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Streptococcus mutans, a major etiological agent of dental caries, causes demineralization of the tooth tissue
due to the formation of acids from dietary carbohydrates. Dominant among the virulence determinants of this
organism are aciduricity and acidogenicity, the abilities to grow at low pH and to produce acid, respectively.
The mechanisms underlying the ability of S. mutans to survive and proliferate at low pH are currently under
investigation. In this study we cultured S. mutans at pH 5.2 or 7.0 and extracted soluble cellular proteins. These
were analyzed using high-resolution two-dimensional gel electrophoresis, and replicate maps of proteins
expressed under each of the two conditions were generated. Proteins with modulated expression at low pH, as
judged by a change in the relative integrated optical density, were excised and digested with trypsin by using
an in-gel protocol. Tryptic digests were analyzed using matrix-assisted laser desorption ionization mass
spectrometry to generate peptide mass fingerprints, and these were used to assign putative functions according
to their homology with the translated sequences in the S. mutans genomic database. Thirty individual proteins
exhibited altered expression as a result of culture of S. mutans at low pH. Up-regulated proteins (n = 18)
included neutral endopeptidase, phosphoglucomutase, 60-kDa chaperonin, cell division proteins, enolase,
lactate dehydrogenase, fructose bisphosphate aldolase, acetoin reductase, superoxide dismutase, and lactoyl-
glutathione lyase. Proteins down-regulated at pH 5.2 (n = 12) included protein translation elongation factors
G, Tu, and Ts, DnaK, small-subunit ribosomal protein S1P, large-subunit ribosomal protein L12P, and
components of both phosphoenolpyruvate:protein phosphotransferase and multiple sugar binding transport
systems. The identification of proteins differentially expressed following growth at low pH provides new
information regarding the mechanisms of survival and has identified new target genes for mutagenesis studies

to further assess their physiological significance.

Dental caries is one of the most prevalent oral diseases and
constitutes a significant economic burden in terms of treatment
costs, especially in the Western world, where consumption of a
diet comprising relatively high levels of freely fermentable car-
bohydrates is significantly correlated with the disease develop-
ment. Dental caries is multifactorial in nature, and caries in-
cidence is related not only to host diet and salivary function but
also to the establishment of a cariogenic microflora (54). Thus,
bacterial fermentation of dietary carbohydrates, most notably
sucrose, results in the production of acidic end products which
initially demineralize enamel and later demineralize dentine,
and if this process is left unchecked it results in the formation
of a carious lesion. While recent studies have suggested that
streptococci other than mutans streptococci may be significant
in the development of some forms of this disease (2, 8, 43),
mutans streptococci, especially Streptococcus mutans, are still
considered major pathogens with respect to the etiology of
caries (27).

S. mutans is considered a major pathogen by virtue of the
fact that it is isolated in increased numbers from diseased sites
in caries-prone individuals, is cariogenic in animal models, and
possesses a range of physiological traits that make it particu-
larly suited for the colonization of caries-prone tooth sites (7,

* Corresponding author. Mailing address: Department of Oral Mi-
crobiology, GKT Dental Institute, King’s College London, Caldecot
Rd., Denmark Hill, London SE5 9RW, United Kingdom. Phone: 44 20
7346 3272. Fax: 44 020 7346 3073. E-mail: joanna.wilkins@kcl.ac.uk.

2382

54). The virulence determinants of this organism have received
much attention over several decades and have been investi-
gated using a range of biochemical, physiological, and genetic
techniques. The most extensively studied virulence determi-
nants are the glucosyltransferases, which play a role in adhe-
sion, contributing to the production of extracellular polysac-
charide that localizes both the bacteria and their secreted
products within the plaque matrix (27, 34, 35, 54). In addition,
more recent studies have proposed that the surface-associated
protein P1, an adhesin, contributes to the cariogenicity of S.
mutans (15). Of at least equal importance in terms of the
virulence of S. mutans are two other pathogenicity factors,
namely, acidogenicity and aciduricity, the ability of bacteria to
generate acidic end products and to survive at low pH, respec-
tively. S. mutans is undoubtedly one of the most acidogenic of
the species found within dental plaque, being capable of pro-
ducing acid from fermentable carbohydrate at a higher rate
and over a much greater pH range than most other strepto-
cocci (21). Tolerance of acidic environments and an adaptive
response to exposure to low pH are also of major importance
in the pathogenesis of dental caries. S. mutans employs a num-
ber of strategies to resist the effects of acid stress, and earlier
studies have highlighted the role of the proton-translocating
ATPase (H"-ATPase) as a key factor contributing to the aci-
duric response (18, 40). Thus, it is not only the production of
acid, driving enamel demineralization, that makes this organ-
ism such a successful pathogen but also the aciduric charac-
teristics of the species.
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Transposon mutagenesis has identified individual S. mutans
genes regulated by environmental stresses (17, 24), while an-
tisense RNA methodologies have demonstrated that the sgp
gene of S. mutans, which encodes a GTP-binding protein, is
involved in the response to low pH (3, 4, 44). Differential-
display reverse transcription-PCR (11) was used to investigate
stress-responsive genes that were up-regulated following acid
shock, resulting in the identification of, among other proteins,
a putative branched-chain amino acid aminotransferase. Using
a combination of radioisotopic labeling and one-dimensional
polyacrylamide gel electrophoresis (PAGE), 36 proteins, per-
haps including subunits of the H*-ATPase complex and the
60-kDa chaperonin, were found to be immediately up-regu-
lated in S. mutans as a result of instantaneous exposure to low
pH (28). More recently, isotope labeling in combination with
two-dimensional (2-D) PAGE was used to monitor protein
expression in acid- and nutrient-stressed S. mutans cells, and
that study defined a group of 64 proteins, 25 of them acid
specific, that were synthesized in greater amounts following
acid stress and 49 proteins that were down-regulated. The
identities of these stress-responsive proteins remain to be es-
tablished (49).

While investigations of the effect of instantaneous acid shock
on the synthesis of proteins may identify factors crucial to the
survival of an organism, proteins expressed during growth in
acidic conditions, affecting long-term survival and persistence,
are most likely to contribute to the caries process. In this study,
we adopted the view that the acid-tolerant response of S.
mutans is not simply the ability of the organism to survive at
low pH but also its ability to grow (54). Therefore, we have
used 2-D PAGE and matrix-assisted laser desorption ioniza-
tion—time-of-flight (MALDI-TOF) mass spectrometry to iden-
tify S. mutans proteins with altered expression during growth at
pH 5.2 and 7.0.

MATERIALS AND METHODS

Bacterial strain and culture. S. mutans strain UA159, sequenced at the Uni-
versity of Oklahoma (http:/www.genome.ou.edu/smutans.html), was used
throughout this study. The isolate was maintained by routine culture on Colum-
bia agar (Oxoid Ltd., Basingstoke, Hampshire, United Kingdom) supplemented
with 5% (vol/vol) defibrinated horse blood (TCS Microbiology, Buckingham,
United Kingdom) and incubation in an anaerobic atmosphere comprising 10%
CO,, 10% H,, and 80% N, (MK3 Anaerobic Workstation; Don Whitley Scien-
tific Ltd., Shipley, West Yorkshire, United Kingdom) at 37°C for 1 or 2 days.
Inocula were prepared by suspending individual colonies in filter-sterilized 50
mM sodium phosphate buffer (pH 7.5) to give an A, of approximately 1.5. This
suspension was used as the inoculum for growth in nutrient-rich media. S. mutans
was cultured in brain heart infusion broth (BHI) (Oxoid) prepared according to
the manufacturer’s instructions to give a pH of 7.0 or with the pH adjusted to 5.2
(2) by the addition of 0.2 M disodium hydrogen orthophosphate and 0.1 M citric
acid (each at a final concentration of approximately 20 mM). Growth character-
istics were determined by culture of S. mutans in 200-pl aliquots of medium in
96-well sterile microtiter trays with a 5% inoculum. Growth was monitored by
measuring the A, in a 96-well plate-reading spectrophotometer (iIEMS Reader;
Labsystems, Life Sciences International, Hampshire, United Kingdom) at 0.25-h
intervals with incubation at 37°C and a 10-s period of shaking prior to each
absorbance measurement. Cultures for protein extraction and subsequent anal-
ysis by 2-D PAGE were prepared by inoculation of BHI (pH 7.0 or 5.2) in 10-ml
volumes and static, aerobic incubation at 37°C until mid-exponential phase was
reached. Cells were pelleted by centrifugation (2,700 X g, 10 min), washed thrice
in 50 mM sodium phosphate buffer (pH 7.5), and stored at —20°C until required
for analysis. Growth experiments and protein extraction for each culture condi-
tion were performed on at least three occasions to enable a statistical analysis of
the data. The pHs of supernatants at the time of harvest and of stationary-phase
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cultures were determined, and residual glucose was measured (kit no. 510-A;
Sigma Chemical Company, Poole, Dorset, United Kingdom).

To assess adaptation to acid tolerance, 10-ml portions of mid-exponential-
phase cultures from both growth conditions were taken in triplicate and pelleted
by centrifugation as described above. Cell pellets were washed in BHI, resus-
pended in BHI (pH 7.0) or BHI adjusted to pH 4.0 with HCI, and incubated at
37°C for 1 h. Samples were taken before treatment and after 1 h and diluted
serially with fastidious anaerobe broth (Lab M, Lancashire, United Kingdom).
The cell suspensions were plated on Columbia agar supplemented with 5%
(vol/vol) defribinated horse blood. The CFU were counted after a 2-day anaer-
obic incubation at 37°C, and results are expressed as the mean percentage (*
standard deviation) of survivors. Pretreatment and posttreatment values were
compared using Student’s ¢ test.

Analysis of soluble cellular proteins by 2-D PAGE. Soluble cellular proteins of
S. mutans were extracted from protoplasts by using a modification (55) of a
method described previously (23). Briefly, cell pellets were washed in 0.9% NaCl;
resuspended in 25 mM Tris-HCI (pH 7.5) containing 0.1 mg of lysozyme per ml,
0.26 mg of phenylmethylsulfonyl fluoride per ml, 50 pg of chloramphenicol per
ml (to prevent bacterial protein synthesis), and 18% sucrose; and incubated at
37°C for 15 min. Protoplasts were pelleted by centrifugation and lysed by the
addition of 50 mM Tris-HCI containing 0.3% sodium dodecyl sulfate (SDS)-
0.3% dithiothreitol and treatment at 100°C for 5 min. Following vortexing to
disperse the material, the sample was centrifuged (11,600 X g, 10 min) prior to
the addition of magnesium chloride and endonuclease (Sigma) to the clear
supernatant and incubation at 4°C for 10 min. Proteins were precipitated from
solution by treatment with 4 volumes of ice-cold acetone and centrifugation
(15,100 X g, 4°C, 10 min).

Samples were resuspended in a buffer containing 7 M deionized urea, 2 M
thiourea, 2% Tergitol NP-40, 62 mM dithiothreitol, and 2% pH 3 to 10 carrier
ampholytes (Bio-Rad Laboratories Ltd., Hemel Hempstead, Hertfordshire,
United Kingdom) to give a protein concentration of approximately 1 pg/ul.
Samples (285 pl) were applied to 17-cm immobilized pharmalyte gradient (IPG)
strips (pH 3 to 6, 4 to 7, or 5 to 8 [linear]) (Bio-Rad), and the strips were
rehydrated under active conditions according to the manufacturer’s instructions
in a Protean isoelectric focusing cell (Bio-Rad). Following rehydration, the strips
were focused at 20°C with an initial voltage of 250 V for 15 min and ramping to
10,000 V over 5 h, after which this voltage was maintained until 60,000 V-h was
attained. After the focusing stage, IPG strips were equilibrated sequentially in a
buffer (Tris-HCI containing 6 M urea, 30% [vol/vol] glycerol, and 2% SDS)
containing 1% dithiothreitol or 2.5% iodoacetamide for 15 min each. Strips were
applied to SDS-12 to 14% gradient self-cast polyacrylamide gels (200 by 160 by
1.5 mm), and electrophoresis was carried out in a Protean II xi cell (Bio-Rad) at
35 mA per gel for ca. 5 h with 250 mM glycine-25 mM Tris-HCI-0.1% SDS as
the running buffer. Low-molecular-weight markers (Sigma) were applied at the
acidic end of the IPG strips. Gels were fixed and stained with colloidal Coomas-
sie brilliant blue (38) (Sigma) or a modified silver stain (45).

Gels were scanned at 300 dots per in., and 2-D maps of cellular proteins were
analyzed using 2D Advanced software (version 5.01; Phoretix, Newcastle upon
Tyne, United Kingdom). Observed masses for resolved proteins were calculated
by comparison of their mobilities with those of molecular weight markers, and pl
values were calculated according to the linearity of the pH strips. Integrated
optical densities (IOD) were obtained for each resolved protein following defi-
nition of spot boundaries, and these were expressed as a percentage of the total
protein detected on each gel. Where proteins occurred as distinct isoforms, the
sum of the individual IOD values was used to determine total expression of the
given polypeptide. A total of at least three protein preparations, extracted from
independent cultures, for each growth condition were analyzed by 2-D PAGE,
and proteins subjected to further analysis were visible in at least two gels from
any one growth condition. Proteins were considered to be differentially expressed
if the mean percent IOD was up- or down-regulated 1.5-fold or greater under the
two growth conditions, and these proteins were excised from gels and subjected
to further analysis by peptide mass fingerprinting. Significant differences in
protein expression levels were determined using Student’s ¢ test with a P value of
<0.05. The most abundant proteins, in the mass and pI ranges investigated here,
expressed when S. mutans was cultured at pH 5.2 or 7.0 had the greatest mean
10D when calculated as a percentage of the total IOD of all proteins.

Identification of resolved proteins by peptide mass fingerprinting. Up- and
down-regulated proteins were excised from gels stained with colloidal Coomassie
brilliant blue and digested with trypsin by using an in-gel protocol (45, 55).
Briefly, washed gel pieces were swollen in 50 mM ammonium bicarbonate con-
taining sequencing-grade trypsin (Promega, Southampton, Hampshire, United
Kingdom) at a concentration of 12.5 ng/ul, and enzymatic cleavage was carried
out at 37°C overnight. Peptides were purified and desalted using ZipTips (C,g
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reverse-phase tips; Millipore Ltd., Watford, Hertfordshire, United Kingdom)
according to the manufacturer’s instructions and eluted in 1:1 acetonitrile-0.1%
trifluoroacetic acid. Peptide solutions (0.5 nl) were applied to a stainless steel
target plate and mixed in equal volume with a saturated solution of a-cyano-4-
hydroxycinnamic acid in 70% acetonitrile-0.033% aqueous trifluoroacetic acid.
Samples were allowed to air dry prior to acquisition of spectra on a Voyager Elite
MALDI-TOF mass spectrometer (Applied Biosystems, Cheshire, United King-
dom) operating with delayed extraction in reflector mode. An average of 256
shots were acquired per spectrum, and all spectra were recorded using a laser
(337-nm output, 3-ns pulse width) at an intensity of ca. 1,000. Peptide mass
fingerprints were calibrated using a mixture of des-Argl-bradykinin, angiotensin
1, and Glul-fibrinopeptide with close external calibration, and Data Explorer
software (Applied Biosystems) was used to label monoisotopic peaks.
Monoisotopic masses from peptide mass fingerprints were analyzed with MS-
Fit (University of California Mass Spectrometry Facility; http:prospector.ucsf
.edu/ucsfhtml3.4/msfit.htm), installed locally, with the scoring for missed cleav-
age sites set at 0. The mass accuracy was usually 200 ppm or less, and no upper
or lower mass limits for the target proteins were applied. All searches were
performed against the S. mutans partially completed annotated genomic data-
base (http://igweb.integratedgenomics.com/IGwit/), which became available in
October 2000 and presently comprises 1,795 open reading frames (ORFs). If no
homologs were identified using the S. mutans database, the nonredundant Na-
tional Center for Biotechnology Information database (http:/www.ncbi.nlm.ni-
h.gov/GenBank/) and the annotated genomic databases for Streptococcus pneu-
moniae and Streptococcus pyogenes were searched (http://igweb.integratedgenomics
.com/IGwit). A putative function was assigned to a protein if it was returned with
the highest-ranking molecular weight search score (a probability function based
on the number of peptides matched and the mass accuracy) (39), with a mini-
mum value of approximately 1,000 and where there was a clear delineation
between this and the next highest ranking candidate. In addition, at least four
peptides were required to match, and there was a sequence coverage of at least
10%. All proteins assigned functions in this manner were also required to have
good agreement between the theoretical and observed masses and pl values.

RESULTS

Growth of S. mutans in media with initial pH values of 7.0
and 5.2. S. mutans UA159 was cultured at an initial pH of 7.0
or 5.2 in nutrient-rich medium (BHI) in culture volumes of 200
pl in order to determine the kinetics of bacterial growth. An
arithmetic growth curve was obtained for low-pH cultures, and
this is typical of partial inhibition by stress factors. No discern-
ible lag phase was observed for growth under either condition,
but doubling times were markedly different, being 1.0 h for pH
7.0 and 6.6 h for pH 5.2 (Fig. 1). The maximum A, at the
stationary phase also differed significantly (P < 0.05) for the
two cultures, being 0.666 (=0.007) and 0.405 (=0.017) for pH
7.0 and 5.2, respectively, demonstrating that growth was slowed
and reduced at the lower pH. Nonetheless, these data demon-
strate that the isolate is aciduric and is capable of proliferation
under these acidic conditions. When these experiments were
extended to the investigation of bacterial growth in larger
culture volumes, as used for the preparation of cellular mate-
rial for analysis by 2-D PAGE, we demonstrated that at the
mid-exponential phase of growth the pHs were 6.2 (+0.08) and
4.7 (=0.10) for cells grown in media with initial pH values of
7.0 and 5.2, respectively, and glucose remained (>5 mM) in the
supernatants of both cultures, suggesting that the cells, as used
for analysis by 2-D PAGE, were not nutrient limited. At sta-
tionary phase, all glucose had been utilized and the terminal
pHs were 5.3 (£0.02) and 4.5 (£0.01) for cultures grown in
media with initial pH values of 7.0 and 5.2, respectively. Cells
from acid-grown cultures, taken at mid-exponential phase,
demonstrated increased acid tolerance, with 65.3% (*4.1) of
the cells surviving for 1 h at pH 4.0 compared to 36.6% (*+13.8)
of the cells from the cultures initially at pH 7.0 (P < 0.05).
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FIG. 1. Growth of S. mutans at pH 7.0 and 5.2. S. mutans strain
UA159 was cultured in 200-pl aliquots of BHI adjusted to pH 7.0 ()
or pH 5.2 (m). Growth was measured by monitoring the 4,,, and error
bars indicate standard deviations from experiments carried out in
triplicate.

Growth was observed in the cultures suspended in the BHI at
pH 7.0 from both growth conditions.

Resolution of S. mutans cellular proteins by 2-D PAGE.
Cellular proteins extracted from mid-exponential-phase cells
of S. mutans were resolved by 2-D PAGE and visualized fol-
lowing silver staining. Preliminary analysis of expressed pro-
teins using IPG strips in the ranges 3 to 6, 4 to 7, and 5 to 8
demonstrated that greater than 95% of proteins from bacteria
grown in either culture condition focused in the pI 4 to 7
region (data not shown). Subsequent experiments designed to
monitor modulated expression of proteins at low pH were
therefore carried out using IPG strips in the pI range of 4 to 7
only, because this facilitated analysis of the major part of the
proteome. For 2-D gels that were prepared for peptide mass
fingerprinting, colloidal Coomassie brilliant blue staining was
used because this yielded better MALDI-TOF mass spectra
than silver staining. Examination of 2-D maps of colloidal
Coomassie brilliant blue-stained preparations demonstrated
that 188 (+28) and 163 (£44) proteins were detected when
bacteria were cultured initially at pH 7.0 and 5.2, respectively.
The results of the resolution of cellular proteins extracted from
pH 5.2-grown cultures are shown in Fig. 2; all of the proteins
marked were also expressed by pH 7.0-grown cells and were
either among the 10 most abundantly expressed or were dif-
ferentially expressed, depending on the protein under consid-
eration (data not shown).
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FIG. 2. Resolution of cellular proteins of S. mutans cultured at pH 5.2 by 2-D PAGE. S. mutans was cultured in BHI adjusted to pH 5.2.
Extracted proteins were resolved in the pI range of 4 to 7 in the first dimension and by SDS-gradient (12 to 14%) PAGE in the second dimension.
Proteins were visualized following staining with colloidal Coomassie brilliant blue. Proteins with distinct isoforms are given a single identifying
number, and isoforms are indicated by arrows. The proteins numbered account for the 10 most abundantly expressed proteins and those with

differential expression following growth at low pH.

The most abundant S. mutans proteins. The 10 most abun-
dant proteins for each growth condition comprised approxi-
mately 30% of the total protein observed (Table 1). These
proteins were excised from gels and subjected to in-gel diges-
tion to demonstrate that polypeptides resolved in this manner
were amenable to identification when the peptide mass finger-
prints were searched against the S. mutans genomic sequence
data. Of the 20 proteins analyzed, 19 were unambiguously
identified, although fructose bisphosphate aldolase was from
the S. pneumoniae genomic data. The unidentified protein
(spot 34 in Fig. 2) had an observed molecular mass of <15
kDa. Lactate dehydrogenase was represented in pH 7.0-grown
cells, and fructose bisphosphate aldolase and phosphoglycerate

kinase ranked among the most abundant proteins only in cells
cultured at pH 5.2 (Table 1). Protein translation elongation
factor Tu (EF-Tu), EF-G, and small-subunit (SSU) ribosomal
protein S1P were detected as abundant proteins in pH 7.0-
derived S. mutans, while only EF-Tu ranked among the most
highly expressed proteins from bacteria grown at low pH. The
60-kDa molecular chaperonin (GroEL homolog) was one of
the most abundant proteins extracted from pH 5.2- but not pH
7.0-grown cells. Spot 34 was abundant in the pH 5.2-grown
cells but could not be identified.

Identification of modulated proteins. Thirty proteins in the
mass and pl ranges investigated here were expressed in differ-
ent amounts (1.5-fold or greater up- or down-regulation) when
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TABLE 1. Most abundant proteins expressed by S. mutans cultured at pH 7.0 or 5.2

S. mutans cultured at pH 7.0

S. mutans cultured at pH 5.2

Ranking* % of total % of total
Spot? Protein identity® protein? Spot Protein identity protein
(SD)
1 22 Glyceraldehyde-3-phosphate dehydrogenase  6.45 (2.68) 22 Glyceraldehyde-3-phosphate dehydrogenase 4.95 (1.01)
2 13 EF-Tu 5.01(1.43) 15 Enolase 4.89 (0.23)
3 15 Enolase 2.87(0.71) 25  Fructose-bisphosphate aldolase® 4.52 (1.35)
4 29  Phosphoglycerate mutase 2.85(0.71) 8  60-kDa chaperonin 4.38 (2.08)
5 16 SSU ribosomal protein S1P 230(0.55) 13 EF-Tu 3.32(0.81)
6 1 EF-G 2.23(0.70) 35  LSU ribosomal protein L12P 2.99 (0.64)
7 2 DnaK 2.16(0.89) 20  Phosphoglycerate kinase 2.55(0.54)
8 35 LSU ribosomal protein L12P 2.15(0.10) 29  Phosphoglycerate mutase 2.53 (0.60)
9 12 Pyruvate kinase 2.09(0.62) 12 Pyruvate kinase 2.51 (0.54)
10 23 L-Lactate dehydrogenase 1.94 (0.64) 34  No match’ 1.19 (0.20)

“ Proteins are ranked according to abundance (greatest mean IOD).
> Numbers refer to the proteins labeled in Fig. 2.

¢ Putative functions for proteins were assigned on the basis of the presence of homologs in the database for S. mutans. LSU, large subunit.
@ Percentage of total protein detected on gels as measured by mean IOD (three replicates).

¢ The putative function was assigned on the basis of the presence of homologs in the database for S. pneumoniae.

/Peptide mass fingerprint data failed to attain match criteria, and no function could be assigned to the protein.

S. mutans was cultured at pH 5.2 compared with cells grown at
pH 7.0. Expression of 18 proteins was up-regulated (10 of these
significantly), and that of 12 proteins was down-regulated (7 of
these significantly). Homologs were identified for 26 of the 30
proteins with altered expression by using the S. mutans
genomic database (Table 2), and one other protein, fructose
bisphosphate aldolase, was identified using S. pneumoniae
genomic database. All of the proteins identified matched the
stringent search criteria, and there was usually good agreement
between theoretical and observed mass and pl values (usually
less than 10% variation). Enolase, glutamate dehydrogenase,
lactate dehydrogenase, and EF-Tu were exceptions, as the
observed masses were higher than the theoretical masses since
the gene sequences in the databases were apparently trun-
cated. Three modulated proteins (spots 10, 33, and 34 in Fig.
2), with observed mass/pl values of 56.0/4.6, 15.4/5.0, and 14.1/
4.6, respectively, could not be assigned putative functions, al-
though all yielded good mass spectra.

The cell division proteins FtsZ and FtsA, the ORFs of which
are located adjacently on the same contig, were both up-reg-
ulated during growth at low pH (Table 2), as were the stress
proteins 60-kDa chaperonin and Mn superoxide dismutase.
However, DnaK and trigger factor were down-regulated under
these same conditions. Examination of the expression of pro-
teins involved in central and intermediary metabolism showed
that key glycolytic enzymes and expression of a number of
proteins of intermediary metabolism increased. In addition to
effects on enzymes of intermediary metabolism, expression of
components of two independent transport systems, the multi-
ple sugar transport ATP-binding protein MsmK and a compo-
nent of a phosphoenolpyruvate:sugar phosphotransferase sys-
tem (PTS), were down-regulated.

Key proteins involved in protein synthesis, i.e., EF-Tu, EF-
Ts, EF-G, SSU ribosomal protein S1P, and the DNA-directed
RNA polymerase alpha chain, were down-regulated under
acidic conditions, while ribosome recycling factor was up-reg-
ulated. Two other modulated proteins (RMNO00557 and
RMNO01749) were matched to ORFs in the S. mutans genomic
database, but no putative functions were identifiable.

RMNO00557 exhibited sequence homology (p score = 2.89 X
10~'7) with RMNO00580, a lysozyme M1 precursor, while
RMNO01749 exhibited very low homology (p score = 8.1 X
10~2) with a Pyrococcus abyssii protein, SUAS.

Protein isoforms at low pH. A number of S. mutans proteins,
including EF-G, EF-Tu, enolase, phosphoglycerate kinase,
glyceraldehyde-3-phosphate dehydrogenase, and lactate dehy-
drogenase (spots 1, 13, 15, 20, 22, and 23, respectively, in Fig.
2), were present as isoforms on the gels. Comparison of these
data with those for pH 7.0-cultured S. mutans indicated that
the expression of isoforms, in terms of both the number of
isoforms present and their relative abundances, was altered by
growth of the organism under the two different conditions.
Figure 3 shows the expanded regions of the pH 7.0 and pH 5.2
2-D gels in which EF-G, EF-Tu, and the 60-kDa chaperonin
are resolved. The number of isoforms of EF-G and EF-Tu
decreased from four polypeptides detected in pH 7.0-grown
cells to three forms detected in cells cultured at pH 5.2, and the
relative abundance of each isoform was altered, as judged by
the IOD. The 60-kDa chaperonin that was up-regulated in
low-pH-grown cells (Table 2) existed as a single form of the
protein when extracted from cultures adjusted to pH 7.0, but
three isoforms were observed in the aciduric cultures.

DISCUSSION

In this study we have investigated the response of S. mutans
to growth in a nutrient-rich medium adjusted initially to pH 5.2
or 7.0. Thirty proteins were modulated during growth under
these conditions, but it should also be borne in mind that the
pH of the medium was not constant during the growth exper-
iments. However, it has been demonstrated that the initial pH
determines the rate of glucose consumption and acidic end
product formation (14), and the acid tolerance of S. mutans
may be modified by the nature of the carbohydrate provided in
pH challenge assays (6). The modulation of protein expression
may also be strain specific, and it may also be that an organism
growing in batch culture will express different proteins when
grown as a biofilm (10, 19, 50). However, we clearly demon-
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TABLE 2. S. mutans whole-cell proteins up- or down-regulated following growth at pH 5.2
O_bserlved‘ Th@oret_ical ) Mean spot
Functional category Spot* Protein identity” RMN¢ Co(\(f;;sge migration  migration/ ;Z{’é;i%i Ni?()\xﬁE vol rat?o, )
’ oL M, pl M, pH 5.2/7.0¢
Cellular processes and 2 DnaK protein 00169 24 46 670 46 653 9 5.4 % 10° 0.53
stress proteins
8  60-kDa chaperonin 01340 26 47 576 47 571 8 3.6 X 10° 253
9 Trigger factor, Ppiase 01099 16 45 560 45 475 6 5.6 X 10* 0.50
11 Cell division protein FtsZ 01544 14 45 528 44 457 4 7.4 % 10° 3.07
14 Cell division protein FtsA 01545 14 52 515 5.0 487 4 9.6 x 10° 2.35
31 Superoxide dismutase (Mn) 00054 39 51 235 50 226 6 4.1 x10° 4.18
Central and intermediary 3 Neutral endopeptidase 01555 29 47 659 47 718 13 1.8 X 1012 4.74
metabolism
6 Glucan-1,6-a-glucosidase 01417 11 53 600 50 620 4 2.4 % 107 0.24
7 Phosphoglucomutase/phoshomannomutase 02078 26 49 600 49 63.1 13 1.8 x 108 537
15 Enolase 02125 19 47 486 47 395 6 6.8 X 10* 1.70
18  NADP-specific glutamate dehydrogenase 00335 46 58 473 55 46.8 15 8.4 x 1013 0.1V
23 r-Lactate dehydrogenase 00108 25 52 370 50 352 7 2.3 X 10° 1.71
24 Enoyl-[acyl-carrier protein] reductase 01983 37 6.1 329 57 335 9 7.7 % 107 0.15
(NADH)
25  Fructose bisphosphate aldolase 16 51 317 50 314 4 1.1 x 103 2.28
26 Acetoin reductase 01801 30 63 300 55 224 4 1.8 x 10* 6.69
28 Metal dependent hydrolase 01483 22 52 282 51 288 4 1.4 x 10* 4.71
32 Lactoylglutathione lyase 01881 33 51 205 49 153 5 4.4 x 10* 50.63
Transport/binding 4 Phosphoenolpyruvate: protein 00388 18 46 655 46 634 10 1.8 x 10! 0.53
proteins phosphotransferase
17 Multiple sugar binding transport ATP- 00117 22 63 445 59 420 6 1.4 % 103 0.41
binding transport protein MsmK
Translation 1 EF-G 02018 28 49 705 48 76.7 15 22 X 1012 0.49
13 EF-Tu 00164 34 5.0 520 48 439 13 4.9 x 101 0.66
16 SSU ribosomal protein S1P 00334 19 51 481 50 437 7 1.6 X 10° 0.2
19  EF-Ts 01267 9 5.0 415 49 377 5 7.9 X 107 0.25
21 DNA-directed RNA polymerase alpha 00821 27 48 40.1 4.8 346 7 6.4 X 10° 0.03
chain
30 Ribosome recycling factor 01607 28 59 240 56 206 4 5.7 % 10° 2.51
Unknown function 5 Hypothetical protein 00557 22 58 658 57 675 7 1.8 x 107 4.06
27 ORF 1749 01749 24 56 306 54 294 5 4.0 x 10* 477

“ Numbers refer to the proteins labeled in Fig. 2.
b Putative functions for proteins were assigned on the basis of the presence of homologs in the database for S. mutans.
¢ RMN, number assigned to each ORF in the database for S. mutans.
@ Percent amino acid coverage (amino acids in peptides observed in peptide mass fingerprint/total amino acids in translated gene sequence in the database for S.

mutans).

¢ Calculated from data shown in Fig. 2.

/ As given in the database for S. mutans.
& Number of peptides in peptide mass fingerprint contributing to MOWSE score.
" As calculated by MS-Fit software using peptide mass fingerprint data.
Ratio of IOD for each protein when extracted from S. mutans cultured at pH 5.2 or 7.0 (mean of three replicates for each growth condition).
/ Significantly up- or down-regulated (P < 0.05) as calculated using Student’s ¢ test.

strated that the S. mutans strain investigated is aciduric, as no
appreciable lag period was observed when it was grown at pH
5.2. In addition an acid tolerance response was induced, since
cells grown in medium initially at pH 5.2 were more resistant to
killing at pH 4.0 than were cells grown in medium initially at
pH 7.0. This study of the S. mutans proteins with modulated
expression during growth at low pH has relevance to the patho-
genesis of dental caries, especially as increased protein synthe-
sis due to instantaneous acid shock is predominantly transient
(28).

The growth rate in the acidic medium was reduced, which
may explain the observed down-regulation of EF-G, EF-Ts,
EF-Tu, and SSU ribosomal protein S1P; however, we found
that FtsZ and FtsA, proteins essential for cell division (22),

were up-regulated. FtsZ is a bacterial GTPase (20), and ftsZ
and ftsA occur as consecutive ORFs of the same contig of the
S. mutans genomic data and in S. pneumoniae. It is unclear why
these proteins are up-regulated in cells growing at the reduced
rate observed in this study.

The predominant S. mutans proteins visualized from pH
7.0-grown cells in the pI range of 4 to 7 were primarily enzymes
involved in glycolysis, and many of these were up-regulated
following growth at low pH. S. mutans is more resistant than
other oral streptococci to the acid shock-induced inactivation
of glycolytic enzymes (51), but our data indicate that an in-
crease in the amounts of these proteins may also be an impor-
tant factor for survival at low pH, perhaps resulting in an
increase in ATP production and consequently increased pro-
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FIG. 3. Isoforms of representative S. mutans proteins differentially
expressed following growth at low pH. Cellular proteins extracted from
cells of S. mutans cultured at pH 5.2 or 7.0 were resolved by 2-D
PAGE; relevant regions of gels are shown expanded. Proteins were
identified following peptide mass fingerprinting and comparison with
the S. mutans genomic database. (A) EF-G; (B) EF-Tu; (C) 60-kDa
chaperonin.

ton extrusion via the H"-ATPase. In addition to the observed
effects on glycolytic proteins, the expression of components
msmK and dexB of the multiple sugar metabolism (41, 42)
operon was also down-regulated at pH 5.2, as was the PTS
enzyme I. This effect might explain the down-regulation of
components of the multiple sugar metabolism operon, since it
is regulated via the PTS as evident by the observation that
mutants defective in PTS enzyme I were less efficient at trans-
porting and utilizing raffinose (16). The PTS also exerts a
control effect on sugar metabolism generally, facilitating the
transport of available sugars to yield the greatest net gain in
energy (52, 53).

The enzymes that form key branch points in pathways in-
volved in the formation of end products of carbohydrate fer-
mentation were differentially expressed. Acetoin reductase,
which was up-regulated at low pH, is involved in the formation
of acetoin from fermentable carbohydrates, and S. mutans
produces up to 6 mM acetoin under aerobic conditions, al-
though its production was increased in lactate dehydrogenase-
negative mutants (30). Lactate dehydrogenase was also up-
regulated at low pH, confirming the observations of Iwami et
al. (31). Our data suggest the possibility that both lactate and
acetoin production are likely to be increased as a result of
carbohydrate fermentation by S. mutans at low pH.

Many studies have investigated the active efflux of protons
via the H"-ATPase by S. mutans as a means of surviving at low
pH; this membrane-associated system extrudes protons, regu-
lating the pH of the cytoplasm (40). Further, it has been shown
that as part of an adaptive response to low pH, S. mutans is
able to increase H" -ATPase levels as a result of environmental
acidification. Studies on the genes for the structural compo-
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nents of this complex indicate that the genes are organized in
an ATPase operon and that the transcriptional start site does
not alter as a function of pH (46). The subunits of the H"-
ATPase were not identified among the 30 polypeptides differ-
entially expressed by S. mutans. No change in the expression of
the components of the H"-ATPase at low pH was detected,
possibly because there is a hyperbolic relationship between
ATPase levels and acid tolerance in glycolysis (5) and above a
minimum pH (3.5), relatively small changes in ATPase levels
were associated with significant changes in the acid tolerance
of glycolysis. Therefore, in these acid-grown cells the acid-
adaptive response had already occurred, since the adaptive
response of S. mutans is rapid (48). The response of the H"-
ATPase in S. mutans is different from that observed in Strep-
tococcus oralis, where components of the ATPase system were
up-regulated at low pH (55).

Expression of a number of general shock proteins, including
the 60-kDa chaperonin, lactoylglutathione lyase (a homolog of
the enzyme glyoxalase I), and superoxide dismutase, was up-
regulated in S. mutans at low pH. Chaperonins are a class of
proteins expressed in response to a range of environmental
stresses, playing a role in refolding or degradation of dena-
tured proteins, and it may be that the 60-kDa chaperonin (the
GroEL homolog) is produced in increased amounts to coun-
teract the effects of environmental acidification. S. mutans,
unlike S. pneumoniae, possesses only a single superoxide dis-
mutase gene, for the Mn type of the enzyme, which is involved
in the response to oxidative stress (37), but it is the same Mn
form of the superoxide dismutase that is also expressed in
response to oxidative stress, and is a putative virulence deter-
minant, in S. pneumoniae (56). Glyoxalase I is involved in the
tolerance of oxidative stress in mammals (36), nematodes (47),
and yeasts (1). The genes for glyoxalase I have been cloned
from Salmonella and identified in sequences of several patho-
genic microorganisms (12, 13). Although lactoylglutathione
lyase was not identified as differentially expressed in S. oralis,
another enzyme, NAD(P)H nitroreductase/dihydropteridine
reductase, the gene for which is located upstream on the same
contig as the lactoylglutathione lyase gene in S. pneumoniae,
was up-regulated at low pH. The function of lactoylglutathione
lyase has yet to be determined, but enzymes within this family
of NADH oxidases have been shown to be produced as a
response of S. mutans to oxidative stress (29). The heat shock
protein DnaK is usually produced by S. mutans in the station-
ary phase and in response to thermal stress (32). Additionally,
steady-state levels of both dnaK mRNA and the DnaK protein
were increased in response to acid shock and were elevated in
acid-adapted cells (33). In this study DnaK was down-regu-
lated during growth at low pH. The previous data apparently
conflict with our study, but they may reflect the differences
between the responses of cells exposed instantaneously to low
pH and those grown at low pH.

A number of proteins, including the 60-kDa chaperonin,
were present as isoforms, and these were expressed in different
amounts, in terms of both the number of isoforms and their
relative amounts, under the two different growth conditions.
We have previously made the same observations with S. oralis
grown at low pH (55). The isoforms most likely arise as a result
of posttranslational modifications, including phosphorylation,
which have been described for eukaryotic and, more recently,
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prokaryotic systems. The nature of the modifications that give
rise to the different isoforms are unknown and their biological
relevance has yet to be clarified, but it is unlikely, given the
relatively small differences in mass between the isoforms, that
these arise solely as a result of processing by endogenous
bacterial proteases.

We have used 2-D PAGE in conjunction with peptide mass
fingerprinting to identify S. mutans proteins that have altered
expression as a result of culture of the organism at pH 5.2.
While 2-D technologies have the advantage that expression of
a large number of proteins can be monitored simultaneously,
not all proteins are detected, and it has been shown that some
classes of proteins (for example, very large, low-abundance, or
hydrophobic proteins) may not be detected. Other investiga-
tors have implicated other proteins in the acid stress response
of S. mutans, including a GTP-binding protein, proteins in-
volved in the synthesis of p-alanyl-lipoteichoic acid, an acid-
inducible apyrimidinic-apurinic endonuclease, and Ffh, which
may be involved in the maintenance of a functional membrane
protein composition (3, 9, 25, 26). These proteins were not
detected by us among those differentially expressed by S. mu-
tans, perhaps because we monitored protein expression during
growth and not during the immediate physiological response to
acid stress conditions or because different methodologies may
have a bias towards the detection of a particular subset of
proteins. Nonetheless, we have shown that this proteomics-
based approach has identified new target genes for further
mutagenesis studies, which will be required to assess their
physiological significance. A wealth of data has accumulated
from conventional physiological and genetics studies, and this
is now being extended from planktonic-phase organisms to the
investigation of gene expression within biofilms of dental
plaque bacteria (10, 50).
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