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Streptococcus oralis, a member of the mitis group of oral streptococci, is implicated in the pathogenesis of
infective endocarditis and is the predominant aciduric non-mutans-group streptococcus in dental plaque. We
undertook to identify the most abundant surface-associated proteins of S. oralis and to investigate changes in
protein expression when the organism was grown under acidic culture conditions. Surface-associated proteins
were extracted from cells grown in batch culture, separated by two-dimensional gel electrophoresis, excised,
digested with trypsin, and analyzed by matrix-assisted laser desorption ionization—time of flight mass spec-
trometry and liquid chromatography-tandem mass spectrometry. Putative functions were assigned by homol-
ogy to a translated genomic database of Strepfococcus pneumoniae. A total of 27 proteins were identified; these
included a lipoprotein, a ribosome recycling factor, and the glycolytic enzymes phosphoglycerate kinase,
fructose bisphosphate aldolase, glyceraldehyde-3-phosphate dehydrogenase, and enolase. The most abundant
protein, phosphocarrier protein HPr, was present as three isoforms. Neither lactate dehydrogenase nor
pyruvate oxidase, dominant intracellular proteins, were present among the proteins on the gels, demonstrating
that proteins in the surface-associated pool did not arise as a result of cell lysis. Eleven of the proteins iden-
tified were differentially expressed when cells were grown at pH 5.2 versus pH 7.0, and these included
superoxide dismutase, a homologue of dipeptidase V from Lactococcus lactis, and the protein translation
elongation factors G, Tu, and Ts. This study has extended the range of streptococcal proteins known to be
expressed at the cell surface. Further investigations are required to ascertain their functions at this extracel-

lular location and determine how their expression is influenced by other environmental conditions.

Streptococcus oralis, a member of the mitis group of the
viridans group streptococci, is a component of normal dental
plaque, in which it forms a significant proportion of the acid-
uric microflora (5, 34). Aciduricity, the ability to grow under
conditions of low pH, is considered a virulence determinant for
bacteria associated with the initiation and progression of den-
tal caries, although the precise role of S. oralis in this disease
process has yet to be fully defined. In addition to the potential
role of S. oralis in dental caries, it is well documented that S.
oralis is associated with a range of extraoral diseases including
endocarditis and infections in susceptible patients, including
those who are immunologically compromised. Douglas and
coworkers (13) documented that, out of 42 cases of infective
endocarditis from which viridans group streptococci were iso-
lated, the most common species were from the mitis group,
namely, Streptococcus sanguis, S. oralis, and Streptococcus gor-
donii (isolation frequencies of 31.9, 29.8, and 12.7%, respec-
tively). S. oralis is also the predominant species of the viridans
group streptococci associated with septicemia in neutropenic
patients (2) and neonates (33).

The cell wall envelope of gram-positive bacteria is host to a
wide range of molecules, including many functionally and
structurally important proteins, and mediates contact with the
external environment, especially host tissues and fluids (23).
Thus, many virulence determinants in pathogenic organisms
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are surface proteins. Many of the cell surface streptococcal
proteins contain primary sequence signatures necessary to an-
chor them in the cell wall, including M proteins, which contain
the LPXTG anchor motif (10). Recently, however, a surface
protein from Streptococcus pyogenes that binds to immunoglob-
ulin G but that, distinct from members of the M protein su-
perfamily, is anchorless and contains no LPXTG motif has
been characterized (18). Other streptococcal surface-associ-
ated proteins, notably the glycolytic enzymes glyceraldehyde-
3-phosphate dehydrogenase and enolase, are anchorless and
represent a new class of virulence factors (9) as they possess
fibronectin- and plasmin-binding activities (26, 27), indicating
that these proteins are bifunctional, having roles in addition to
central metabolism when localized at the cell surface. The
anchorless pneumococcal a-enolase also has dual functional-
ity, as it binds plasminogen at the cell surface, which may
facilitate bacterial penetration of the basement membrane (4).
While genomic analysis can identify proteins likely to be sur-
face localized based on the presence of anchor motifs, analysis
of protein expression can characterize anchorless proteins.

A systematic investigation of the proteins expressed at the
cell surface of S. oralis has yet to be conducted. In a study of
S. gordonii, an opportunistic pathogen closely related to S. ora-
lis, a shift from oral to blood pH (pH 6.2 to 7.3) was found to
modulate the expression of a number of genes, including those
coding for surface proteins (32). The aim of our study was to
apply the proteomic methodologies two-dimensional polyacryl-
amide gel electrophoresis (2-D PAGE) and protein identifica-
tion using mass-spectrometric techniques (matrix-assisted laser
desorption ionization—time of flight [MALDI-TOF] mass spec-
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trometry [MS] and liquid chromatography-tandem MS [LC-
MS/MS)]) to the analysis of the predominant surface-associated
proteins of S. oralis and to determine the effect of culture at
neutral and low pH on their expression. The S. oralis genome
has not been sequenced, but it is phylogenetically closely re-
lated to Streptococcus pneumoniae, with 16S rRNA genes exhib-
iting over 99% similarity (3, 19). The S. pneumoniae genome is
now complete (30; http://www.tigr.org/), and we have previous-
ly demonstrated that the genomic data for this organism, in com-
bination with peptide mass fingerprinting (PMF) using MALDI-
TOF MS, can be used to identify S. oralis proteins (36).

MATERIALS AND METHODS

Bacterial isolate and culture conditions. The bacterium used throughout this
study, S. oralis strain 176N, is an aciduric strain isolated from the interproximal
plaque of a child (36) and was stored at —70°C in cryovials (Protect; Technical
Service Consultants Limited, Heywood, Lancashire, United Kingdom). When
required, it was subcultured onto Columbia agar (Oxoid Limited, Basingstoke,
Hampshire, United Kingdom) supplemented with 5% (vol/vol) defibrinated
horse blood (TCS Microbiology, Botolph Claydon, Buckingham, United King-
dom). Cultures were incubated in an anaerobic cabinet (MK3 anaerobic work-
station; Don Whitley Scientific Limited, West Yorkshire, United Kingdom) in an
atmosphere of 10% CO,-10% H,-80% N, at 37°C for 16 to 24 h. Cultures for
protein extraction were grown in triplicate statically in brain heart infusion (BHI;
Oxoid), pH 7.0, and BHI adjusted to pH 5.2 by the addition of disodium
hydrogen orthophosphate and citric acid, each at a final concentration of ap-
proximately 20 mM. Media were inoculated with 5% (vol/vol) bacterial suspen-
sion from mid-exponential-phase cultures in BHI and incubated aerobically at
37°C until mid-exponential phase.

Preparation of S. oralis surface-associated proteins. The cells were pelleted by
centrifugation at 2,700 X g (20°C, 10 min), and proteins associated with the cell
surface were extracted in accordance with the method of Kessler and Yagi (20).
Cell pellets were washed twice in phosphate-buffered saline (PBS tablets; Sigma
Chemical Company, Poole, Dorset, United Kingdom) and resuspended in PBS
with 0.2% (wt/vol) N-dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate
(Zwittergent; Sigma). The suspensions were incubated at 28°C with shaking at 80
rpm (Microtherm; Camlab Limited, Cambridge, United Kingdom) for 1 h, and
the cells were pelleted at 6,000 X g (10 min) and 20°C. The supernatant con-
taining the extracted cell surface proteins was diluted 1:4 with 50 mM Tris-HCl
(pH 7.5), passed though a filter (0.2-pum-pore-size Acrodisc syringe filter; Pall
Filtron Gelman Laboratory, Portsmouth, Hants, United Kingdom) to remove
remaining cells, and dialyzed overnight against 2 liters of 50 mM Tris-HCI (pH
7.5) with protease inhibitors (Complete protease inhibitor cocktail tablets;
Roche Diagnostics Limited, Lewes, East Sussex, United Kingdom). The dialyzed
material was concentrated with a centrifugal concentrator at 12,000 X g (Nano-
sep 10 kDa Omega; Pall Filtron Gelman Laboratory).

To demonstrate that proteins in cell surface fractions did not arise as a result
of cell lysis, whole-cell proteins, including the soluble intracellular pool, were
extracted from aliquots of each culture as previously described (36). These
preparations and the cell-associated proteins were analyzed by 2-D PAGE, as
described below.

Analysis of bacterial proteins by 2-D PAGE. Cell surface proteins from S. ora-
lis were precipitated from the concentrated solution by the addition of 4 volumes
of ice-cold acetone. The resulting pellet was collected by centrifugation (15,100
X g, 10 min) at 4°C. Soluble intracellular and cell surface protein fractions were
resuspended in a solution 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 King-
dom) to give a protein concentration of approximately 1 pg/pl and used to
rehydrate 7-cm pH 4 to 7 linear immobilized pharmalyte gradient (IPG) strips
(Bio-Rad). Strips were rehydrated overnight under active conditions in a Protean
isoelectric focusing cell (Bio-Rad) and focused for 20,000 to 25,000 V-h accord-
ing to the manufacturer’s instructions. Prior to loading on the second dimension,
focused IPG strips were equilibrated sequentially in a buffer (Tris-HCI contain-
ing 6 M urea, 30% [vol/vol] glycerol, 2% sodium dodecyl sulfate [SDS]) contain-
ing 1% dithiothreitol or 2.5% iodoacetamide for 15 min each and applied to 12%
SDS gels. SDS-PAGE was carried out with a Mini Protean II cell (Bio-Rad), and
proteins were resolved at a constant voltage of 100 V over 2 h. Proteins were
visualized following staining with colloidal Coomassie brilliant blue (CCBB) G
(Sigma) (25). The M;s of individual resolved proteins were determined by com-
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parison with low-molecular-weight markers (Sigma), and pls were deduced from
the linearity of the IPG strips. Gels were scanned (300 dots per in.), and spot
detection was carried out with 2-D Advanced software (version 5.1; Phoretix
International, Newcastle upon Tyne, United Kingdom). Following the determi-
nation of spot boundaries, integrated optical densities (IOD) were measured for
each protein and expressed as percentages of the total protein detected per gel.
The sum of the individual IOD values was used to calculate total expression of
the given polypeptide for proteins that occurred as isoforms. Three independent
cultures for each growth condition were processed. For the comparison of the
effect of culture at low pH on the expression of surface-associated proteins, these
were considered to have altered expression if the mean percent IOD was up- or
down-regulated >1.5-fold (i.e., >50% change in mean percent IOD). Statistical-
ly significant differences in protein expression levels were determined by Stu-
dent’s ¢ test (P < 0.05). The most abundant and differentially expressed proteins
were excised from gels and identified as described below. The most abundant
proteins (greatest percent IOD) that were detected in intracellular fractions but
that were absent in surface-associated protein pools were also analyzed in this way.

Identification of streptococcal proteins by peptide mass fingerprinting. Indi-
vidual spots were excised from 2-D gels, washed, dehydrated in acetonitrile
(ACN), reduced, and treated with iodoacetamide to S-alkylate the proteins as
described by Wilkins et al. (36). Gel pieces were swollen in a digestion buffer
containing a final concentration of 50 mM NH,HCOj; and 12.5 ng of trypsin
(sequencing grade modified trypsin; Promega UK, Southampton, Hampshire,
United Kingdom)/pl, and enzymatic cleavage was carried out overnight at 37°C.
Peptide extracts were applied to a ZipTip (Millipore Ltd., Watford, Hertford-
shire, United Kingdom), rinsed in 0.1% trifluoroacetic acid (TFA; high-pressure
liquid chromatography grade; Perbio Science UK Ltd., Chester, United King-
dom), and eluted in 1:1 ACN-0.1% TFA in one-third of the original volume.
This solution was mixed 1:1 on the mass spectrometer sample plate with a
saturated solution of a-cyano-4-hydroxycinnamic acid (99% purity: Sigma-Al-
drich, Gillingham, Dorset, United Kingdom) in 70% ACN-0.03% TFA. Mass
spectra were acquired on a MALDI-TOF mass spectrometer (Voyager Elite;
Applied Biosystems, North Warrington, Cheshire, United Kingdom) in reflector
mode with delayed extraction. Samples were irradiated with a nitrogen laser (337
nm) at ca. 1,000 U with a 3-ns pulse width and accelerating potential of 20 kV.
All spectra were obtained as 300-shot averages. MALDI-TOF spectra were
calibrated on Data Explorer software, and monoisotopic mass peaks were la-
beled by close external calibration with a peptide mixture containing des-argl-
bradykinin, angiotensin 1, and glul-fibrinopeptide B (Applied Biosystems).

MS-Fit (University of California San Francisco Mass Spectrometry Facility;
http://prospector.ucsf.edu/), installed locally, was used to identify proteins from
peptide mass fingerprints. The scoring for missed cleavage sites was set at 0. All
searches were performed against The Institute for Genomic Research (TIGR)
annotated genomic database for S. pneumoniae TIGR4 (http://www.tigr.org/).
Putative functions were usually assigned if the first entry returned had a high
MOWSE (molecular weight search) score (28), =4 peptides were successfully
matched to the database entry, =10% amino acid sequence coverage was dem-
onstrated, and there was agreement (+10%) on the observed and theoretical M,s
and pls of the protein. If no putative function was assigned to a protein in the
database (i.e., hypothetical protein) or for clarification of its function, the amino
acid sequence data were searched with BLAST (1) against all of the other
proteins represented in the Comprehensive Microbial Resource (http://tigrblast
.tigr.org/cmr-blast/) and against the nonredundant databases of all microorgan-
isms at the National Center for Biotechnology Information (http://www.ncbi.nlm
.nih.gov/Entrez).

Identification of streptococcal proteins by LC-MS/MS. Low-mass proteins
from 2-D gels that were not successfully identified by MALDI-TOF MS were
analyzed by LC-MS/MS on a ProteomeX (Thermo Finnigan, Hemel Hempstead,
Herts, United Kingdom). In-gel tryptic digests of gel-resolved proteins were
generated as described above, and digest supernatants were dried in a vacuum
centrifuge and resuspended in 10 pl of 0.1% formic acid. Chromatography of
5-pl aliquots of each sample was performed on a 100- by 0.18-mm BioBasic C,g
column (ThermoHypersil-Keystone, Runcorn, Cheshire, United Kingdom). Pep-
tides were eluted with aqueous ACN (5 to 65% ACN over 30 min) containing
0.1% formic acid at a flow rate of 2 pl/min. Spectra were acquired in data-
dependent MS/MS mode with dynamic exclusion prior to analysis and compar-
ison with the translated genomic sequence data for S. pneumoniae TIGR4 with
TurboSEQUEST software (Thermo Finnigan). Putative functions were usually
assigned if the first entry returned had a high score, =2 peptides were success-
fully matched to the database entry, =20% amino acid sequence coverage was
demonstrated, and there was agreement (+10%) on the observed and theoretical
M;s and pls of the protein.

Examination of identified S. oralis proteins for the presence of anchor motifs.
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The translated sequences for all proteins assigned putative functions by PMF or
LC-MS/MS were acquired from the S. pneumoniae TIGR4 genomic database at
TIGR. The amino acid sequences of these proteins were searched for the pres-
ence of the LPXTG anchor and choline-binding motifs and for signal peptides as
described by Tettelin et al. (30).

RESULTS

Surface-associated proteins extracted from cells of S. oralis
cultured at pH 7.0 were separated by 2-D PAGE, and this
resulted in a map in which 65 = 12 well-resolved proteins were
detected in the pH range of 4 to 7 when gels were CCBB
stained (Fig. 1). This compared with 60 = 9 proteins detectable
for S. oralis cells grown to mid-exponential phase at pH 5.2.
The variation in the number of proteins visualized arose as a
result of the differences in detection of very low abundance
proteins in each of the replicates. The most abundant and
differentially expressed proteins were excised from both gels
and subjected to further analysis by PMF and LC-MS/MS in
order to assign putative functions (Table 1). Notably, the most
abundant surface-associated protein identified from both pH
5.2- and 7.0-grown S. oralis cultures was the homologue of
phosphocarrier protein HPr, which was present as three dis-
tinct isoforms. Other abundant surface-associated proteins in-
cluded adenylate kinase, ribosome recycling factor, ribosomal
proteins S6 and L7/L12, transcription elongation factor GreA,
a lipoprotein, the electron transport protein thioredoxin, and
the glycolytic enzymes phosphoglucomutase, phosphoglycerate
kinase, enolase, fructose bisphosphate aldolase, and triose-
phosphate isomerase. None of these surface-associated pro-
teins had altered expression at low pH. One protein (SP0845)
was identified as a lipoprotein from the annotated genomic
database. When the amino acid sequence data were searched
with BLAST against all of the proteins in the Comprehensive
Microbial Resource, the lipoprotein was found to have 65%
sequence identity with a CD4 " T-cell-stimulating antigen pre-
cursor of S. pyogenes (SPy1228).

Eleven of the S. oralis proteins identified in the surface-
associated fraction exhibited altered levels of expression when
the organism was grown at low pH. Following growth at pH
5.2, six proteins were up-regulated 1.5-fold or greater and five
were down-regulated, where down-regulated proteins are in-
dicated by a mean spot volume ratio, defined as the ratio of the
IOD value for each protein derived from cells cultured at pH
5.2 to that for the protein derived from cells cultured at pH 7.0,
of <0.67 (Table 1). The up-regulated proteins included two
conserved hypothetical proteins with no assigned function in
TIGR, spots 3 (SP0868) and 13 (SP1922). When the amino
acid sequence for SP0868 was searched with BLAST against
the National Center for Biotechnology Information nonredun-
dant database, sequence homology (23%) with an iron-regu-
lated ABC-type transporter membrane component from Clos-
tridium acetobutylicum was found. The sequence for SP1922
contained a domain of unknown function, DUF28, found in
bacterial and yeast proteins. The stress response protein su-
peroxide dismutase, a serine/threonine protein phosphatase, a
dipeptidase which had 67% sequence identity with a dipepti-
dase from Lactococcus lactis (encoded by pep)’), and a manga-
nese-dependent inorganic pyrophosphatase were significantly
up-regulated (greater than 50% up-regulation) at low pH (P <
0.05). The manganese-dependent inorganic pyrophosphatase
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FIG. 1. Surface-associated proteins of S. oralis separated by 2-D
PAGE. Surface-associated proteins from pH 7.0- (A) and pH 5.2-
grown (B) cultures were separated by isoelectric focusing in the pH
range of 4 to 7 in the first dimension and by 12% SDS-PAGE in the
second dimension. Resolved proteins were visualized following stain-
ing with CCBB, and the locations of molecular mass markers and pls
are shown. Spot numbering indicates those proteins identified by
PMF and LC-MS/MS, and the numbers match the numbers in Table 1.
*, proteins with altered expression at pH 5.2 compared with those
extracted from cells cultured at pH 7.0; multiple arrows, proteins for
which different isoforms were observed.

has 93% similarity to an intrageneric coaggregation-relevant
adhesin from S. gordonii (accession number P95765). Elonga-
tion factor G (EF-G), EF-Tu, EF-Ts, EF-P, and glyceralde-
hyde-3-phosphate dehydrogenase were down-regulated (great-
er than 50% down-regulation) at low pH; EF-G, EF-Ts, and
glyceraldehyde-3-phosphate dehydrogenase were down-regu-
lated significantly (P < 0.05). Several of the proteins identified
existed as multiple forms on the gels with differences in pl,
namely, EF-G, EF-Tu, and EF-P; dipeptidase; triosephosphate
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TABLE 1. Identity of S. oralis surface-associated proteins separated by 2-D PAGE
Theoreti-
Observed . .
.o 7", cal migra- No. of Ratio mean
Functional category ilf) oﬂt Putative function” s(;ftil(if ﬁgcd migration tiongf peptides Ve spot volume
’ 5 : ——— matched?® 5.2/1.06
pl M, pl M,
Cellular processes and stress 20 Superoxide dismutase (manganese  sodA SP0766 5.1 249 49 224 4 26 2237
response dependent)
25  Thioredoxin® trx SP1776 48 11.0 45 114 6 71 NDE'
Central and intermediary 2 Phosphoglucomutase pgm SP1498 47 645 4.7 627 7 17 NDE
metabolism 4 Dipeptidase pepV  SP0623 49 50.7 48 508 6 12 2.027
7 Phosphoglycerate kinase pgk SP0499 51 47.0 49 419 9 24 NDE
6 Enolase eno SP1128 4.8 46.6 4.7 471 8 22 NDE
8 Glyceraldehyde-3-phosphate gap SP2012 5.6 405 53 359 10 40 0.457
dehydrogenase
10 Manganese-dependent inorganic ppaC  SP1534 47 350 4.6 335 6 26 2,67
pyrophosphatase
12 Fructose bisphosphate aldolase fba SP0605 54 304 52 314 9 33 NDE
19 Triosephosphate isomerase tpi SP1574 5.0 258 4.8 2065 5 27 NDE
Transport and binding 21 Phosphocarrier protein HPr* ptsH SP1177 49 175 45 89 4 41 NDE
Purines, pyrimidines, nucleo- 15  Adenylate kinase adk SP0231 52 274 50 237 8 30 NDE
sides, and nucleotides
Transcription and translation 1 EF-G fusA SP0273 5.0 687 49 768 21 37 0.38’
9 EF-Ts* tsf SP2214 49 39.1 46 374 12 37 027/
17 EF-P* efp SP0435 49 245 4.6 206 8 54 0.33
5 EF-Tu* tuf SP1489 49 46.0 49 440 13 33 0.31
16  Ribosome recycling factor fr SP0945 63 237 6.0 20.7 6 30 NDE
18  Transcription elongation factor greA SP1517 4.6 215 45 17.6 4 32 NDE
GreA
24 Ribosomal protein S6¢ psF SP1541 53 159 49 112 6 73 NDE
27  Ribosomal protein L7/L12* plL SP1354 45 12.0 41 124 4 37 NDE
Cell envelope 11 Lipoprotein SP0845 49 36.0 54 36.7 5 17 NDE
Other 14 Serine/threonine protein phos- SP1201 4.7 272 43 27.1 4 29 274
phatase”
23 Bacterocin transport accessory bta SP1499 57 172 57 129 4 42 NDE
protein®
Unknown 3 Conserved hypothetical protein SP0868 42 60.5 4.8 463 4 10 3.26
13 Conserved hypothetical protein SP1922 47 33.6 45 258 6 24 1.63
22 Conserved hypothetical protein® SP2202 58 159 52 102 3 48 NDE
26  Conserved hypothetical protein® SP0122 4.6 100 43 93 2 48 NDE

“ Spot number refers to the proteins labeled in Fig. 1.

b Putative functions were assigned from the TIGR database for S. pneumoniae.

¢ Gene symbol in the TIGR database for S. pneumoniae.

@ Accession number in the TIGR database for S. pneumoniae.

¢ Calculated from data presented in Fig. 1. M s are in thousands.
/ As given in the TIGR database for S. pneumoniae.

£ Number of tryptic peptides observed contributing to percentage amino acid coverage.
" The percentage of amino acid coverage (peptides observed/theoretical value from sequence data).
‘ Ratio of 10D for each protein derived from cells cultured at pH 5.2 to that for the protein derived from cells cultured at pH 7.0 (mean; n = 3 for each growth

condition).
/ Significantly different (P < 0.05) as calculated by Student’s ¢ test.

 Proteins identified by LC-MS/MS. All other identifications were achieved by MALDI-TOF MS.

! NDE, not differentially expressed.

isomerase; phosphoglycerate kinase; fructose bisphosphate al-
dolase; conserved hypothetical protein SP1922; phosphocar-
rier protein HPr; and thioredoxin. Other proteins, including
transcription elongation factor GreA and phosphocarrier pro-
tein HPr, also exhibited different M, forms.

To demonstrate that no significant cellular lysis had oc-
curred during the preparation of surface-associated proteins,
the most abundant intracellular proteins of S. oralis grown at
pH 5.2 were also identified. Among these, several proteins that
were absent in surface-associated protein pools were visible.
These included lactate dehydrogenase (pI 5.1, M, 35,400) and
pyruvate oxidase (pI 5.1, M, 65,300) comprising 3.3 and 2.0%,
respectively, of the total proteins. Neither of these proteins was
identified among the surface-associated proteins excised from
the gels (Fig. 2), and, in addition, no proteins with the pI and

M, of lactate dehydrogenase or pyruvate oxidase were ob-
served on the 2-D gels of surface-associated proteins.

To determine the presence of anchor motifs in the surface-
associated proteins of S. oralis, the translated sequences for all
proteins shown in Table 1 were acquired from TIGR. Interro-
gation of these sequences demonstrated that none contained
LPXTG, signal peptide, or choline-binding motifs. These S. ora-
lis proteins were therefore considered to belong to the anchor-
less class of surface proteins.

DISCUSSION

The S. oralis proteins described in this study were surface
associated as neither lactate dehydrogenase nor pyruvate oxi-
dase, which are abundant in the whole-cell extracts, was pres-
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FIG. 2. Cytoplasmic proteins were absent from the surface-associ-
ated protein preparation from pH 5.2-grown cultures separated by 2-D
PAGE. Lactate dehydrogenase (LDH) and pyruvate oxidase (POX)
were abundant in the whole-cell extract (A) but were absent on the 2-D
gels of the surface-associated proteins (B). Fructose bisphosphate al-
dolase (FBA) was identified in both intracellular and surface-associ-
ated fractions.

ent on the 2-D gels. The most abundant surface-associated
protein, identified from both acidic and neutral culture condi-
tions, was the phosphocarrier protein HPr. HPr is a low-mass
phosphocarrier protein of the bacterial phosphoenol pyruvate-
sugar phosphotransferase system, the cell surface localization
of which in other streptococcal species has been demonstrated
(12, 14). In this location, HPr has a role not only in sugar
transport but also in signal transduction which regulates catab-
olite repression. The presence of many proteins at the cell
surfaces of gram-positive organisms can be inferred by the
presence of specific anchor motifs in genomic sequence data
(30). Using a proteomic approach, however, we have demon-
strated the existence of additional surface-associated proteins,
as none of the proteins identified in this study had anchor
motifs suggestive of surface localization. Hughes et al. (17)
identified the major surface proteins of Streptococcus agalac-
tine and similarly identified proteins which would not have
been assigned to a cell surface location if a conventional ge-
nomically based approach had been adopted. Many of these
anchorless proteins, which represent a new class of virulence
determinants, are increasingly recognized as bifunctional (9);
e.g., the glycolytic enzyme a-enolase from S. pneumoniae has
plasminogen-binding activity (4). The mechanism by which
such proteins are localized to the cell surface is largely un-
known, but it is suggested that this may occur via a reassocia-
tion process (9). Here, we describe numerous novel anchorless
proteins at the cell surface of S. oralis, suggesting that extrac-
tion with Zwittergent enriches for this class of proteins.

The oxidative stress proteins superoxide dismutase and thi-
oredoxin were identified among the surface-associated pro-
teins of S. oralis in this study. While it is likely that these
surface proteins protect against oxidative stress in S. oralis, it
has been proposed that, due to their expression on the outer
surface of the cell, stress proteins and molecular chaperones
may also act as microbial virulence factors, functioning as bac-
terial adhesins and promoting host tissue damage (21). The
functions of these stress proteins in S. oralis and their potential
roles in pathogenesis remain to be established. Homologues of
EF-G, EF-Tu, EF-Ts, and EF-P were also identified among the
surface-associated proteins of S. oralis, and these were down-
regulated following growth at low pH. This is the first demon-
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stration of elongation factors associated with the cell surface in
streptococci. Elongation factors are members of a superfamily
of regulatory GTP hydrolases (G proteins) that are implicated
in the sorting and amplification of transmembrane signals and
the direction of the synthesis and translocation of proteins
(29). Recent work with Escherichia coli has suggested that
EF-Tu and EF-G, in addition to their role in translation, pos-
sess chaperone properties and may be involved in processes
other than translation, including protein folding and renatur-
ation in the cytoplasm (7, 8).

Glycolytic enzymes, including glyceraldehyde-3-phosphate
dehydrogenase and enolase, were identified among the sur-
face-associated proteins of S. oralis described here. Glyceral-
dehyde-3-phosphate dehydrogenase and enolase have been
identified at the cell surfaces of pathogenic streptococci, which
raises questions as to their functions at this location (4, 26, 27).
Glyceraldehyde-3-phosphate dehydrogenase and enolase lack
an apparent wall anchor motif but bind serum components
plasmin and plasminogen, which may assist these bacteria in
generating an inflammatory response (26). In S. oralis, when
the pH of the culture medium at which cells are grown is
decreased to 5.2, the expression of surface-associated glycer-
aldehyde-3-phosphate dehydrogenase is down-regulated. The
differential partitioning of glyceraldehyde-3-phosphate dehy-
drogenase has also been observed in S. gordonii under different
pH conditions (24). Although the total enzyme activity associ-
ated with this protein remained relatively constant in S. gordo-
nii, the protein was primarily associated with the cell surface
following growth at pH 6.5. When the pH was altered experi-
mentally to a more neutral pH, similar to that of human blood,
however, glyceraldehyde-3-phosphate dehydrogenase was pre-
dominantly extracellular. The adaptive benefit of this increased
secretion is not yet fully understood. Here, phosphoglycerate
kinase and triosephosphate isomerase were also identified
among the predominant surface-associated proteins of S. ora-
lis. It has been demonstrated that phosphoglycerate kinase is
present on the surfaces of group B streptococci, and sera di-
rected against this protein protected neonatal animals from
S. agalactiae infection (17). Surface-associated pneumococcal
triosephosphate isomerase was also identified in a study of
immunoreactive proteins identified by screening a genomic
expression library with convalescent-phase serum (37).

We previously reported the detection and identification of a
number of ABC transporters by examination of whole-cell
proteins of S. oralis (36). In addition to these, a surface-asso-
ciated protein (SP0868) not previously identified from the
whole-cell proteins with homology to an iron-regulated ABC
transporter was shown to be up-regulated at low pH in this
study. The precise role of these proteins in the response to acid
stress in streptococci is unclear, but Cvitkovitch et al. (11) used
insertional mutagenesis to show that an ABC transporter made
a significant contribution to the ability of Streptococcus mutans
to grow at low pH. Immunization with components of ABC
transporters also protects against S. pneumoniae infection in
mice (6).

Among those proteins up-regulated at low pH were a pep-
tidase, with 67% homology to the pepl” gene product from
L. lactis, and a protein encoding a manganese-dependent in-
organic pyrophosphatase. The gene pepl” encodes a dipepti-
dase which is involved in the final degradation of dipeptides
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and which may play a role in the degradation of the milk
protein casein in lactococci (16), and a homologue has also
recently been identified in the culture supernatant of S. gordo-
nii FSS2, where it may also be involved in the acquisition of
small peptides (15). The dipeptidase homologue identified
here in S. oralis may also be involved in the degradation and
acquisition of peptides. The pyrophosphatase has significant
homology with an intrageneric adhesin from S. gordonii (35)
and may facilitate increased coaggregation with other strepto-
coccal species and other genera of bacteria at low pH, which
has relevance for the persistence of S. oralis in the oral biofilm.

Several of the surface-associated proteins of S. oralis were
present as isoforms, probably the result of posttranslational
modifications. The phosphorylation and dephosphorylation of
proteins in prokaryotes by the action of kinases and phospha-
tases, respectively, is now recognized as a key mechanism by
which functional activity may be regulated. A surface-associ-
ated serine/threonine protein phosphatase, which is important
in the phosphorylation of proteins and signal transduction in
other organisms (22, 31), was found to be up-regulated at low
pH in S. oralis, suggesting that it may be involved in posttrans-
lational modifications of externalized, surface-associated pro-
teins.

In this study we have identified the predominant surface-
associated proteins of S. oralis and confirmed that specific
proteins previously identified in other streptococcal species,
involved in central and intermediary metabolism, stress re-
sponse, and other functions, were also cell surface associated
in this organism. We have also identified novel surface-associ-
ated proteins, including other glycolytic enzymes, not previ-
ously reported to be at the streptococcal surface. The expres-
sion of several of the proteins identified was influenced by the
initial pH of the culture media, although the composition of
the acidulant used in this study may have also contributed to
modulation of the osmotic potential of the medium. In addi-
tion, culture at low pH results in reduced growth rates for S.
oralis (36), which may have influenced protein expression.
Nonetheless, we have detected numerous novel proteins and
shown differential expression under conditions that have rele-
vance to the biology of the organism in both oral cavity and in
extraoral infections. The significance and function of these
surface-associated proteins in the survival and pathogenicity of
S. oralis are currently not known and require further investi-
gation in future studies.
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