which the same staining method was used.
In a previous study, about 347 protein
spots were identified on colloidal Coomas-
sie brilliant blue-stained 2DE gels over the
pH range 4–7 (33). Other research dis-
played about 200 proteins on the 2DE gels
(49). In our study, 475–490 proteins were
visualized following the same staining
over the same pH ranges. Therefore, the
sensitivity of our results is comparable
with that of other studies. However, the
sensitivity of colloidal Coomassie brilliant
blue staining is lower than fluorescent
staining and radioactive labeling of protein
samples (25, 42).
In our study, almost 500 protein spots

were detected in the cell extract, although
this is a lower number than might be
expected from the 1963 open reading
frames of S. mutans. However, bacteria
are known to express only part of their
genome to be a functional unit of their
environment. A limitation of the present

A B

Fig. 1. Coomassie brilliant blue G-stained 2DE protein profiles of Streptococcus mutans growing at
pH 7.0 in stationary state and planktonic phase. (A) Protein expression in strain 9-1; (B) protein
expression in strain 9-2. The proteins indicated with arrows were only expressed in one strain or the
other. Several protein spots marked with the same number represent isoforms of the same protein.
The gels are representatives of three independent experiments.

Table 1. Changes in protein expression of strains 9-1 and 9-2 1.3-fold or greater after incubation at
pH 7.0 and 37�C for 2 days

Cells
Total number
of changes

1.3- to 2-fold
change

2- to 3-fold
change

>3-fold
change

Specific
proteins

Strain 9-1 96 60 19 5 12
Strain 9-2 112 91 13 5 3

S. mutans strain specific proteins by proteomic analysis 107



study is that the data represent only a
partial picture of the total protein fraction.
Only those proteins within the pH range
4–7 and with molecular masses from 10 to
100 kDa were taken into account. Another
limitation was indicated by the 2DE tech-
nology. Proteins with extreme pH values,
especially very basic proteins, as well as
very low and high Mr proteins, are not
readily resolved by current 2DE technol-
ogy (16). In practice, many low-abundance
proteins and hydrophobic proteins, partic-
ularly intrinsic cytoplasmic membrane
proteins, although representing 15–30%
of the proteome of a bacterium, are either
not detected or represent less than 1.0% of
the proteins displayed on 2DE gels (22).
In the present study, only some strain-

specific proteins were taken into account.
There were 12 proteins only expressed in
strain 9-1 and three proteins only ex-
pressed in strain 9-2. These strain-specific
proteins were not expressed in the other
strain and may represent those with
redundant functions required for specific
phenotypes. As shown in Table 2, the
proteins identified as specific to strain 9-1
are involved in amino acid biosynthesis,
protein folding, cell wall biosynthesis,
fatty acid biosynthesis, repair of DNA
damage, carbohydrate metabolism, and
signal transduction and translation. Speci-
fic expression of glucosyltransferase was
not found in strain 9-2. The reason may be
that only specific protein spots were
selected. Spots that showed different
intensities of expression for both strains
were not selected for protein identification.
S. mutans is well adapted to tolerate

rapid changes in dental plaque pH, as well
as fluctuations in carbohydrate availability
and multiple environmental stresses. Cen-
tral to the tolerance of environmental
insults by this microorganism is the pro-
duction of a variety of stress proteins, such
as the molecular chaperone GroES (10).
This protein assists in the folding of newly
synthesized or denatured proteins. The
level of GroES in S. mutans has been
found to be elevated at acid pH (23) and
highly expressed by biofilm grown cells
(42). In this study, two isoforms of GroES
(chaperonin 10) were only expressed in
strain 9-1. The isoforms most likely arise
as a result of post-translational modifica-
tions, including phosphorylation, glycosy-
lation, or acylation.
The acid environmental conditions will

damage DNA and lead directly or indi-
rectly to the formation of apurinic/apyri-
midinic (AP) sites and strand breaks (40).
Damaged sites are most efficiently re-
paired by exonuclease III (ExoA; ECTa
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3.1.11). ExoA has been found previously
to be upregulated in cells grown at low pH
(12, 14). In this study, it was only
expressed in strain 9-1 and may make the
strain more acid tolerant. In our study,
samples of dental plaque were taken from
several surfaces of the anterior and poster-
ior teeth and from carious surfaces and
were pooled for each individual. There-
fore, we cannot ascertain whether strains
9-1 and 9-2 colonized the same ecological
habitat or not, such as different teeth and
different tooth surfaces. In our previous
work (13), a statistically significant differ-
ence in adaptation to acid was found
between strains 9-1 and 9-2. Strain 9-1
was more acid tolerant than strain 9-2. The
strain 9-1 might colonize the plaque on the
demineralized or decayed surface where
the pH is rather low. ExoA might enable
strain 9-1 to compete successfully at low
pH. Strain 9-2 might colonize the caries-
free surface where the pH is neutral. It is
also possible that strain 9-2 colonized the
decayed surface and harbored other pro-
teins involved in acid tolerance response
(ATR) and repair of DNA damage.
EF-Tu, a protein involved in the poly-

peptide elongation cycle, was found to be
only expressed in strain 9-1. Besides
specific expression in strain 9-1, an
increase in the expression of EF-Tu was
also observed by growing S. mutans at pH
5.0 (23). The increase in EF-Tu is of
interest from another standpoint, because it
has reported that EF-Tu could recognize
the same hydrophobic-binding motifs in
proteins as the chaperone DnaK (26).
Two proteins that have been found to be

enhanced at acid pH (29) and diminished
in biofilm grown cells (33, 37) in previous
S. mutans proteomic analyses were iden-
tified as being only expressed in strain 9-1
in this study. One is dTDP-d-glucose 4,6-
dehydratase (RmlB; EC 4.2.1.46), which
catalyzes l-rhamnose biosynthesis (43).
The serotype-specific rhamnose-containing
polysaccharide antigens of S. mutans have
been proposed as putative mediators for
the colonization of cells on tooth surfaces
(27). Our previous work has identified that
strain 9-1 has stronger adherence to saliva-
coated hydroxylapatite beads than strain 9-
2 (13). In strain 9-1 RmlB might play a
role in adhesion to the tooth surface.
However, in another proteomic analysis,
RmlB was downregulated in biofilm-
grown cells (33). S. mutans cells will alter
their protein expression profile under dif-
ferent modes of growth. In the present
study, the two strains were incubated in
planktonic phase. Therefore we postulate
that RmlB may participate in the adhesion

of planktonic cells, but not biofilm cells.
Another strain 9-1-specific protein is phos-
photransacetylase (Pta, EC 2.3.1.8), which
participates in acetate formation in the
pyruvate–formate–lyase pathway. The pta
gene of S. mutans contains putative
competence-induced (cin)-boxes in its pro-
moter regions and was predicted to be
under the control of the alternative sigma
factor ComX. The previous studies have
found that Pta could be upregulated as a
response to the maintenance of compet-
ence (32). A pta mutant of Salmonella
enterica serovar typhimurium was attenu-
ated in mice (21) and in Campylobacter
jejuni, pellicle formation was found to be
reduced in a pta mutant (19). In S. mutans,
mutagenesis studies are needed to further
assess the physiological significance of
pta.
Another three proteins specific to strain

9-1 also diminished in S. mutans biofilm-
grown cells compared to their planktonic
counterparts (33, 34, 42). One of them, d-
3-phosphoglycerate dehydrogenase (SerA;
EC 1.1.1.95), catalyzes the first step in the
serine biosynthetic pathway. Malonyl-co-
enzyme A-acyl carrier protein transacylase
(FabD; EC 2.3.1.39), which is involved in
polymerizing acetyl-coenzyme A into fatty
acids, has also been found failure to be
detected in biofilm-grown cells (33), com-
pared to their planktonic counterparts. The
fatty-acid synthetic pathway is the princi-
pal route for the production of membrane
phospholipid acyl chains in bacteria (28)
and another specific protein is triose
phosphate isomerase (Tpi; EC 5.3.1.1),
which catalyzes the interconversion of
dihydroxyacetone phosphate and glyceral-
dehyde 3-phosphate. Here we postulate
that the coexistence of the two strains has
allowed them to evolve such that redund-
ant functions can be eliminated from one
strain as long as the other strain is still
competent for that activity.
Adenylate kinase (Adk; EC 2.7.4.3) was

only expressed in strain 9-2. This enzyme
catalyzes the synthesis of adenosine
diphosphate from adenosine triphosphate
and adenosine monophosphate and plays a
major role in adenine nucleotide home-
ostasis. In S. mutans, Rathsam et al. (34)
found that Adk was downregulated in
biofilm-grown cells. However, in other
research, this enzyme was found to be
enhanced in biofilm-grown S. mutans cells
(42). The cause could be differences in
physiology between cells grown in differ-
ent models. Luppens and ten Cate (25)
have found that there was 0.3–7.8%
differential protein expression when
different biofilm models were used.

There are several strain-specific proteins
in our study that have not been identified
in previous comparative proteomic analy-
ses. One protein, the low-molecular-
weight protein tyrosine phosphatase, was
only expressed in strain 9-1. Protein tyro-
sine phosphatases (PTPs; EC 3.1.3.48)
constitute a large family of signaling
enzymes that are important for the regula-
tion of cell proliferation, differentiation,
metabolism, migration, and survival (18).
A new concept has emerged suggesting the
existence of a biological link between
protein tyrosine phosphorylation and bac-
terial pathogenicity (9). Another differen-
tially expressed protein is
dihydrodipicolinate reductase (DapB, EC
1.3.1.26), an enzyme within the diamino-
pimelate pathway involved in the forma-
tion of cell wall cross-linking peptides (2).
In this study, two isoforms of DapB were
found to be strain specific. Most notable,
however, was the finding that one was only
expressed in strain 9-1 and another was
only expressed in strain 9-2, i.e. a different
isoform of the same protein is present in
the two strains. A similar observation was
made with elongation factor Tu (EF-Tu) in
a previous study (23). At pH 5.0, some
charged isogenic forms of EF-Tu were
upregulated and other truncated forms
were downregulated. One of the explana-
tions for the observed differences in iso-
forms among S. mutans strains may be that
the post-translational modification among
the strains differs. Tagatose-1,6-bisphos-
phate aldolase (LacD2; EC 4.1.2.40) was
not detected in strain 9-2. It is situated at
the branching of the tagatose-6-phosphate
and Embden–Meyerhof–Parnas (glycoly-
sis) metabolic pathways, where it catalyzes
the reversible cleavage of tagatose-1,6-
bisphosphate to dihydroxyacetone phos-
phate and glyceraldehyde 3-phosphate
(15).
In our previous work (13), genomic

comparison was performed between
strains 9-1 and 9-2. Twenty-seven
sequences were found in the genome of
strain 9-1 but not in 9-2. These sequences
are involved in competence development,
signal transduction, and transcriptional
regulation, repairing stress damage, trans-
port, carbohydrate catabolism, biochemi-
cal synthesis, or unknown functions. In the
present study, no proteins identified were
correlated with genome subtractions. The
reasons may include the following. First,
whether or not the twenty-seven strain-9-
1-specific sequences are transcribed and
translated, which is unknown, bacteria are
known to express only part of their
genome. Although 95% of a bacterial
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genome is expressed as protein products
(17), the theoretical resolving power of
2DE is still estimated to be approximately
75% of the proteome (8). In the compre-
hensive proteomic reference map for the
protein expression of S. mutans, approxi-
mately 11% of the total open reading
frames of the bacterium were expressed
(22). Second, in the research of comparat-
ive genomics between strains 9-1 and 9-2,
the strain-9-1-specific clones were ran-
domly selected for sequencing and identi-
fication. Therefore, they may not overlap
with the 15 proteins identified in this study.
On the other hand, the data in this study
represent only a partial picture of the total
protein fraction. The failure of other pro-
teins to be detected emphasizes an import-
ant aspect of current proteomics involving
incomplete 2DE displays, because any
undetected changes may be of equal
importance in an understanding of the true
nature of phenotypic change.
In our research we could not determine

whether the failure to express these pro-
teins in one of the two strains was cause or
effect of dental caries. Many important
questions are raised concerning the mech-
anism for the protein expression variation
and their ecological advantage or disad-
vantage. In this study, we pooled the
plaque at the time of collection. In future
work, investigation of site-specific plaque
may provide more information.
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