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We have demonstrated previously by Western blotting that in naturally sensitized humans, the serum or
salivary antibody response to Streptococcus mutans was directed predominantly to a protein antigen with a size
of approximately 60-kDa. To identify this immunodominant antigen, specific serum antibodies were eluted
from immunoblots and five positive clones with inserts ranging in length from 3 to 8 kb from identical
chromosomal loci were obtained by screening a genomic expression library of Streptococcus mutans GS-5.
Amino acid sequencing established the identity of this immunodominant antigen, a 60-kDa immunodominant
glycoprotein (IDG-60), to be a cell wall-associated general stress protein GSP-781, which was originally
predicted to have a molecular mass of approximately 45 kDa based on the derived nucleotide sequence.
Discrepancy in the molecular mass was also observed in recombinant his-tagged IDG-60 (rIDG-60) expressed
from Escherichia coli. Glycosylation, consisting of sialic acid, mannose galactose, and N-acetylgalactosamine,
was detected by lectin binding to IDG-60 in cell wall extracts from S. mutans and rIDG-60 expressed in vivo or
translated in vitro. Despite the presence of multiple Asn or Ser or Thr glycosylation sites, IDG-60 was resistant
to the effect of N-glycosidase F and multiple O-glycosidase molecules but not to �-galactosidase. Insertional
inactivation of the gene encoding IDG-60, sagA, resulted in a retarded growth rate, destabilization of the cell
wall, and pleiomorphic cell shape with multifold ingrowth of cell wall. In addition, distinct from the parental
GS-5 strain, the isogenic mutant GS-51 was unable to survive the challenge of low pH and high osmotic
pressure or high temperature. Expression of the wild-type gene in trans within GS-51 from plasmid pDL277
complemented the growth defect and restored normal cell shape. These results suggested that IDG-60 is
essential for maintaining the integrity of the cell wall and the uniformity of cell shape, both of which are
indispensable for bacteria survival under stress conditions.

Streptococcus mutans is a primary pathogen of human dental
caries in the oral cavity and occasionally causes infective en-
docarditis in patients with heart valve abnormalities (13, 17).
The cell wall-associated proteins in this microorganism play an
important role in bacterial adherence for colonization in dis-
tinct host compartments. On the other hand, the host immune
response against S. mutans infection is induced by specific
antibodies, either secretory immunoglobulin A (IgA) present
in saliva or serum IgG in circulation, that recognize these
bacterial proteins (28). Antibody-mediated protection is
achieved through interference with adherence in situ or by
enhanced bacterial clearance by phagocytic cells. Therefore,
the identification and functional characterization of the cell
wall-associated proteins in S. mutans may provide essential
information for understanding the virulence mechanism and
also for developing strategies for prevention of infection.

By analyzing the profiles of human salivary and serum anti-
bodies to S. mutans antigens, we found several immunodomi-
nant antigens from cell surface protein extracts, but one pro-
tein with a size of approximately 60 kDa uniformly exhibited

the strongest signals in Western blots probed with either sali-
vary IgA or serum IgG from 157 volunteers (6). Predominant
antibody responses to S. mutans antigens with sizes of approx-
imately 60 kDa have been documented previously by other
laboratories. One S. mutans surface antigen, named natural
antigen, with a molecular mass of 60 kDa exhibited the stron-
gest signal in Western blots detected by serum IgG from 20
adults (29). Dominant immunogenicity of this natural antigen
was also demonstrated when Macaca fascicularis monkeys were
infected with S. mutans (29). More recently, another surface
antigen with glucan binding activity, GBP59, was found to be
an immunodominant antigen recognized by salivary IgA from
a limited number of adults and children (30). Immunization of
rats with GBP59 could induce protective immunity against
experimental dental caries (31). The lack of genetic informa-
tion of either the natural antigen or GBP59 made the compar-
isons of these surface molecules impossible. Therefore, the
immunodominant property of surface antigens with sizes of
approximately 60 kDa in S. mutans appeared to be an inter-
esting phenomenon in human populations of different origins,
but the identity of these proteins is still not clear.

In the present report, we provide genetic and biological
evidence to indicate that the immunodominant surface anti-
gen, named IDG-60, is the general stress protein (GSP-781) of
S. mutans reported recently by us (8). Interestingly, IDG-60
isolated from either S. mutans or recombinant E. coli under-
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goes posttranslational modification by glycosylation, which
forms structural units intrinsically encoded by IDG-60. Func-
tional characterization suggested that IDG-60 is essential for
maintaining the integrity of the cell wall and uniformity of cell
shape, which are indispensable for bacteria growing under
stress. This is also the first finding of posttranslational modifi-
cation by glycosylation in S. mutans.

MATERIALS AND METHODS

Bacteria and growth conditions. S. mutans GS-5 and isogenic mutants of GS-5
were grown and maintained in brain heart infusion broth (BHI; Difco Labora-
tories, Inc., Detroit, Mich.) supplemented with erythromycin (10 �g/ml) or spec-
tinomycin (100 �g/ml) when needed. Cell wall-associated proteins of S. mutans
were prepared as described previously (6). E. coli JM109 was used as the plasmid
host, and cultures were grown in Luria-Bertani (LB) medium supplemented with
ampicillin (100 �g/ml) and/or agar (2%) as required. E. coli Strain XL1-Blue
MRF� used for the phage library and strain XLOLR used for phagemid recovery
were grown and maintained according to the manufacturer’s instructions (Strat-
agene, La Jolla, Calif.). E. coli host strain BL21(DE3) for recombinant His-
tagged IDG-60 was grown and maintained according to the manufacturer’s
instructions (Novagen, Inc., Madison, Wisc.).

Immunological procedures. One serum sample, no. 156, donated by a healthy
young adult was selected for antibody elution and phage expression library
screening. This antiserum recognized predominantly an antigen with a size of 60
kDa at a titer of 1:600 by Western blotting. The antibody directed specifically to
this 60-kDa antigen was purified by methods developed in this laboratory. In
brief, S. mutans cell wall-associated proteins were extracted, separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and subse-
quently transferred electrophorectically to a Hybond-P membrane (Amersham,
Buckinghamshire, United Kingdom). A portion of the transferred membrane
was cut, and the 60-kDa antigen was detected by Western blotting using no. 156
serum. Regions on the remaining membrane corresponding to this 60-kDa pro-
tein were cut out and incubated with no. 156 serum for 30 min at 37°C. The
bound antibody was washed phosphate-buffered saline (PBS; pH 7.2), eluted by
adding 5 ml of glycine saline buffer (150 mM NaCl, 200 mM glycine [pH 2.8]),
and shaken at room temperature for 30 min. The buffer was aspirated and
neutralized with Tris buffer (pH 9.8), defined as “purified antibody,” and stored
at 4°C. Western blotting confirmed the reactivity and specificity of the eluted
antibody. Immunoprecipitation of IDG-60 from S. mutans cell wall extracts or
phage lysate by serum or purified antibody was performed with protein A-
Sepharose CL-4B following the manufacturer’s instructions (Amersham Phar-
macia Biotech AB, Uppsala, Sweden).

Genomic library and gene cloning. Chromosomal DNA from S. mutans GS-5
was partially digested with Sau3AI and size fractionated by gel electrophoresis.
Sections in the 4- to 12-kbp-size range were eluted from the gel, ligated into the
BamHI-cut arms of lambda ZAP Express (Stratagene), packaged, and amplified
according to the manufacturer’s instructions. E. coli XL1 Blue cells were infected
with the lambda ZAPII phage on L broth agar (Bacto-tryptone [10 g/liter], yeast
extract [5 g/liter], NaCl [10 g/liter], maltose [2 g/liter], Bacto-agar [15 g/liter]) at
2,500 to 3,000 PFU/85-mm-diameter plate. Plaques were transferred to nitrocel-
lulose filters (Millipore Corp., Bedford, Mass.) and incubated with 10 mM
isopropyl �-D-thiogalactopyranoside (IPTG) at 37°C for 4 h. These filters were
blocked overnight at 4°C with bovine serum albumin (BSA; Sigma Chemical Co.,
St Louis, Mo.) and screened for positive reactions with the purified antibody
detected by alkaline phosphatase-conjugated anti-human IgG (Sigma) with ni-
troblue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP)
(Stratagene). Positive plaques were transferred to 15-ml tubes containing 200 �l
of SM buffer (100 mM NaCl, 50 mM Tris-HCl [pH 7.5], 10 mM MgSO4, 0.01%
gelatin), and 2 or 3 drops of chloroform. Phage lysate was prepared as described
below. The pBK-CMV phagemid containing hybridizing inserts were excised
from the lambda ZAP Express vector as described by the manufacturer (Strat-
agene).

Protein extraction and analysis. Extraction and preparation of cell wall-asso-
ciated proteins from S. mutans were described previously (6). S. mutans GS-5 was
grown in BHI broth (Difco Laboratories). For extraction of cell wall-associated
protein antigens (CWP-A), cells of streptococci from 20 liters of batch culture
were washed extensively with 10 mM sodium phosphate buffer and incubated
with 8 M urea extraction fluid for 1 h at 25°C. The extract was then dialyzed
against 10 mM sodium phosphate buffer (pH 6.5) to remove the urea and
subsequently concentrated by 60% (saturation) ammonium sulfate precipitation;

the precipitate was dissolved and dialyzed against the same buffer containing 1
mM phenylmethylsulfonyl fluoride (PMSF).

E. coli XL1 Blue cells were infected with purified positive phage clones on L
broth agar to give 5,000 PFU/85-mm-diameter plate and incubated at 42°C for
4 h. Fusion protein was induced by the addition of 1 ml of 10 mM IPTG/plate and
incubation at 37°C for 3.5 h. The crude phage lysates were recovered by adding
0.5 ml of lysis buffer (25% �-mercaptoethanol, 10% SDS, 6 M urea, 300 mM
Tris-HCl [pH 6.8]) and gently shaking the sealed plates at 37°C for 10 to 15 min.
The phage lysate containing the fusion protein was centrifuged at 1,500 � g for
10 min to remove debris and stored at �20°C. The proteins were separated by
SDS-PAGE followed by silver staining or transferred electrophorectically to a
Hybond-P super membrane (Amersham). For Western blot analysis, the blotted
membrane was exposed to human sera or purified antibody as described above.

Construction, expression, and purification of rIDG-60. Recombinant IDG-60
(rIDG-60) expressed in E. coli was purified by chromatography on an Ni2�

affinity resin. The IDG-60 coding sequence, sagA, was digested with FspI and
EcoRI from pZAP-781 and inserted into the PvuII-EcoRI sites of the plasmid
pRSETA (Invitrogen, Carlsbad, Calif.). The resulting plasmid, pRSETA-sagA,
expressing sagA with a deletion of its signal sequence (amino acids 1 to 32)
replaced by an N-terminal 6-His tag, was introduced into E. coli BL21(DE3),
which contains the T7 polymerase gene on the chromosome under the control of
the lacUV5 promoter. E. coli harboring pRSETA-sagA was grown to an A550 of
0.4 to 0.5, and the T7 promoter was induced by the addition of lPTG to a final
concentration of 2.0 mM. The cultures were grown for an additional 4 h and then
harvested. The pellets were resuspended in binding buffer (5 mM imidazole, 0.5
M NaCl, 20 mM Tris-HCl [pH 7.9]), and a cell lysate was prepared by disrupting
the cells with sonication. The cell debris was removed by centrifugation at
15,000 � g for 30 min. Further steps in the purification of His-tagged rIDG-60
were performed according to the instruction manual provided by the manufac-
turers. Homogeneity of the purified proteins was confirmed by SDS-PAGE,
followed by silver staining. Identity of the protein was analyzed by immunoblots
with anti-6�His-tag monoclonal antibody (Qiagene) and amino acid sequence of
the internal peptide fragments after in-gel digestion with trypsin as described
below. The bands were analyzed with Electrophoresis Documentation and Anal-
ysis System 120 (Scientific Imaging Systems, Eastman Kodak Co., Rochester,
N.Y.). Protein concentrations were determined using a modified method of
Lowry et al. (18), with bicinchoninic acid (BCA) as the colorimetric detection
reagent (BCA protein assay reagent; Pierce, Rockford, Ill.).

LC-MS-MS. To confirm the identity of the authentic IDG-60 protein immu-
noprecipitated from cell wall extracts of S. mutans and rIDG-60 expressed from
E. coli, IDG-60 or rIDG-60 was digested with trypsin and the amino acid com-
position of tryptic digest was determined by liquid chromatography-tandem mass
spectrometry (LC-MS-MS) as described previously (33). For in-gel digestion, the
gel piece containing IDG-60 or rIDG-60 was soaked in 25 mM NH4HCO3 for 10
min and then in 25 mM NH4HCO3–50% acetonitrile for 10 min. After being
dried in a Speed-Vac (Savant), the gel was incubated in 100 �l of 2% �-mer-
captoethanol–25 mM NH4HCO3 for 20 min at room temperature and in the
dark. The same volume of 10% 4-vinylpyridine in NH4HCO3–50% acetonitrile
was added for cysteine alkylation. After a 20-min incubation, the gel was soaked
in 1 ml of 25 mM NH4HCO3 for 10 min. After being washed in 25 mM
NH4HCO3–50% acetonitrile for 10 min, the gel was dried and then incubated
with 25 mM NH4HCO3 containing 50 ng of modified trypsin (Promega, Madison,
Wisc.) overnight for 18 h. The tryptic digest was removed from the gel by
extraction with 200 �l of 0.1% formic acid. These two fractions were combined
together, dried in a Speed-Vac, and then kept at �20°C for storage. The fraction
was resuspended in 0.1% formic acid immediately before use. Samples were
analyzed by SDS-PAGE with a 20% gel and LC-MS-MS analysis. Electrospray
MS was performed using a Finnigan Mat LCQ ion-trap mass spectrometer
interfaced with an ABI 140D HPLC (Perkin-Elmer). A PE Brownlee C18 column
(150 by 0.5 mm; Perkin-Elmer) with mobile phases of A (0.1% formic acid in
water) and B (0.085% formic acid in acetonitrile) was used. The peptides were
eluted at a flow rate of 5 �l/min with an acetonitrile gradient, which consisted of
5 to 16% B in 5 min, 16 to 20% B in 40 min, and 20 to 65% B in 40 min. The
spectra for the eluate were acquired as successive sets of three scan modes. The
MS scan determines the intensity of the ions in the m/z range of 395 to 1,605, and
a specific ion was selected for zoom scan and MS-MS scan. The acquired colli-
sion-in-dissociation (CID) spectra were interpreted using a Finnigan Corpora-
tion software package, the SEQUEST Browser. Those MS-MS scans that
matched to peptide sequences with cleavage sites at lysine or arginine were
considered significant and also were subjected to manual evaluation to confirm
the SEQUEST results. The hypothetical m/z values of peptides were derived
using the PEPSTAT algorithm in SEQUEST package. The EXPLORE program
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(Finnigan) was used to plot the ion tracings, to determine the retention time, and
to calculate the peptide ion counts.

In vitro transcription and translation of rIDG-60. Coupled transcription-
translation of His-tagged sagA was conducted with the E. coli T7 S30 Extract
System for Circular DNA (Promega) following the instruction of the manufac-
turer. Briefly, the S30 extract contains T7 RNA polymerase for transcription and
all necessary components for translation. The translated products were precipi-
tated by trichloroacetic acid before SDS-PAGE gel analysis. The in vitro-trans-
lated rIDG-60 was labeled with 1 �l of [35S]methionine (1,175 Ci/mmol) for
detection or was not labeled for Western blotting and glycan staining.

Detection of glycoproteins and enzymatic deglycosylation. IDG-60 from S.
mutans and rIDG-60 purified from the expression system were subjected to
SDS-PAGE and transferred to nitrocellulose for glycan detection. Glycan de-
tection was performed with a digoxigenin glycan differentiation kit according to
the protocol of the manufacturer (Roche Molecular Biochemicals, Mannheim,
Germany). Briefly, digoxigenin-labeled lectins that selectively recognize terminal
sugars and their linkages were reacted in separate reaction mixtures with the
proteins transferred to nitrocellulose and the specificity of lectin binding was
subsequently detected by polyclonal sheep antidigoxingenin Fab fragments con-
jugated with alkaline phosphatase. The lectins included Galanthus nivalis agglu-
tinin (GNA) recognizing terminal mannose-linked �-(1–3), �-(1–6), or �-(1–2);
Sambucus nigra agglutinin (SNA) recognizing sialic acid linked �-(2–6) to galac-
tose; Maackia amurensis agglutinin (MAA) recognizing sialic acid linked �-(2–3)
to galactose, peanut agglutinin (PNA) recognizing core disaccharide galactose
�-(1–3)-N-acetylgalactosamine, and Datura stramonium agglutinin (DSA) recog-
nizing Gal �-(1–4)-GlcNAc.

Analysis of glycan linkages of IDG-60 and rIDG-60 was performed with a
panel of glycosidase enzymes. The proteins were incubated under denaturing
conditions with endoglycosidases, N-glycosidase F (N-linked glycans), O-glyco-
sidase (Gal�1-3GalNAc), and exoglycosidase, and �-galactosidase (�1-linked
1–4 terminal galactose) supplied in an enzymatic deglycosylation kit according to
the protocol of the manufacturer (Bio-Rad Laboratories, Hercules, Calif.).

Inactivation and complementation of sagA. To construct an sagA insertion
mutant, a cassette encoding erythromycin resistance from pAM�1 (5) was in-
serted into a unique BclI site of sagA in the plasmid pRSETA-sagA. The resulting
plasmid was linearized and subsequently transformed in the S. mutans GS-5
strain to disrupt the corresponding chromosomal loci by double crossover. Iso-
genic mutants, GS-51, GS-52, and GS-53, defective in the expression of IDG-60,
were verified at the genetic level by Southern blotting and at the protein level by
the absence of reaction with purified antibody by Western blotting.

For complementation test, the DNA fragment containing sagA and flanking
sequences was digested from pZAP-781 and cloned into an E. colistreptococcus
shuttle vector, pDL277 (3). The resultant plasmid, pDL-sag was transformed into
GS-51, GS-52, or GS-53, and the transformants were selected on BHI agar plates
with erythromycin and spectinomycin. Three complementing strains originating
from individual sagA-defective strains, named GS-511, GS-521, and GS-531,
respectively, were isolated, and the expression of IDG-60 in these strains was
restored to thè level of that in their parental GS-5 strain. The characteristics of
isogenic mutant strains and complementing strains were tested by a series of
biochemical reactions and serological typing and showed no distinct changes
from the wild-type strains.

General genetic manipulations. Transformation of S. mutans was performed
as described by Perry and Kuramitsu (25). DNA extraction and Southern blotting
were performed as described previously (7). Automated DNA sequencing (ABI)
was performed by the Molecular Biology Facility, College of Medicine, National
Taiwan University, Taipei. Sequencing was carried out with custom oligonucle-
otides, and all sequencing was done in both directions.

Evaluation of adaptation to environmental stress. Environmental adaptability
of the wild-type (GS-5), isogenic mutants (GS-51, GS-52, and GS-53), and
complementation strains (GS-511, GS-521, and GS-531) were evaluated by mon-
itoring bacterial growth in Todd-Hewitt (TH) broth (Difco) containing 50 mM
sodium acetate at appropriate pH values or the indicated concentrations of
NaCl. Temperature sensitivity was determined from 37 to 42°C. To initiate the
growth experiments, bacteria grown to early log phase were inoculated into 3 ml
of TH broth with or without the indicated modification. Bacterial growth was
monitored by measurement of the optical density at 550 nm (OD550). The
number of surviving cells was determined for each mutant strain tested and
compared with that of the corresponding wild-type strain.

Scanning electron microscopy. S. mutans cells were fixed by the addition of
glutaraldehyde to a final concentration of 2% (wt/vol) in 0.1 M sodium cacody-
late buffer (SCB) (pH 6.8). After this first fixation, cells were rinsed with 0.1 M
SCB and fixed for 1 h in 1% (wt/vol) osmium tetroxide in 0.1 M SCB. The
samples were then washed twice with 0.1 M SCB, were dehydrated with acetone,

and were critical-point dried by the CO2 method of Anderson (2). The dehy-
drated samples were coated with gold (SC-502, Fison, United Kingdom) and
examined using a vacuum sputter coater TopCon ABT-60 scanning electron
microscope operating at 10 kV.

TEM. For transmission electron microscopy (TEM), bacteria grown in BHI in
early stationary phase were fixed in 2.5% glutaldehyde in PBSC (0.1 M sodium
buffer [pH 7.2 to 7.4], sucrose, and calcium) for 2 to 3 h at room temperature with
shaking. Samples were washed with PBSC for 30 min twice and postfixed for 2 h
at 4°C in 1% (wt/vol) OsO4 at room temperature. After being washed with
distilled water, samples were prestained in uranyl acetate in 50% methanol for 15
min at room temperature. Dehydration was performed in upgraded ethanol, and
then the samples were embedded in Spurr’s resin (32). Thick sections (5 �m)
stained with toluidine blue were examined first; subsequently, ultrathin sections
were mounted on gold grid, which was restained by uranyl acetate and lead
citrate. Samples were analyzed with a model EM109 electron microscope (Zeiss).

Nucleotide sequence accession number. The complete sequence of sagA has
been deposited in GenBank under the accession number AF338445. It is an
apparent homolog of an unpublished sequence of Enterococcus faecium sagA
(secreted antigen) reported in GenBank (AF242196).

RESULTS

Antibody elution and identification of IDG-60. Previous
screening of serum and salivary antibody profiles against S.
mutans indicated that, in naturally sensitized humans, the
strongest response was directed against a cell wall-associated
protein with a size of approximately 60 kDa, among a number
of antigens detectable by Western blotting (6). A total of 156
individuals tested were classified on the basis of the number
and relative intensity of the bands detectable on immunoblots
into categories of either high or low responders. Regardless of
the tested antibody being a high responder or a low responder,
this 60-kDa cell wall-associated protein was the immunodom-
inant antigen (Fig. 1A, lanes 1 and 2). Interestingly, in some
low responders, the 60-kDa protein appeared to be the only
antigen detectable by serum antibodies at a titer of 1:600.
These observations prompted us to initiate studies to isolate
the corresponding gene and to analyze the biological function
of this protein.

Specific anti-60-kDa antibody with high affinity was purified
by elution from the immunoblots and recognized specifically
the protein with a size of approximately 60 kDa on immuno-
blots (Fig. 1A, lane 3). Subsequently, the purified antibody was
used for screening positive clones from a phage expression
library of S. mutans GS-5. Five positive clones were obtained
after screening �105 PFU on 85-mm-diameter plates. Western
blot analysis of the phage lysates confirmed that each of these
clones contained an open reading frame which expressed a
60-kDa protein. The expression of this protein from these
clones was independent of the induction by IPTG, which spe-
cifically drives the expression of inserted DNA fragments from
the T7 promoter located at one arm of the lamda phage vector.
This result indicated that the 60-kDa protein was transcribed
from its own promoter and also that all five clones contained
the complete open reading frame of the targeted protein. Nu-
cleotide sequences of all five clones from both directions of the
phage revealed an identical chromosome location but different
sizes, from 3.1 to 8 kb, compared with the nucleotide sequence
of the S. mutans genome released from the University of Ok-
lahoma’s Advanced Center for Genome Technology (OU-
ACGT). One of the clones (pZAP-781), smallest in size, was
completely sequenced for both DNA strands and found to
contain four potential open reading frames (Fig. 2). Southern
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blot analysis confirmed that pZAP-781 contained DNA origi-
nating from S. mutans GS-5 and also the expected restriction
patterns by sequence analysis.

Nucleotide and amino acid sequence analysis. Computer
analysis of the sequence obtained for pZAP-781 revealed four
complete open reading frames, ORF1, ORF2, ORF3, and
ORF4. These ORFs and portions of the sequenced 3,120-bp
fragments are depicted in Fig. 2. The deduced amino acid
sequence of ORF1 and ORF2 defined two small polypeptides
of 155 amino acids (12 kDa) and 168 amino acids (13 kDa),
which share homology (	50%) to the cell shape-determining
proteins MreC and MreD of Bacillus subtilis, respectively (15).
Sequences similar to these two and to ORF3 were also found
in a cluster in E. faecium (GenBank AF242196), and ORF3
was designated sagA, the name given the corresponding gene
in E. faecium. ORF3 encodes a protein of 431 amino acids (45
kDa), which is a general stress protein, GSP-781, recently
identified by our laboratory by differential display reverse tran-
scription-PCR (8). This protein was named IDG-60 for immu-
nodominant glycoprotein with a size of 60 kDa in the present
report. IDG60 shares approximately 65% identity with PscB, a
protein most recently identified from group B streptococcus
(27), and approximately 45% identity with another secreted
protein, Usp45, of unknown functions from Lactococcus lactis

(36). The polypeptide from ORF4 is composed of 129 amino
acids (11 kDa) and shares more than 90% homology with
phosphoribosyl PPi synthetase (prs) from Listeria monocyto-
genes (10).

Because Western blot analysis of the phage lysates from all
five positive clones (ZAP711 to ZAP781 [Fig. 2]) showed pos-
itive identification of IDG-60 and because two of the clones do
not contain the complete coding sequences of ORF1, these
results indicated that the coding sequence for IDG-60 was
located in ORF2, ORF3, or ORF4, but none of them encodes
a protein with a size of 60 kDa predicted from the deduced
amino acid sequences. To confirm the identity of the IDG-60,
the protein was immunoprecipitated from the cell wall extracts
of S. mutans GS-5 by the purified anti-IDG-60 antibody, sep-
arated on SDS-PAGE, and confirmed by its molecular weight
and a positive reaction with the antiIDG-60 antibody (Fig. 1B).
The internal amino acid sequence determined by LC-MS-MS
confirmed that IDG-60 is encoded by ORF3, and the sequence
obtained is shown in Fig. 2. To test the hypothesis that the
discrepancy in the predicted versus the observed molecular
weight is due to posttranslational modification by glycosyla-
tion, glycoprotein staining was performed by digoxigenin-la-
beled lectins. As shown in Fig. 1C, IDG-60 immunoprecipi-
tated by either serum or purified anti-IDG-60 antibody gave a

FIG. 1. Immunoblot analysis of IDG-60. (A) Representative immunoblot analysis of serum IgG to CWP-A of S. mutans GS-5 from a low
responder (no. 156) (lane 1) and a high responder (lane 2). At a titer of 1/600, IDG-60 exhibited the strongest reaction in both cases and was the
only antigen detectable in this low responder. The purified anti-IDG-60 exhibited a single band on immunoblot (lane 3). The IDG-60 in the CWP-A
fraction of S. mutans GS-5 was immunoprecipitated by human serum no. 156 (lane 1) or purified anti-IDG-60 (lane 2) and subsequently detected
on immunoblots by purified anti-IDG-60 antibody (B) or by digoxigenin-labeled lectins (SNA and DSA) (C). The prestained high-molecular-mass
standards in kilodaltons are indicated to the left (lane M).
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FIG. 2. Maps of positive phage clones and sequence analysis of IDG-60. (A) Schematic representation of a portion of the S. mutans
chromosome deduced form the OU-ACGT (www.genome.ou.edu) and individual phage clones. The relative position and size of each phage clone
was mapped to the chromosome after nucleotide sequence analysis of each clone from both ends. For insertional inactivation of sagA, an
erythromycin cassette (as indicated) was inserted in the sagA in plasmid pRSETA-sag for allelic exchange. (B) Nucleotide sequence of the sagA
gene and the deduced amino acid sequence. The putative Shine-Dalgarno sequence is underlined. The amino acid sequence of peptide confirmed
by LC-MS-MS is bold faced.
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positive reaction to the glycoprotein staining. Therefore, the
immunodominant antigen IDG-60 located on the cell wall of S.
mutans is a general stress protein with posttranslational mod-
ification by glycosylation.

rIDG-60 purification and glycoprotein composition analy-
sis. Previous results from Western blot analysis indicated that
IDG-60 constituted only a minor fraction in the cell wall-
associated protein extracts concentrated from a large batch (20
liters) of cultures. To obtain purified IDG-60 and to determine
if glycosylation is restricted to its native host, rIDG-60 with a
His tag was expressed and purified by affinity chromatography.
After purification and separation by SDS-PAGE, only
rIDG-60 with a molecular mass of approximately 60 kDa was

detected (Fig. 3A, lane 2). The identity of rIDG-60 was con-
firmed by a positive response to the purified anti-IDG-60 an-
tibody and by internal amino acid sequence using LC-MS-MS
after in-gel digestion with trypsin. To confirm if nonglycosy-
lated rIDG-60 existed and if it exhibited a different binding
affinity with the Ni2� affinity resin, crude extracts of E. coli
expressing rIDG-60 or eluents from different elution condi-
tions were analyzed. None of them exhibited positive bands of
the predicted 45-kDa protein by Western blotting with anti-His
tag monoclonal antibody. The glycosylation of rIDG-60 was
subsequently confirmed by lectin staining as well (see below).
Therefore, only the glycosylated rIDG-60 could be identified
when it was expressed in E. coli. These results indicated that

FIG. 3. Glycoprotein detection of IDG-60 and purified rIDG-60 by specific lectin binding. (A) SDS-PAGE analysis of glycoproteins and
CWP-A of S. mutans GS-5 after silver staining. Lanes: (C) carboxypeptidase Y (63 kDa); T, transferrin (80 kDa); F, fetuin (68 kDa); A, asialofetuin
(61 kDa); 1, CWP-A of GS-5; 2, purified rIDG-60 (8 �g loaded); and M; molecular mass standards (in kilodaltons). IDG-60 in CWP-A or purified
rIDG-60 was detected by Western blotting with purified anti-IDG-60 antibody (B) or detected for binding with specific lectins with known
glycoproteins as positive controls. The following digoxigenin-labeled lectins were used: GNA (C), SNA (D), MAA (E), PNA (F) and DSA (G).
Specific binding of lectins to carbohydrate moieties were detected by antidigoxigenin Fab fragments conjugated with alkaline phospatase.
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the glycosylation of IDG-60 was an intrinsic property deter-
mined by the protein and that this function is retained across
species boundaries.

To determine the monosaccharide composition, glycan
staining was performed with a set of labeled lectins that spe-
cifically recognize particular terminal monosaccharides and
their linkage to protein. Both authentic IDG-60 found in crude
extracts of S. mutans and purified rIDG-60 were recognized by
all five lectins tested (Fig. 3C to G). These lectin interactions
suggested that the monosaccharides terminally linked to the
glycan of IDG-60 include mannose, sialic acid, and galatose.
Positive reactions with SNA and MAA (Fig. 3C and D) sug-
gested that sialic acid is terminally linked as �(2–6) and �(2–3)
to galactose. Positive reactions with PNA suggested the the
presence of the disaccharide galactose-�-(1–3)-N-acetylga-
lactosamine, which usually forms the core unit of O glycan.
Finally, positive reactions with DSA suggested the existence of
both galactose-�(1–4)-N-acetylglucosamine and individual N-
acetylglucosamine residues with O-glycosidic links to serine or
threonine (11).

Glycosidase analysis and in vitro translation of IDG-60.
One of our primary interests was to determine if the immuno-
dominant characteristics of IDG-60 were determined by the
glycans and/or the protein backbone. To achieve this goal and
also to determine whether the glycosylation is N linked and/or
O linked, the removal of monosaccharides from the authentic
protein or rIDG-60 was attempted with different kinds of gly-
cosidases suggested by the carbohydrate composition and link-
age analysis determined by specific lectin staining. Incubation
of authentic IDG-60 in crude extracts from S. mutans or puri-
fied rIDG-60 with endoglycosidase N-glycosidase F (N-linked
glycans) or O-glycosidase did not result in deglycosylation as
determined by a reduction in both the electrophoretic mobil-
ities and intensities of the proteins as determined by Western
blot analysis with purified anti-IDG-60 antibody. Nevertheless,
the authentic IDG-60 was sensitive to the activity of an exo-
glycosidase, �-galactosidase, which cleaved the �-linked 1–4
terminal galactose (data not shown). This result is consistent
with the lectin binding staining assay using DSA, which binds
specifically to the �-linked 1–4 terminal galactose (Fig. 3G). In
addition, the sensitivity of IDG-60 to �-galactosidase provided
direct evidence of the covalent linkage of terminal galactose in
IDG-60.

To test if nonglycosylated IDG-60 could be obtained in a
cell-free system using an in vitro translation system designed
for prokaryotes, the plasmid pRSETA-sagA, expressing
IDG-60 with an N-terminal 6-His tag, was incubated in vitro
with the S30 extract, which contains T7 RNA polymerase for
transcription and all necessary components for translation
from E. coli. The identity of the translated product was con-
firmed by positive reaction with either anti-His antibody or
purified anti-IDG-60 antibody (Fig. 4B and C). Surprisingly,
similar to the in vivo-expressed product, in vitro-translated
IDG-60 exhibited a molecular mass of 60 kDa only and a
positive, but weak, binding to the tested lectin (Fig. 4D). These
results indicated that glycosylation of IDG-60 functions in vitro
in a cell-free system, even though at a much lower efficiency
than that which occurred in vivo inside the bacterial host.

Growth characteristics of sagA mutant and complemen-
tation strains. Transcriptional analysis by Northern blots

reported previously (8) confirmed that sagA is transcribed
monocistronically in S. mutans and transcription at the mid-
logarithmic-growth phase was enhanced by stress treatment
such as low pH, high osmolarity, and high temperature. To
analyze the function of IDG60 in S. mutans, we constructed an
isogenic mutant by insertion inactivation using a 1.2-kb eryth-
romycin cassette introduced by allelic exchange. Despite the
essential role of IDG-60 in S. mutans (see below) and the
retarded growth rate of the isolated mutants, successful
inactivation of sagA was achieved in S. mutans GS-5, and
three mutants, GS-51, GS-52, and GS-53 were isolated. All
three mutants exhibited positive reaction with anti-serotype c
antiserum (7) and GS-51 was selected for further analysis.
Southern blot analysis confirmed the predicted integration and
disruption of sagA as indicated by the shifting of a HindIII-
digested fragment from the length of 2.2 to 3.3 kb. Western
blotting using purified anti-IDG-60 IgG showed a strong band
in the cell wall extracts of parental GS-5 but not in the extracts
of its isogenic mutant GS-51 (Fig. 5B, lanes 1 and 2). The
GS-51 mutants exhibited poor growth in BHI agar or TH broth

FIG. 4. Detection of rIDG-60 translated in vitro. The plasmid
pRSETA-sag was incubated in vitro with the S30 extract, which con-
tains T7 RNA polymerase for transcription and all necessary compo-
nents for translation from E. coli. (A) Autoradiograph of translational
products labeled with [35S]methionine. Lanes 1, positive control pro-
teins, PinPoint/CAT fusion protein (39 kDa) and �-lactamase (28
kDa); 2, plasmid control with pRSETA only; 3, IDG-60 (60 kDa); and
4, negative control without plasmid DNA. The identity of rIDG-60 was
confirmed by immunoblots with either anti-his monoclonal antibody
(B) or purified anti-IDG-60 antibody (C). Glycosylation was confirmed
by lectin binding (D)., IDG-60 is marked by arrow head.
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with a doubling time over 10 h for growth anaerobically in the
TH broth. In addition, sagA mutant GS-51 tends to aggregate
and grows in clumps. When examined with a light microscope,
GS-51 lost the ability to retain the crystal violet staining typical
for gram-positive cell wall. To confirm the observed phenotypic
changes were entirely due to the defect in sagA rather than
pleiotropic effects through other mutations that may have oc-
curred during selection of mutants, complementation of the
sagA defective strain GS-51 was carried out by transformation
with streptococcus-E. coli shuttle vector pDL277 carrying wild-
type copy of sagA. The resultant transformants, GS-511, GS-
512, and GS-513 restored the expression of IDG-60 (Fig. 5B)
and exhibited phenotypic characteristics, such as growth rate,
positive gram staining, etc., indistinguishable from those of the
parental GS-5 strain.

Since previous results indicated that IDG-60 may function as
a general stress protein, the growth characteristics of the pa-
rental GS-5 strain and mutant GS-51 and GS-511 strains were
challenged with different stress conditions and their survival
rates were determined. Strain GS-511 grew at the same rate as
the wild-type GS-5 strain at pH 7.5 and exhibited similar re-
sistance to the challenge of low pH (5.5), high osmolarity (400
mM NaCl), and high temperature (42°C). But strain GS-51,
lacking expression of IDG-60, could not survive any of the
challenges list above. These results in conjunction with our
earlier transcriptional analysis confirmed that IDG-60 is a gen-
eral stress protein which is essential for survival of S. mutans
encountering environmental stress.

Microscopic analysis of IDG-60. The failure of the GS-51
mutant to retain crystal violet and the increased sensitivity to
osmotic pressure led us to hypothesize that the role of IDG-60
is to maintain integrity of the cell wall. Scanning electron
microscopy examination of the wild-type GS-5 strain showed
characteristics typical of S. mutans as short rods (Fig. 6A).
However, the GS-51 mutant lacking expression of IDG-60
exhibited pleimorphic cell shape. The cells of the GS-51 mu-

tant acquired irregular shapes, with a general increase in the
size to magnitudes different from those of GS-5 (Fig. 6B).
Complementation of the normal copy of sagA restored the
shape of GS-511 indistinguishable from that of the wild type
GS-5 strain (Fig. 6C). To analyze the changes in the structure
of the cell wall in more detail, stationary cells of GS-5 and
GS-51 were fixed and examined by TEM. As depicted in Fig. 7,
the wild-type GS-5 strain showed a typical cell wall with con-
densed structure and with typical septum formation (Fig. 7A).
However, in the GS-51 mutant, the cell wall was less con-
densed and revealed several layers of ingrowth of cell wall
distinct from septum formation during cell division (Fig. 7B).
In addition, the cell wall of the GS-51 mutant appeared to be
fragile, because rupture of the cell wall in this mutant, but not
in the parental GS5 strain, was easily observed by mild soni-
cation that is normally applied to disrupt the streptococcus
chains (Fig. 7C). Taken together, these results suggest that
IDG-60 is required for maintaining the integrity of the S.
mutans cell wall and cell shape which, in turn, are essential for
withstanding stress conditions such as osmotic pressure.

DISCUSSION

Independent approaches using completely different strate-
gies conducted in our laboratory led to the identification of
IDG-60. The first approach was to identify stress-responsive
genes in S. mutans by differential display RT-PCR of RNA
from cells exposed to different stress conditions, including low
pH, high osmolarity, and saliva or plasma components, etc. We
have recently reported the identification of several acid stress
proteins which were induced or repressed at the transcriptional
level by challenge at pH of 5.5 (8). RNA of one protein,
GSP-781, was up-regulated significantly when bacteria were
exposed to high osmolarity and temperature in addition to low
pH, and therefore, GSP-781 is a general stress protein. The
second approach was to identify the immunodominant anti-

FIG. 5. Detection of IDG-60 in sagA mutant and complementation strains. (A) Analysis of crude extracts of CWP-A from GS-5 (lane 1), GS-51
(lane 2), GS-511 (lane 3), GS-512 (lane 4), and GS-513 (lane 5) by SDS-PAGE and silver staining. The total amounts of proteins loaded in each
lane were nearly identical. (B) Immunoblot of IDG-60 by purified antibody. A single band of expected mobility was present in the wild-type, GS-5
(lane 1), and complementation strains (lanes 3, 4, and 5) but absent from extracts of sagA mutant (lane 2). (C) Glycoprotein detection by lectin
binding. Positive reaction was detected in the wild-type, GS-5 (lane 1), and complementation strains (lanes 3, 4, and 5) but not in the sagA mutant
(lane 2).
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gens located on the cell wall of S. mutans, which are important
for host immune response to S. mutans infections. By using
purified antibody eluted from human donors, we identified
IDG-60 (this study), and the nucleotide sequence of this pro-
tein revealed its identity to GSP-781. The results of the present
study provide additional information to elucidate the post-
translational modification as well as the functional role of this
interesting protein.

Glycoproteins of prokaryotes have been known for two de-
cades, but information about their biological function is still
limited. There are now an increasing number of glycoproteins
identified from both archaebacteria and eubacteria. Based on
their cellular localization, prokaryotic glycoproteins have been
classified as crystalline surface layer (S-layer) membrane-asso-
ciated and surface-associated glycoproteins, as well as secreted
glycoproteins and exoenzymes (for a review, see reference 21).
Regardless of their distribution and localization, the glycan
structure of prokaryotic glycoproteins differs considerably
from that of eukaryotic glycoconjugates in terms of sugar com-
position and glycosidic linkages. S-layer glycans of eubacteria,
for example, are often composed of linear or branched char-
bohydrate chains linked via common N-glycosidic linkage to
asparagine or O-glycosidic linkage to serine or threonine, al-
though carbohydrates O linked to tyrosine have been identified
in Paenibacillus alvei (1, 22) and Thermoanaerobacter thermo-
hydrosulfuricus (4, 23). Such distinct characteristics in structure
and linkages may account for the observed lack of response of
prokaryotic glycoproteins to the action of endoglycosidases,
which usually are utilized for the deglycosylation of eukaryotic
glycoconjugates. IDG-60 of S. mutans, for example, is resistant
to the action of both N-glycosidase F and O-glycosidase, and
therefore, additional experiments are required to confirm the
glycosidic linkages in this protein. It has been shown that a
glycoprotein from Streptococcus sanguis, platelet aggregation-
associated protein (PAAP), contains an N-glycosidic linkage
between N-acetylglucosamine and asparagines (9).

A variety of polysaccharides are present in prokaryotic cell
walls, usually attached to lipids or peptidoglycan. In S. mutans,
the polysaccharides in the cell wall responsible for the sero-
type-specific reactions have been well characterized. This se-
rotype-specific antigen is composed primarily of backbone
structures of 1,2- and 1,3-linked rhamnose with glucose side
chains unique to different serotypes of mutans streptococci (16,
26). The seroptype-specific polysaccharides are immunodomi-
nant antigens; that is, they can elicit predominant antibody
responses that specifically recognize and differentiate the
structural details of the side chains on the cell walls of different
serotypes of mutans streptococci (16). Although the biosyn-
thetic pathway of these seroptype-specific carbohydrate poly-
mers has recently been elucidated (34, 35), the linkage and the
components to which these polysaccharides attach are still not
clear. The results of the present study indicated that glycan of
IDG-60 may not be related to the serotype-specific carbohy-
drates and may represent a distinct entity on the cell wall of S.
mutans. Evidence in support of this conclusion is derived from
the finding that the GS-51 mutant lacking IDG-60 still exhibits
serotype-specific carbohydrate antigens on the cell wall iden-
tified by the serotype c-specific antiserum from our laboratory
(8). Based on the lectin staining (Fig. 3), there is more than
one glycosylated protein detectable in the cell wall extracts of

FIG. 6. Scanning electron microscopic analysis of S. mutans GS-5,
sagA mutant strain GS-51 and complementation strain GS-511. Cells
of GS-5 are short rods with uniform size and shape (A), GS-51 cells are
irregular and exhibit enlarged size of various magnitude (B), and shape
or size of GS-511 is indistinguishable from GS-5 (C).
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S. mutans. A glycoprotein with a molecular mass higher than
that of IDG-60 exhibited positive reactions with the lectins of
SNA, MAA, PNA, and DSA (Fig. 3). Identification of this
second glycoprotein is currently underway in our laboratory.

Even though the glycosidic linkage and structural details of
IDG-60 merit further investigation, the results of the present
study provide direct evidence to elucidate the biological func-
tion of this glycoprotein in S. mutans. By using periodic acid-
Schiff staining and lectin binding, the presence of glycoproteins
has been demonstrated among cell wall antigens from other
streptococci, including S. sanguis (9) and Streptococcus pyo-
genes (14). It was hypothesized that carbohydrates in these
proteins may bind to the inner surface of the bacterial mem-
brane, facilitating the secretion and subsequent incorporation
of the protein into the cell wall (9). Therefore, glycosylation of
prokaryotic proteins may function in a manner similar to that
in the eukaryotes for targeting proteins for secretion from
either the cell or organelles (24). Insertional inactivation of
sagA in conjunction with microscopic analyses confirmed that
cell wall-associated glycoprotein IDG-60 plays an essential role
in maintaining the integrity of the cell wall and cell shape. An
analogous functional role of glycoprotein in shape determina-
tion has been reported in an archaeobacteria, Halobacteri Sali-
narium (20). Upon removal of the Glc-Asn-linked glycan from
an S-layer glycoprotein, the rod-shaped halobacteria change
their shape to round spheres.

Based on the results of primary amino acid sequence com-
parison, IDG-60 was found to share 64.7% identity with the
recently reported PscB, a protein required for cell wall sepa-
ration from group B streptococci (27). Insertional inactivation
of pcsB resulted in a mutant strain, Sep1, that exhibited phe-
notyic characteristics similar to the IDG-60-defective mutant
of S. mutans GS-51. First, Spe1 exhibited a drastically reduced
growth rate compared to that of the parental streptococcal
strain and showed an increased susceptibility to osmotic pres-
sure. Secondly, the TEM picture of Spe1 revealed multifold
ingrowth of the cell wall, which was hypothesized to be due to
the formation of multiple septa. This latter finding led the
group to hypothesize that PscB was a murein hydrolase which
splits the peptidoglycan septum during cell division (12). But
no murein hydrolase activity could be demonstrated in vitro for
PscB. Distinct from Spe1, GS-51 exhibited enlarged cell shape
with pleiomorphic cell shapes from spherical to square-like
shapes. Although GS-51 had the tendency to aggregate in
broth culture, the cell division appeared to be normal in this
mutant strain. In addition, the ingrowth of cell wall is distinct
from the septa normally found in the plane of cell division
because the former contains new newly synthesized peptidogly-
can which appears as an electron-dense layer by scanning elec-
tron microscopy (Fig. 7A). The fact that the cell wall of GS-51
was fragile and easily disrupted by mild sonication lead us to
hypothesize that the multifold ingrowth of cell wall observed in
GS-51 by TEM might be a compensation for the fragile cell
wall lacking IDG-60 in order to maintain normal function in
resisting osmotic pressure and other stresses.

IDG-60 also shares 45% identity with a secreted protein,
Usp45, from Lactococcus latis with no previously known bio-
logical significance (37). The nucleotide sequence of usp45
revealed an ORF of 1,383 bp encoding a protein of 461 amino
acids with an estimated molecular mass of 45 kDa. Interest-

FIG. 7. Transmission electron analysis of GS-5 (A) and its isogenic
mutant GS-51 (B and C). GS-5 has a typical cell wall with condensed
structure and septum formation (A), while mutant GS-51 exhibits
polymorphism in cell wall orientation and shows multilayer ingrowth of
cell wall distinct from septum formation found in GS-5 (B). The cell
wall of GS-51 is fragile and lysed cells or cells with disruption in the cell
walls can be easily observed by mild sonication, which normally dis-
rupts the streptococcal chains without damaging the intact cell wall
(C). Original magnification, �50,000.
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ingly, Western blot analysis of extracellular proteins of L. lactis
with anti-Usp45 antibodies revealed a protein with a size of 60
kDa (36). In addition, expression of usp45 in E. coli also re-
sulted in a recombinant Usp45 protein with a molecular mass
of 60 kDa. No commentary or discussion was made on the
discrepancy of the observed molecular mass of Usp45 in that
report. But glycosylation of heterogeneous recombinant pro-
teins in E. coli has been documented recently with proteins
from Ehrlichia. Two proteins, P120 (120 kDa) and P140 (140
kDa), were immunodominant antigens from E. chaffeensis and
E. cani, cani respectively (38, 39). The predicted molecular
mass of the P120 recombinant protein is 67 kDa, and that of
the P140 is 57 kDa. However, the molecular masses of both
recombinant proteins observed were 1.6 times larger than the
protein size predicted by the amino acid sequence (19). Car-
bohydrates of recombinant P120 and P140 were subsequently
demonstrated by biotin labeling of the oxidized sugars.

Similarly, rIDG-60 was also glycosylated when expressed in
E. coli and the results of lectin binding assays suggestèd that
glycosylation appeared to be indistinguishable from that in the
authentic host S. mutans. In addition, our results also indicated
that glycosylation of IDG-60 can proceed in vitro in a cell free
system. These results indicate that the signals for glycosylation
is intrinsically encoded and can cross species boundaries.

Characterization of eubacterial glycoproteins has revealed
diverse carbohydrate structures compared to eukaryotes,
which have more conserved glycan structures. The main prob-
lem is the lack of sufficient structural information to draw a
picture of the general architecture of the prokaryotic glyco-
proteins. Homologous serine- and threonine-rich motifs were
identified in the repeat regions of E. chaffeensis P120, E. cani
P140, and Streptococcus parasanguis Fap1, which is a fimbria-
associated adhesin glycoprotein (19, 37). No direct repeats
were found in IDG-60 and IDG-60 and share no homology
with P120, P140, or Fap1. Nevertheless, a common character-
istic shared by these glycoproteins and IDG-60 was their im-
munoreactivity. All of them are immunodominant antigens
and immunoreactivity of both the native and recombinant
counterparts is reported to be strong. As shown in the present
study, the nonglycosylated form of IDG-60 was not found when
expressed in vivo in E. coli or translated in vitro. These results
suggest that glycosylation might be essential for maintaining
proper structure or folding of IDG-60. The role that carbohy-
drates play in recognition of these proteins, during the immune
response remains to be determined.
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